
ABSTRACT 

LIMA, HOPE KATHERINE. The Role of Maternal Nutrition on Fetal Development and 
Programming. (Under the direction of Lin Xi and Jack Odle). 
 

Intra-uterine growth retardation (IUGR) can result from malnourishment during 

pregnancy and negatively influences long-term health of offspring; being litter bearing, swine 

have an increased incidence for IUGR.  Our study exploited this to examine nutritional 

influences on fetal development in malnourished dams. The objective was to examine the 

effect of specific fatty acids, b-vitamins and choline on the growth and subsequent 

development of their offspring. Control gilts (n=5) received 2.0 kg/d of a corn-isolated soy-

protein diet supplemented with a mixture of vitamins (mg/day) containing folic acid (2.6), 

pyridoxine (2.0), B12 (0.030), riboflavin (7.50), choline (2500) and docosahexaenoic acid 

(DHA; 4840).  Basal diet allotment to restricted sows was reduced progressively from 1.0 to 

0.6 kg/d and was supplemented according to a 2 (± choline and B-vitamins) x 2 (± DHA) 

factorial design (n = 4-6; nutrient amounts described above). Control dams gained more 

weight (49.31 ± 6.19 kg) than restricted dams (3.01 ± 3.34; p <0.0001). However, average 

term fetal weight (1.13 ± 0.016 kg; p = 0.5094) and percent of IUGR fetuses (< 900 g; 17.9 ± 

3.76%; p = 0.6223) were unaffected. Dams supplemented with DHA produced offspring with 

higher omega-3 fatty acid concentrations in brain and liver tissues than fetuses from non-

supplemented dams (p < 0.05). Absence of vitamin or DHA supplementation decreased fetal 

brain weights by 4% (p < 0.02). Global DNA methylation status of fetuses from restricted 

dams was higher in brain, liver, heart, muscle and placental tissues (p < 0.05) than control 

fetuses. Addition of DHA in the absence of methylating vitamins altered brain DNA 

methylation patterns, with increased methylation in low birth weight (LBW) fetuses 



compared to normal birth weight fetuses (p < 0.05). Results indicate strong preferential 

partitioning of limited maternal resources to developing fetuses during extreme nutrient 

depravation. Incorporation of DHA into brain and liver tissues, displacing arachidonic acid, 

indicates a role for DHA in healthy organ development. Additionally, decreased brain 

weights in negative control offspring support this conclusion. Changes in global DNA 

methylation status are indicative of metabolic differences between IUGR and normal birth 

weight fetuses.  Our results support our hypothesis that supplementation of methylating 

vitamins and DHA will help to normalize characteristics of LBW infants and further 

investigation to organ-specific effects should be commenced. 

 

Abbreviations: 5-MTHF: 5-methylTHF; 5,10-MTHF: 5,10-methyleneTHF; 10-FTHF: 10-
formylTHF; AC: abdominal circumference; ADA: American Dietetic Association; ALA: 
alpha linolenic acid; ARA: arachidonic acid; BHMT: betaine homocysteine 
methyltransferase; DHA: docosahexaenoic acid; DMGDH: dimethylglycine dehydrogenase; 
DNMTs: DNA methyltransferases; DoHAD: Developmental Origins of Health and Disease; 
EPA: eicosapentaenoic acid; EVT: extravillous trophoblast; FAD: flavin adenine 
dinucleotide; FMN: flavin mononucleotide; GC/MS: gas chromatography/mass 
spectrophotometry; GNR: global nutrient restriction; ISMC: international swine methylome 
consortium; IUGR: intra-uterine growth retardation; kg: kilograms; LA: linoleic acid; LBW: 
low-birth weight; LTP: long-term potentiation; MAT: methionine adenosyl transferase; 
MET: methionine; MTHFR: methylenetetrahydrofolate reductase; NADPH: reduced 
nicotinamide dinucleotide phosphate; NBW: normal birth weight; NIH:  National Institutes 
of Health; PC: phosphatidylcholine; PC-DHA: phosphatidylcholine DHA ; PCR: polymerase 
chain reaction; PLP: pyridoxal phosphate; pmFABP: plasma membrane fatty acid binding 
protein; PPARα: peroxisome proliferator activated receptor alpha; PPARγ2: peroxisome 
proliferator activated receptor gamma 2; PUFA: polyunsaturated fatty acid; qRT-PCR: 
quantitative real-time polymerase chain reaction; SAT: subcutaneous adipose tissue; SAH: 
S-adenosyl homocysteine; SAHH: S-adenosyl homocysteine hydrolase; SAM: S-adenosyl 
methionine; SDH: sarcosine dehydrogenase; SHMTF: serine hydroxymethyltransferase; 
THF: tetrahydrofolate; VAT: visceral adipose tissue; VLDL: very low density lipoprotein; 
WHO: World Health Organization; ω3: omega-3; ω3: omega-6 
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CHAPTER 1: THE ROLE OF MATERNAL NUTRITION ON 

FETAL DEVELOPMENT AND PROGRAMMING 

 

Introduction 
 

Frequently, women do have the nutritional knowledge to consume a properly 

balanced and fully supplemented diet during pregnancy (1). Even with some understanding 

of these nutritional guidelines, inadequate dietary intake is common (2). In first world 

counties, this lack of knowledge can manifest itself in over-nutrition (Figure 1.1). Over-

nutrition during pregnancy is linked to offspring predisposition to obesity and type-2 

diabetes, as well as other chronic diseases (3). In low-income areas and third world countries 

malnutrition appears differently, with severe under-nutrition (Figure 1.1). Under-nutrition is 

a major, global cause for illness and death in newborns (4). Due to the preventable nature of 

these issues, the effect of maternal nutrition on the development and growth of the fetus is a 

widely researched area. Organizations such as the American Dietetic Association (ADA), the 

World Health Organization (WHO), the Bill and Melinda Gates Foundation, and the National 

Institutes of Health (NIH) have initiatives to improve the nutritional health status of mothers 

and infants worldwide.  

In addition to these initiatives, the Barker Hypothesis, which theorizes that 

insufficient fetal growth leads to increased chance of adult disease, has become a popular 

research area. Additionally, the Developmental Origins of Health and Disease (DOHaD) 
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Society is a charity which funds research investigating mechanisms related to fetal origins of 

adult disease (fetal programming). Overall, maternal nutrition and it’s interplay with proper 

fetal development, is proving to be a complex field. 

Maternal nutrition is known to have different effects on the development of fetus 

during gestation (5-9). Approaches to target the effect of nutrients on the fetus include global 

nutrient restriction or starvation (5-7), protein restriction (9), folate restriction (10), choline 

supplementation (11), and restriction of multiple vitamins and minerals simultaneously (12). 

The well-known effects of malnutrition on the fetus include neural tube defects (11, 13), 

cretinism (14), intra-uterine growth retardation (15) and preterm birth. Indirect effects of 

maternal nutrition include altered one-carbon metabolism and abnormal methylation of genes  

(16, 17).   

 
 
 

 

Figure 1.1. Nutrition spectrum: A visual representation of food availability as it affects 
development of chronic disease. 
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One possible mechanism for fetal programming is through epigenetics. By definition, 

epigenetics is the study of phenotypic changes produced by alterations in gene expression 

rather than modifications in the genetic code of the organism (18). Nutritional epigenetics is 

a subset of this field, investigating the effect of macro- and micronutrients on altered gene 

expression. Specifically, nutrition has a direct effect on DNA methylation patterns through 

one-carbon metabolism (19). DNA methylation is the addition of a methyl group to cytosine 

bases present in the genetic code and can silence genes by making it difficult for transcription 

factors to bind (20).  

Although DNA methylation can be modified during the lifetime of the offspring, 

specific methylation patterns during development may promote long-term health (16). This 

developmental process has been termed metabolic programming. Methylation occurs across 

the entire genome in vertebrates (20) and because of this global methylation, it is more likely 

that the effects of methylation are not overarching, but gene or pathway specific. The process 

of DNA methylation is facilitated by DNA methyltransferases (DNMTs) and methyl groups 

are provided through one-carbon metabolism (19). This subject is explored in depth later in 

this review (See: One-Carbon Metabolism). 

It remains unclear as to which macro or micronutrients play the most important role 

in the fetal development, and it is apparent that nutrient interactions are necessary to see 

improved health outcomes. Nonetheless, a substantial amount of research has worked to 

isolate the functions of vitamins during gestation and many of these essential vitamins and 

minerals can be accessed through common foods (4). Examples include meat protein sources, 
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fruits and vegetables (plant-based sources), eggs, and various dairy products. Despite the 

commonality of these foods, the range of sources necessary for consumption of essential 

vitamins during gestation is large. This causes under-nutrition to remain a problem for many 

pregnant women, especially in impoverished countries.  

Increasingly, studies are examining the effect of each vitamin on specific metabolic 

pathways, and tracing that effect to fetal development. The importance of epigenetic 

modification through one-carbon metabolism on fetal development and metabolic 

programming is unequivocal and here we explore the importance of each vitamin and 

nutrient tied to one-carbon metabolism. Additionally, given the current prevalence of under-

nutrition, the unknown effect this has on DNA methylation status as it relates to fetal 

development, and the high incidence of IUGR within the undernourished population, we will 

also review the known effects of malnutrition on epigenetics. 

 

Helping Humans: Why Swine? 

Swine as a Model Organism 

Isolating nutrients that are key to ensuring normal development both in utero and 

throughout the life of the offspring could have major global implications for both maternal 

and fetal health. The understanding of nutritional biochemistry in humans is not complete, 

and model organisms of other species have been developed to explore effects of treatments 

and isolate potential homologies in humans. Current research in pediatric nutrition, 

metabolism, and toxicology has favored swine as a model organism (21). Indeed, over the 
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last 20 years the suckling piglet has emerged as a premier model for pediatric nutrition and 

metabolism (22). Odle et al. (22) give an overview of the benefits of utilizing swine 

including the decreased cost of maintenance when compared to other non-human primates, 

the dual benefits to agriculture and human medicine (termed “agrimedical benefits”, Figure 

1.2), comparable intestinal anatomy and physiology to humans, and the wide variety of 

experimental protocols already established for use in swine. 

 
 
 

 

Figure 1.2. Dual benefits of the agrimedical piglet model for pediatric nutrition and 
metabolism. The model allows for direct applications in agriculture and is well suited for 
discovery and safety/efficacy screening of potential applications for infant nutrition. Adapted 
with permission from Reference 22. 
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 Of particular interest is the fact that swine are a litter bearing species. Being a litter 

bearing species, swine have an increased incidence of IUGR and it is likely to obtain both 

normal and IUGR/LBW offspring from the same litter (23, 24). This is ideal for decreasing 

genetic variation between offspring to allow for analysis of nutritional effects on the gene 

expression levels. Possible genetic markers for IUGR have been discovered, and include 

altered expression of genes regulating trophoblast growth, angiogenesis, and endometrial 

transformation in the placental tissues (24).  

Swine develop epitheliochorial placentation (Figure 1.3), which is known to be less 

permeable to free fatty acids (25). Omega-3 fatty acids, including DHA are known to play an 

important role in increasing gestation duration, increasing infant size, and contributing to 

healthy brain and eye development in humans (14, 26). Interestingly, supplementation during 

late gestation causes selective absorption by the placenta of omega-3 fatty acids at the 

expense of omega-6 fatty acids (27). This complements the rapid development of the brain 

and retinal tissues during this time. Full-term piglets are less than 2% body fat (22, 28), but 

absorption will favor fatty acids necessary for development. Still, maternal supplementation 

of lipids may need to be at a higher rate in swine in order to trace effects to offspring during 

gestation. It is of benefit, though, that any supplementation levels sufficient for a fetal pig 

would be more than sufficient for a developing human. 

 

Reproductive Physiology 

To target the effect of nutrition on the fetal development, understanding of the 

placenta is key. Placental development is critical to nutrient transfer, and lack of proper 
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development causes IUGR. Using swine as a model, location of implantation and availability 

of blood supply from the uterus once the placenta has formed causes an increased incidence 

of IUGR due of inadequate blood supply (29). As mentioned above, this can provide an 

opportunity to study IUGR fetuses naturally, as many litters will contain both IUGR and 

normal birth weight fetuses. 

Consequences of IUGR during pregnancy in humans include fetal death, fetal distress 

and perinatal asphyxia (30), as well as LBW and pre-term delivery. Improper placental 

development is characterized by failure of extravillous trophoblast (EVT) cells to properly 

occupy the myometrium of the spinal artery vessel.  Instead, the EVT is contained in the 

decidua (30, 31). Additionally, due to the often-inadequate availability of nutrients after 

improper placental development, most IUGR fetuses present asymmetric patterns of growth, 

where brain and critical organ development is preserved and body growth is restricted (30, 

32, 33). The typical marker used to identify asymmetric growth via ultrasound is the 

abdominal circumference (AC), and usually presents itself during the third trimester. 

 Placental and fetal growth patterns do not directly overlap because the placenta is not 

simply acting as a barrier, but a nutrient consuming tissue (34, 35). In order to deliver 

nutrients to the fetus, the placenta utilizes active transporters, such as System A, an amino 

acid active transporter (36). Ideal placental development allows proportional maternal and 

fetal blood circulation to ensure that oxygen and nutrient exchange is efficient. In IUGR 

offspring there can be an uneven exchange of oxygen and nutrients stemming from improper 

placenta development. As a result, the placenta can play the role of a venous equilibrator, 
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efficiently or inefficiently exchanging gases depending on the success of the development  

(37).  

 The placenta is hypothesized to play an important part in fetal programming because 

of the link between maternal nutrition and long-term health status (38).  Godfrey (39) gives a 

thorough overview of the observed associations between placental development and health of 

the offspring. Interestingly enough, it seems that adaptations proving to be advantageous to 

survival in utero for an IUGR fetus (asymmetrical growth favoring brain and critical organ 

development) may be the process that increases risk of chronic disease later in life (40). For 

example, during conditions of asymmetrical growth, venous blood is redirected to the brain, 

and this can cause uneven growth of right and left hepatic lobes (41). This decrease in liver 

weight may alter liver function and predispose an individual for coronary heart disease (42). 

Knowing these changes occur when placental development is inadequate, a current research 

focus is how to favorably alter the growth environment to ensure proper development despite 

placental deficiencies. 

 

Developmental Biology 

Swine and humans are mammals, and so their embryology is analogous (43). Even so, 

important differences exist between the two. These differences include timing of 

implantation, gestation duration, number of offspring per pregnancy and type of placentation  

(44). Implications of the difference in number of offspring were summarized previously, and 

serve as a strength when investigating the impact of nutritional status on IUGR infants. 

Gestation duration does not affect the ability of swine to serve as a model organism for a 
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malnourished woman. Although maturation of the fetus is not the same when comparing 

offspring from humans and swine of similar size, embryo development at similar 

developmental stages is comparable (44).  The differences in timing of implantation between 

humans and swine, though they exist, are of little interest to this developmental study. For 

our research goals, we are investigating a condition that effects fetal development rather than 

implantation success.  

Of particular interest here is the difference in type of placentation. The placenta is the 

route by which nutrients are delivered to the developing fetus, and differences may cause 

difficulty in translating findings in swine to humans. Due to evolutionary differences in 

placentation between species, there is no perfect animal model for human placentation (45). 

In using swine as a model organism, there are an increased number of differences because 

humans develop haemochorial placentation while swine develop epitheliochorial placentation  

(44, 46). Differences between these two types of placentation include degree of trophoblast 

cell infiltration and formation of a decidua (a tissue that is formed from the mucosal lining of 

the uterus). Epitheliochorial placentation is distinguished by formation of microvilli on 

maternal and fetal faces that intermingle, with no trophoblast invasion (46). Alternately, in 

haemochorial placentation, the fetal trophoblast cells infiltrate deeply, entering into the 

decidua and along the lumen of the maternal uterine vessel (47).  

Even when compared to other species that develop haemochorial placentation, human 

trophoblast cells are extremely invasive, developing a syncytiotrophoblast layer. 

Consequently, the difference between levels of infiltration of trophoblast cells in humans 



10 
 
 

 

 

versus swine is large. Knowing this, it is important to ask some difficult questions about the 

translation of reproductive research in swine to humans. How do these types of placentation 

differ in nutrient transport efficiency and ability? It is hypothesized that the more invasive 

placentation types (endotheliochorial and haemochorial) give the fetus greater access to 

maternal nutrients (48). Following this hypothesis, human fetuses may have greater access to 

maternal nutrients than pig fetuses because they have a more invasive placentation 

physiology. A prime example of this is IgG transfer; with ungulate species relying solely on 

colostral IgG transfer while humans can pass IgG through the placenta (49). 

 
 
 

 
Figure 1.3. Types of placentation; section a illustrates swine placentation while section c 
depicts human placentation. Figure reproduced with permission of Reference 45. 
 
 
 
 

This may mean that translation of findings from a swine model needs to be carefully 

adjusted when applied to humans so that nutrient toxicity to both the mother and fetus are 
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avoided. For example, when investigating vitamin A and D effects during pregnancy, it must 

be noted that toxicity in humans is likely and application of findings must be carefully 

adjusted. In this study, none of the supplemented nutrients pose an imminent threat for 

toxicity when extrapolating data to humans. Due to differences in placentation, fetal pigs 

should be more sensitive to nutrient availability and so any nutrient levels sufficient for the 

pig should be more than sufficient to ensure proper development in a human.  

Additional considerations need to be made concerning fatty acid transport. In 

haemochorial placentation, fatty acids are readily absorbed through the placenta using fatty 

acid binding and transport proteins, such as the plasma membrane fatty acid binding (50). 

Certain fatty acid activated transcription factors have been implicated in placental biology, 

indicating a role for maternal fatty acid levels in their placental transport (51). Although 

exact uptake mechanisms are not understood, it is clear that preferential uptake of LCPUFAs 

occurs (50). In swine, fatty acids are not as readily absorbed and much less of the offspring is 

composed of fat at birth (22). Placental transfer of fatty acids in swine occurs by diffusion of 

free, unesterified fatty acids (52). If free fatty acids are unavailable, liberation of fatty acids 

from triglycerides by lipoprotein lipase occurs (52). As in humans, preferential uptake of 

LCPUFAs occurs in swine. 

Nutrient Effects During Gestation 

Global Nutrient Restriction (GNR) 

GNR is the restriction of all macro and micronutrients within the diet. There are three 

classes of macronutrients that need to be consumed in order to maintain proper metabolic 



12 
 
 

 

 

function: carbohydrates, lipids and proteins. Recommended levels of consumption differ 

depending on the stage of development, size, activity level and basal metabolic rate of each 

individual organism. Generally, the recommended intake increases in gestating organisms as 

a result of the increased utilization of energy to fuel the growth of the offspring. Despite this 

recommendation, successful reproduction can still be achieved during times of extreme 

under-nutrition.  

Investigating under-nutrition during gestation is easily accomplished by applying 

GNR to research subjects. In a controlled research setting, swine serve as an excellent model 

because dams will maintain the pregnancy at their own expense by mobilizing endogenous, 

maternal stores for the development of the fetus (7, 53, 54).  Although this serves as an 

advantage of swine, because the offspring will survive for experimental analysis, there is the 

question as to whether the offspring are malnourished to the same extent that a woman/infant 

would be in a case of under-nutrition. This needs to be considered when extrapolating swine 

data for human application. In order to obtain data on global nutrient restriction in humans, 

clinical epidemiologists have examined infants born during famines and infants born to 

undernourished mothers living in underdeveloped countries (55).  

Due to the essential roles that macronutrients play in growth and development of 

offspring, it is well established that extreme global nutrient restriction during gestation 

decreases the birth weight of the offspring (7, 54, 56, 57). It is also well established that 

starvation during mid or late gestation does not cause termination of pregnancy in swine, but 

does cause a decrease in birth weight of offspring (53). Due to the abnormalities that result 
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from insufficient nutrient consumption during pregnancy, physiologic priority of nutrient 

partitioning to maintain the fetus is common (7, 53). This is especially true when the fetus is 

in mid- to late-gestational stages (5). It is apparent that the dam provides energy from her 

own tissue in order to maintain a healthy pregnancy. Given this information, minor 

nutritional interventions could markedly improve pregnancy outcomes.  

Macronutrients are the main source of energy for use during the development of the 

fetus, and which macronutrient is utilized metabolically to obtain adenosine tri-phosphate 

(ATP) is tissue specific (4). Glucose is the major source of carbohydrate energy, and is also 

the main source of reduced nicotinamide dinucleotide phosphate (NADPH), which is an 

important cofactor for anabolic biosynthetic pathways (4, 58). Thus, restriction of 

carbohydrates will decrease the available reducing power for metabolic processes to create 

energy and build tissue mass. This results in the utilization of energy stores within the cells. 

In pregnant women, glucose serves as fuel for red blood cells and brain cells, as well as 

energy for retinal and kidney cell development in the fetus (15).  

Ingested proteins are digested into amino acids. Only certain amino acids are 

essential, meaning the organism is unable to synthesize them. These are: phenylalanine, 

valine, threonine, tryptophan, isoleucine, methionine, histidine, leucine, and lysine. Others 

can become conditionally essential during certain stages of growth or if precursors for 

synthesis are unavailable. For example, infants require cysteine, arginine and tyrosine to fuel 

their increased growth rates. The resulting amino acids can be recycled within the cell to 

create new proteins, and also serve as essential precursors to hormones, neurotransmitters, 
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and polyamines (4). Additionally, amino acids can enter energy creating pathways within the 

cell. Restriction of protein influences signaling within the organism and stunts the growth of 

effected cells (59). Absence of adequate protein sources during pregnancy can result in 

IUGR, cardiac failure, and neurological damage. 

Lipids are processed through beta-oxidation and provide a source of fatty acids for 

the organism. The resulting fatty acids are a major energy substrate for the maternal liver, 

skeletal muscle, heart and kidneys (60). Because lipids provide the most caloric energy per 

gram, lipids are the preferred substrate for energy within the body if the need for energy is 

not instant (15). Lipid deficiencies lead to impairment of the development of fetal organs, 

hyperglycemia, and deficiencies of lipid soluble vitamins (15). Linoleic (ω6) and α-linolenic 

acid (ω3; LA, ALA respectively) are essential fatty acids that cannot be synthesized 

metabolically in humans (60). ALA is the precursor to the long-chain polyunsaturated fatty 

acid (LC-PUFA) DHA. In order to synthesize DHA internally, ALA or any downstream ω3 

must be available for elongation/desaturation. ω3 fatty acids are essential for proper 

metabolic functioning, adequate availability of lipid soluble vitamins, and healthy fetal 

organogenesis (15). 

Investigation of nutritional intervention for women of childbearing age is an area of 

interest because many cases of under-nutrition during gestation are not treated until once the 

pregnancy is underway. This is more prominent in areas where prenatal care is not readily 

available, or where prenatal care is expensive and thus, not an option. Fortunately, evidence 

indicates that increasing nutrient intake during the second half of gestation can reverse the 
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effects of IUGR (61). This may prompt scientists to investigate interrupted placental transfer 

pathways as a possible cause of IUGR. With a nutrient deficiency the mother could utilize 

equivalent pathways for nutrient breakdown and support healthy growth in the offspring, 

while interruption placental function may be more likely to cause growth-altering 

consequences. 

In extreme circumstances, maternal food intake becomes scarce and periods of 

starvation may occur. Interestingly, conditions of complete starvation during mid- to late-

pregnancy do not affect the rate of uterine blood flow and fetal growth in pigs (62). 

Additionally, starvation during the middle or final third of pregnancy in pigs had no effect on 

the development of the brain of the fetus (6). These results indicate that because 

organogenesis occurs during the first trimester, nutritional adequacy during the second and 

third trimesters may not be necessary for organ development, but rather is necessary for 

proper overall growth of the fetus.  

 A current global challenge is to increase maternal and fetal health and swine research 

offers a promising body of data supporting possible approaches. Dwyer et al. (63) 

investigated the effect of global nutrient supplementation on the muscle fiber development in 

the porcine fetus. It was found that piglets born to sows on an increased diet had a 

significantly greater number of muscle fibers than control piglets. Additionally, all treatment 

groups had an increased mean number of secondary muscle fibers and seemed to have 

improved growth rate when monitored to 80 kilograms (kg). This is a start for researching 
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ways to improve birth weight and post-natal growth rate. Now the field may begin to isolate 

the specific nutrients that are causing this change. 

B-Vitamins 

 B-vitamins are often supplemented in a “complex” due to their synergistic effects. 

These synergistic effects stem from similarities in metabolic usage. For example, folate, 

cobalamin, and pyridoxine play important roles in the proper synthesis and functioning of 

DNA (64). Consequently, deficiencies in any of these B-vitamins during gestation can result 

in similar abnormalities in the fetus. Research has shown the inadequate levels of only one B 

vitamin during gestation can result in large abnormalities. Folate, cobalamin, pyridoxine and 

riboflavin all have an important role as methyl donors, intermediary methyl acceptors, or 

cofactors in one-carbon metabolism. For this reason, the individual benefits of these four B-

vitamins are reviewed below. 

Folate (B9) 

 It is difficult for some organisms to become deficient in folate (Figure 1.4a) because 

microorganisms in the gut have the ability to produce it (65, 66). Still, folic acid (Figure 

1.4b) may be the most highly recommended pre-natal supplement because of the extreme 

birth defects that can result if maternal blood levels are inadequate. Insufficient levels of 

folate during the first 28 days of pregnancy are known to cause neural tube defects such as 

anencephaly and spina bifida (67). Most women are unaware of their pregnancy during this 
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time period, so supplementation is recommended even for females who are sexually active 

without the intent of getting pregnant.  

During fetal development folate plays a key role in DNA synthesis, as 

methyltetrahydrofolate is a cofactor for thymidine synthesis (68). When folate is deficient 

during gestation and abnormalities in DNA synthesis arise, the fetus may ultimately develop 

macrocytic anemia (69). Other consequences of interrupted folate metabolism include 

increased risk of placental abruption (70), pregnancy induced hypertension (71), IUGR and 

pre-term delivery (69). Folate supplementation can increase birth weight (69), litter size in 

multiparous animals (72, 73), and improve embryo survival (74). Supplementation of folic 

acid also may help to reverse intra-uterine growth retardation (75).  

 
 
 

 

 

Figure 1.4. Chemical structure of folate (a) and folic acid (b). 
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 Additionally, folate acts as an intermediary in one-carbon metabolism, which 

provides methyl groups for DNA methylation. The rising field of epigenetics has shown that 

methylation is a critical component to proper metabolic programming of the fetus. Due to the 

role that folate plays in both DNA synthesis and DNA methylation, it follows that folate may 

have a significant influence on birth weight and gestation length of the fetus. Both of these 

metabolic processes are crucial to the proper development of the fetus. In many third world 

and developing countries, good folate sources may be unavailable. Sources include leafy 

green vegetables, orange juice, beans, mangos, and fortified breads and cereals. The 

combination of importance during pregnancy and inadequate access makes folate one of the 

most important vitamins to supplement to women in developing nations. 

Cobalamin (B12) 

Originally identified as the “animal protein factor”, cobalamin (Figure 1.5) is difficult 

to obtain as a vegetarian without exogenous supplementation. Sources include tuna, haddock, 

beef, ham, eggs and milk. Metabolically, cobalamin is known to play a role in supporting 

folate metabolism as a cofactor in one-carbon metabolism (76, 77). Additionally B12 also 

plays an enzymatic role essential for protein and fat metabolism (78). For similar reasons as 

folate, deficiencies in cobalamin can cause severe problems during fetal development. 

Inadequate B12 serum levels are known to be associated with improper cognitive 

development (79), impaired motor skills, LBW, insulin resistance and neural tube defects  

(78). In piglets born with normal vitamin B12 levels, supplementation with B12 did not give 
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any growth advantage (80). This indicates that effects of B12 during gestation may cause 

lifelong changes in growth and development that cannot be reversed.  

 
 
 

 

Figure 1.5. Chemical structure of cobalamin. 

 
 
 

Additionally, Weir et al. (81) showed that B12 deficiency induced by treatment with 

N2O caused pigs to have an inability to gain weight, progressive ataxia and spinal 

neuropathy. It was also found that methionine synthase activity was inhibited in both the 

liver and the brain. Methionine synthase is a critical enzyme for the conversion of 

homocysteine to methionine. Without proper functioning of this enzyme, one-carbon 

metabolism is interrupted and DNA methylation patterns may be irregular or absent. These 

methylation irregularities may contribute to the long-term negative health effects seen. 
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 With the role of folate and vitamin B12 being intricately associated, simultaneously 

supplementing both into maternal diets may offer synergistic benefits. One study suggests 

that low maternal B12 in conjunction with high folate levels may contribute to adiposity and 

type II diabetes in India (82). This longitudinal study offered data illustrating possible long-

term implications of incomplete supplementation. The importance of determining vitamin 

effects that only occur synergistically is highlighted here. When supplying proper folate 

levels without complementary vitamins, one may fail to observe folate benefits and/or incur 

other negative health effects.  

Riboflavin (B2) 

 Riboflavin (Figure 1.6) can be difficult to obtain through the diet, especially in 

countries where dairy is not readily accessible (83), as milk and eggs contain the highest 

levels of bioavailable riboflavin (84). Consuming other sources of riboflavin requires the 

breakdown of flavin adenine dinucleotide (FAD) to access the B2. It is this association with 

FAD and flavin mononucleotide (FMN) that make riboflavin an important cofactor in many 

metabolic processes including β-oxidation, the citric acid cycle, and the electron transport 

chain. This role as a cofactor makes it difficult to trace riboflavin deficiency to any one 

specific, complete metabolic interruptions. Clinical manifestations of riboflavin deficiency in 

adults include inefficiency in mobilizing ferritin iron (85), sensitivity to light or night 

blindness, weakness or fatigue, and dry skin.  



21 
 
 

 

 

 

Figure 1.6. Chemical structure of riboflavin. 

 
 
 

Pregnant women are at a higher risk for riboflavin deficiency, especially during the 

third trimester and after parturition (83, 86). Additionally, fetal riboflavin levels are sensitive 

to maternal riboflavin levels, making maternal supplementation largely beneficial (87). 

Insufficient riboflavin levels during pregnancy are associated with intrauterine death (88), 

preeclampsia (89), and may be associated with recurrent cleft lip (90). Furthermore, 

suboptimal B2 levels result in abnormal fetal soft tissue development (91), riboflavin-

responsive anemia, and abnormal development of the gastrointestinal tract (92) that may not 

be reversible (93).  

Just as folate and cobalamin play a central role in one-carbon metabolism, riboflavin 

also contributes to this metabolic cycle. Riboflavin acts as a cofactor for the enzyme 

methylenetetrahydrofolate reductase (MTHFR), and therefore contributes to normal 

methylation patterns in DNA (94). The role that riboflavin plays in this pathway is critical, 
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and insufficient levels have been shown to interrupt proper function (95).  Consequently, 

when designing an experiment to increase or ensure proper methylation patterns in offspring, 

it is necessary to include riboflavin in the B-vitamin complex to ensure proper function of 

one-carbon metabolism. 

Pyridoxine (B6) 

 Pyridoxine (Figure 1.7) is typically obtained from fish and meat sources, and 

individuals who choose to lead a vegetarian or vegan lifestyle may have difficulty getting 

substantial amounts of B6. Issues arise when individuals do not supplement B6 into their diets 

because it is a critical component of normal cellular metabolism. Pyridoxine is typically 

present in the coenzymatic form of pyridoxal phosphate (PLP). PLP levels are used as an 

indicator of B6 levels because of this association. The large number of enzymes that are 

dependent on PLP for proper functioning, a majority of which play a role in protein 

catabolism, make B6 an incredibly important vitamin (96).  

During fetal development, pyridoxine is a critical component in myelin synthesis, 

biosynthesis of some neurotransmitters, and the process of transamination (96), and it is 

therefore extremely important to the development of the brain (97). It follows that when 

maternal B6 levels are low, neural defects occur. In addition, low B6 levels are associated 

with LBW, omphalocele, digital defects, micrognathia, and cleft palate (98). Due to the 

increased utilization pyridoxine by the fetus, it can be difficult for mothers to maintain 

recommended levels in their blood. Supplementation has been found useful and is 

recommended during pregnancy (99). 
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Figure 1.7. Chemical structure of pyridoxine. 

 
 
 

Insufficient blood levels of pyridoxine are associated with increased levels of 

homocysteine, indicating a role for pyridoxine in conversion of homocysteine to 

cystathionine in one-carbon metabolism (94). Additionally, PLP is a coenzyme for serine 

hydroxymethyltransferase, which catalyzes the conversion of L-serine to glycine (100). This 

reaction is a major source of methyl units for one-carbon metabolism. As mentioned 

previously, proper functioning of one-carbon metabolism is crucial to maintenance of DNA 

methylation. Now that we have seen the important part that each of these B-vitamins plays in 

this metabolic pathway, it is clear that supplementation as a complex is necessary to ensure 

that the pathway is not interrupted at any point, and proper DNA methylation is supported. 

Choline 

The main dietary sources for choline (Figure 1.8) include shrimp, scallops, milk, and 

eggs. In developing nations, access to these sources may be limited or absent. Choline and its 

derivatives are essential nutrients for proper cell function. In addition to acting as a central 

methyl donor in one-carbon metabolism, choline functions as a component of the cell 



24 
 
 

 

 

membrane phospholipids, as a building block for hormones and neurotransmitters, and 

functions in very low density lipoprotein (VLDL) secretion (101). Absence of choline can 

cause non-alcoholic fatty liver disease and interrupt muscle lipid metabolism (102). 

Uniquely, targeting choline can significantly influence both one-carbon and lipid metabolism  

(103), and thus provides an important connection between these two pathways. This nutrient 

plays a vital role in maternal nutrition outside of fetal development, as maternal homeostasis 

is dependent on adequate availability.  

 
 
 

 

Figure 1.8. Chemical structure of choline. 

 
 
 

Choline also plays an important role in fetal development. Logically, choline 

requirements for pregnant and lactating mothers increase because maternal plasma choline 

levels are drained during fetal development (104). There is evidence that during fetal 

development choline plays a role in neural tube closure (105) and inadequate choline intake 

during pregnancy is associated with an increased risk of neural tube defects (106). 

Additionally, choline in utero plays an important role in development and long-term 
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functioning of the brain. A brief, but thorough, overview of these roles is given by Zeisel  

(107) and includes altered long-term potentiation (LTP) in the hippocampus and enhanced 

memory as an adult.  

As stated previously, choline is linked to one-carbon metabolism. Choline plays a 

central role as a methyl donor, and as a consequence, deficiency of choline causes altered 

global and gene-specific DNA methylation patterns (108). Additionally, when folate intake is 

restricted, biomarkers of choline metabolism are influenced differently depending on the 

genotype of the individual, indicating a need for simultaneous supplementation in some if not 

all individuals (109). Now that research has shown that choline and folate play key roles in 

proper DNA methylation, and knowing that choline and folate deficiencies both result in 

neural tube defects, it is hypothesized that appropriate methylation is key to ensuring neural 

tube closure (107).  

Choline interacts with fatty acids to form phosphatidylcholine (PC), which is the 

major component of cell membranes (110). Importantly, most of the choline present in the 

body is in this form, and interacts with DHA in the phospholipid membranes, and plays an 

especially important role in brain, retina and VLDL particle membranes. The incorporation 

of PC into VLDL particles indicates a role for choline in the redistribution of fats from the 

liver to other parts of the body (111). Additionally, this redistribution makes DHA available 

to tissues in the body other than the liver. It has been shown that choline deficiency can 

impact the export of fat from muscle cells as well (103).  These associations show that fat 

availability for the fetus may be dependent on the availability of choline to the mother, and 
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distribution of essential omega-3 fatty acids within the fetus for organ development may also 

depend on choline. The dual role of choline in one-carbon and lipid metabolism shows that a 

possible association between epigenetics, lipid metabolism, and the development of the fetus 

needs to be explored.  

Docosahexaenoic Acid (DHA) 

Omega-3 (ω3) fatty acids, like DHA (Figure 1.9), have received a large amount of 

attention in both the research and media world. Metabolically, the human body can only 

build ω3 fatty acids from other ω3 fatty acids. Specifically, humans use α-linolenic acid 

(ALA), which is an essential fatty acid found in plants, to create longer chain ω3 PUFAs. 

Even when sufficient ALA is consumed, very little becomes eicosapentaenoic acid (EPA) or 

DHA (112). Direct sources of DHA include fish, kale, spinach, Brussels sprouts, oils, and 

enriched grain products. Many of these sources are not common in first-world diets, and may 

be difficult to access in developing nations. For these reasons, it is difficult to obtain 

adequate amounts of DHA from the diet. Over time diets have shifted to include more 

omega-6 (ω6), and less ω3 fatty acids (112). 

 
 
 

 

Figure 1.9. Chemical structure of DHA. 
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In fetal development, DHA can increase gestation duration and infant growth; plays a 

vital role in brain and eye development; and may influence long-term health (26, 113). The 

developing fetus does not have the ability to adequately synthesize DHA from ALA, and so 

maternal stores of DHA are required for fetal use (114, 115). Although there are extremely 

beneficial pregnancy outcomes associated with adequate levels of DHA, fish should not be 

consumed frequently during pregnancy due to high mercury levels. For this reason, pregnant 

woman are recommended to take up to 3 grams of fish oil as a supplement a day in order to 

ensure high levels of DHA. Many infant formulas and first foods are now enriched with 

DHA in order to support continued brain development. Polyunsaturated fatty acids (PUFAs) 

like DHA have also been shown to play a role in preventing glucose intolerance in offspring 

when consumed during pregnancy or lactation (116) and play a role in preventing 

cardiovascular disease (112). 

When investigating the prevention and reversal of fetal growth retardation, DHA may 

serve as a key nutrient to include during supplementation. IUGR offspring tend to favor fat 

deposition as visceral adipose tissue (VAT) rather than subcutaneous adipose tissue (SAT), 

predisposing them for obesity later in life (117). DHA is a known agonist for peroxisome 

proliferator activated receptor gamma 2 (PPARγ2) and helps to improve metabolic syndrome 

by increasing adiponectin and adiponectin receptor expression in former IUGR offspring  

(118). These changes, induced by supplementation with DHA, were shown to normalize 

IUGR characteristics. 
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Despite the substantial support for the role of DHA in normalizing IUGR 

characteristics, there is limited evidence showing that DHA directly effects one-carbon 

metabolism. Still, choline plays a central role in one-carbon metabolism, and it is important 

to investigate any and all nutrients with which it interacts. Introductory research has shown 

DHA to be correlated with altered one-carbon metabolism in schizophrenic patients (119). 

Fatty acid metabolism also has been implicated in epigenetics, specifically hypomethylation 

being induced by dyslipidemia (116, 120). Additionally, DHA levels during gestation play a 

role in glucose intolerance and cardiovascular disease as an adult, indicating a role for DHA 

in fetal metabolic programming. 

Epigenetic Effects of Nutrients During Pregnancy 

There is a developing theory that under-nutrition plays an important role in the 

epigenetic abnormalities of LBW and IUGR due to interference with DNA methylation. 

Additionally, current hypotheses suggest that atypical DNA methylation patterns may play a 

role in negative long-term heath effects. Due to the relatively small amount of research 

available, what constitutes typical or healthy methylation is still being explored.  As a result, 

there is a growing body of research investigating the possible effects of supplementation of 

methylating vitamins on the methylome of the developing fetus (17, 121). Additionally, there 

are organizations that aim to create databases mapping DNA methylation patterns of different 

species. For example, the International Swine Methylome Consortium (ISMC) has recently 

been created out of the University of Illinois with an initiative of creating a database for 

biomedical reference.  
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As is with many growing fields of science, the role of DNA methylation is emerging 

to be much more specific, affecting different genes in different ways. Data supporting 

promoter methylation as a silencing effect is overwhelming, but with only limited 

background in the field, gene specific effects of methylation need to be quantified. 

Additionally, downstream effects of epigenetic changes to specific gene targets also may 

differ, and need to be explored within the context of individual metabolic pathways. 

Biochemically, one-carbon metabolism is sensitive to nutritional changes, and 

supplementation or deficiency of key components of this pathway may drastically alter DNA 

methylation patterns. Logically, nutritional biochemists are interested to discover potential 

benefits of proper supplementation of pathway components. Conversely, researchers are also 

trying to define the possible diseases that may be tied to deficiency.   

One-carbon Metabolism 

One-carbon metabolism (Figure 1.10) is a complex metabolic pathway that is 

compartmentalized in the cytoplasm, mitochondria and nucleus and is the source of methyl 

groups used in DNA methylation. Methyl groups activated by one-carbon metabolism are 

also used for creation of numerous products, including the biosynthesis of nucleic acids, 

remethylation of homocysteine to methionine and catabolism of choline, purines and 

histidine (122). At the center of this pathway is tetrahydrofolate (THF), which acts as a 

methyl-group carrier in the form of 5-methylTHF, 10-formylTHF or 5,10-methyleneTHF. 

The methyl group carried by each of these forms of THF is used in the production of distinct 

biochemical products. Enzymatic reactions allow the conversion of folate derivatives 
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between one another, ensuring that derivative availability is not limited once conversion from 

folate occurs (122, 123). Despite this, cytoplasmic, mitochondrial and nuclear pathways are 

in constant competition for folate, because binding proteins outnumber folate availability  

(123). 

In addition to folate, nutrients important to this cycle include cobalamin, pyridoxine, 

riboflavin, and choline (Figure 1.10). Choline is commonly referred to as a “dietary 

lipotrope” because inadequate dietary levels of choline can cause a build-up of lipids in the 

liver (94). This emphasizes the role of choline in lipid export from the liver via VLDL 

particles to other tissues within the body. With this recognized bridge between one-carbon 

and lipid metabolism, we will explore the possible role that DHA plays in abnormal DNA 

methylation and altered epigenetic profiles. 

The compartmentalization of one-carbon metabolism creates three pathways that 

function independently, and products from each location are unique (122). Despite the 

independence of these reactions, products from nuclear and mitochondrial one-carbon 

metabolism provide substrates for cytoplasmic one-carbon metabolism. Information about 

cytoplasmic one-carbon metabolism is abundant, while information about mitochondrial and 

nuclear one-carbon metabolism is sparse. For the purposes of this review, the main focus will 

be on cytoplasmic one-carbon metabolism with a minor emphasis on the products that are 

utilized from the mitochondrial and nuclear pathways. Although altered one-carbon 

metabolism at any point can cause deficiencies in biologically necessary products, the 
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alteration of the epigenetic properties of the organism, such as DNA methylation, results 

from interruptions in the cytoplasmic pathway.  

 
 
 

 

Figure 1.10. One-carbon metabolism. Highlighted in red are key nutrients essential to 
availability of one-carbon units for DNA methylation. 5-MTHF: 5-methylTHF; 5,10-MTHF: 
5,10-methyleneTHF; 10-FTHF: 10-formylTHF; BHMT: betaine homocysteine 
methyltransferase; DHA: docosahexaenoic acid; MET: methionine; MS: methionine 
synthase; MTHFR: methylenetetrahydrofolate reductase  SAH: S-adenosyl homocysteine; 
SAM: S-adenosyl methionine; SHMTF: serine hydroxymethyltransferase; PC-DHA: 
phosphatidylcholine DHA; THF: tetrahydrofolate;  
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Nutrient Roles in One-carbon Metabolism 

 One-carbon metabolism is fueled by folate in the form of 5-methylTHF, 10-

formylTHF or 5,10-methyleneTHF, as described above. These forms of folate participate as 

methyl-donors in this cycle, temporarily holding their 1-carbon groups before donating them 

for creation of essential biomolecules. 5-methylTHF is only involved in cytoplasmic one-

carbon metabolism, 10-formylTHF is necessary in both cytoplasmic and mitochondrial one-

carbon metabolism, and 5,10-methyleneTHF is required in cytoplasmic, mitochondrial and 

nuclear one-carbon metabolism  (122). In the cytoplasm, 5,10-methyleneTHF is utilized in 

the formation of thymidylate by thymidylate synthase  (124). 10-formylTHF is necessary for 

the synthesis of purines, and the reactions are catalyzed by phosphoribosylglycinamide 

formyltransferase and phosphoribosylaminoimidazolecarbox-amide formyltransferase  (122). 

Of the three, 5-methylTHF plays a central role in alteration of DNA methylation, 

which influences epigenetic properties (Figure 1.10). The source of 5-methylTHF within the 

cytoplasm is through conversion of formate, histidine, serine or purines  (122). When 5-

methylTHF is derived from formate, histidine or purines, conversion to either 5,10-

methyleneTHF or 10-formylTHF occurs first, and interconverting enzymes produce 5-

methylTHF. These enzymes include 5,10-methenyltetrahydrofolate cyclohydrolase, which 

catalyzes the conversion of 10-formylTHF to 5,10-methenylTHF (reversible), 

methenyltetrahydrofolate synthetase, which converts between 5,10-methenylTHF and 5,10-

methyleneTHF (reversible), and MTHFR, which converts 5,10-methyleneTHF to 5-

methylTHF  (122, 124). Cytoplasmic serine hydroxymethyltransferase (SHMTF) directly 

catalyzes synthesis of 5,10-methyleneTHF by reducing serine to glycine and adding the one-
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carbon moiety to THF  (100, 122). This reaction is PLP (B6) dependent, and 5,10-

methyleneTHF can then be converted to 5-methylTHF by MTHFR. Riboflavin is utilized as a 

cofactor by MTHFR, and so is necessary for the conversion of 5,10-methyleneTHF to 5-

methylTHF  (94). 

Indirectly, choline acts as a source of methyl groups for one-carbon metabolism by 

being converted to glycine in the mitochondrial matrix. Choline is converted sequentially to 

betaine, dimethylglycine, sarcosine and glycine. The enzymes that facilitate these 

conversions are choline dehydrogenase (irreversible), betaine homocysteine 

methyltransferase (BHMT), dimethylglycine dehydrogenase (DMGDH) and sarcosine 

dehydrogenase (SDH), respectively  (125-127). DMGDH and SDH both utilize FAD as a 

cofactor. The methyl group donation to one-carbon metabolism occurs when betaine is 

converted to dimethylglycine by BHMT. Concurrently, BHMT converts homocysteine to 

methionine by transfer of the methyl group obtained from betaine (122). 

Once 5-methylTHF is available, the one-carbon moiety is used to convert 

homocysteine to methionine. This reaction is catalyzed by methionine synthase, which 

utilizes vitamin B12 as a cofactor, or by BHMT as mentioned above (124). Methionine is then 

converted to S-adenosyl methionine (SAM) by methionine adenosyl transferase (MAT). 

SAM acts as the ultimate methyl-donor for methylation reactions (122). When the methyl-

group is transferred for DNA methylation, SAM becomes S-adenosyl homocysteine (SAH), 

which can be converted back to homocysteine by S-adenosyl homocysteine hydrolase (122). 

DNA methyltransferases (DNMT) are responsible for the movement of methyl groups to 
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cytosine resides. There are three DNMT’s that assist in methylation reactions. DNMT 1 and 

3 are important in DNA methylation, while DNMT 2 is known to participate in transfer RNA 

methylation (128).  

Implications for Treatment of IUGR in Third World Countries 

 The current knowledge within the nutrition field offers support for multiple nutrients, 

vitamins and minerals playing an important role in fetal development. Increased awareness 

about fetal metabolic programming is beginning to influence our understanding of adult 

disease. As mentioned in the introduction, one-carbon metabolism is hypothesized to affect 

fetal metabolic programming, which in turn can have an effect on long-term heath status of 

the organism (16). Interestingly, it also has been proposed that the placenta may play a role in 

successful metabolic programming as well (129). The overlap between nutrient availability 

and efficient placental transfer of nutrients and their effect on one-carbon metabolism, IUGR, 

fetal metabolic programming and adult health status is noteworthy. 

It is clear from this review that the outcomes of insufficient maternal nutrient 

availability and improper placental development are the same, indicating that IUGR may be 

induced by any nutrient deficiency to the fetus, regardless of the mechanism. The choice in 

treatment for women in third world countries is between two methods: preventative treatment 

prior to pregnancy and birth or treatment after the diagnosis of IUGR. Knowing that we have 

not developed inexpensive diagnostic approaches for IUGR, exogenous supplementation of 

nutrients that promote fetal development is necessary. Additionally, by aiming to prevent 
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IUGR, the risk of giving birth to children who are pre-destined to chronic disease will be 

decreased.  

This is the aim of this grand challenge issued by the Bill and Melinda Gates 

Foundation at the onset of this project. Collaboratively, the aim is to determine what nutrients 

may be supplemented to decrease infant mortality, increase fetal birth weight, and offer a 

foundation for a healthy future. We have hypothesized that by supplementing the supporting 

nutrients of one-carbon metabolism, differences in DNA methylation patterns will emerge 

allowing us to biologically, molecularly, and genomically characterize IUGR neonates. This 

profile will then be compared to those fetuses born of normal birth weight and analyzed for 

differences. The large-scale goal of these experiments is to extrapolate data from our swine 

model to inform appropriate design of human intervention studies, and to create a low-cost 

supplement that may be given to women who are at high risk of under-nutrition during 

pregnancy.  
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CHAPTER 2: EFFECTS OF CHOLINE, B-VITAMINS AND 

DOCOSAHEXAENOIC ACID (DHA) SUPPLEMENTATION 

ON BIOLOGICAL, MOLECULAR AND GENOMIC 

CHARACTERISTICS OF FETUSES IN A FEED RESTRICTED 

SWINE MODEL 
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Clinical Sciences; CALS Department of Animal Science, North Carolina State University, 
Raleigh, NC 27695. 

Abstract 

Intra-uterine growth retardation (IUGR) can result from malnourishment during pregnancy 

and negatively influences long-term health of offspring; being litter bearing, swine have an 

increased incidence for IUGR.  Our study exploited this to examine nutritional influences on 

fetal development in malnourished dams.  Control gilts (n=5) received 2.0 kg/d of a corn-

isolated soy-protein diet supplemented with a mixture of vitamins (mg/day) containing folic 

acid (1.3), pyridoxine (1.0), B12 (0.015), riboflavin (3.75), choline (1250) and DHA (2420).  

Basal diet allotment to restricted sows was reduced progressively from 1.0 to 0.6 kg/d and 

was supplemented according to a 2 (± choline and B-vitamins) x 2 (± DHA) factorial design 

(n = 4-6; nutrient amounts described above). Control dams gained more weight (49.31 ± 6.19 

kg) than restricted dams (3.01 ± 3.34; p <0.0001). However, average term fetal weight (1.13 
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± 0.016 kg; p = 0.5094) and percent of IUGR fetuses (< 900 g; 17.9 ± 3.76%; p = 0.6223) 

were unaffected. Dams supplemented with DHA produced offspring with higher omega-3 

fatty acid concentrations in brain and liver tissues than fetuses from non-supplemented dams 

(p < 0.05). Absence of vitamin or DHA supplementation decreased fetal brain weights by 4% 

(p < 0.02). Global DNA methylation status of fetuses from restricted dams was higher in 

brain, liver, heart, muscle and placental tissues (p < 0.05) than control fetuses. Addition of 

DHA in the absence of methylating vitamins altered brain DNA methylation patterns, with 

increased methylation in low birth weight (LBW) fetuses compared to normal birth weight 

fetuses (p < 0.05). Results indicate strong preferential partitioning of limited maternal 

resources to developing fetuses during extreme nutrient depravation. Incorporation of DHA 

into brain and liver tissues, displacing arachidonic acid, indicates a role for DHA in healthy 

organ development. Additionally, decreased brain weights in negative control offspring 

support this conclusion. Changes in global DNA methylation status are indicative of 

metabolic differences between IUGR and normal birth weight fetuses.   

 

Introduction 

Micronutrient supplementation during pregnancy in first world counties is standard 

practice (1, 2), but developing nations struggle with adequate nutrition. This causes 

malnutrition in the mother and influences the availability of nutrients required for proper 

fetal development. Malnourishment is a global issue, which can lead to neural tube defects, 

iron deficiency anemia, insulin resistance, and cardiac dysfunction, among other things (3). 
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Increased rates of intrauterine growth retardation (IUGR) are also associated with 

malnourishment during pregnancy, and low birth weight is a leading factor contributing to 

infant illness and death worldwide (4).  

Minor nutritional changes during pregnancy may be able to epigenetically alter the 

metabolic phenotype of the offspring, decreasing the chances of IUGR, neonatal mortality 

and chronic illness as an adult (5, 6). Current research is beginning to characterize the effect 

of epigenetic modification on fetal development, and DNA methylation is most clearly linked 

to nutrition (5). Additionally, epigenetic changes may cause long-term metabolic effects by 

influencing metabolic programming (7, 8). Several review articles offer extensive overviews 

linking nutritional status in utero to epigenetic changes, metabolic programming and chronic 

adult disease (5, 6, 9).  

One-carbon metabolism utilizes key micronutrients as cofactors, intermediaries and 

methyl donors, to provide methyl groups for DNA methylation (10).  Interestingly, 

docosahexaenoic acid (DHA) interacts with choline, a key methyl donor, as 

phosphatidylcholine DHA (PC-DHA). Through this interaction, DHA supplementation has 

been linked to changes in one carbon metabolism (7, 11, 12), and reduced DHA levels may 

divert methyl groups through the one-carbon metabolic pathway to increase DNA 

methylation (12).  

Investigation of nutrient effects on methylation status of known genetic markers of 

chronic disease may lead to greater understanding of metabolic imprinting and long-term 

metabolic homeostasis. Current efforts are targeting a more complete understanding of the 



50 
 
 

 

 

effect of DNA methylation on specific gene activity and subsequent downstream targets. 

MicroRNAs have been implicated as a regulatory factor in DNA methylation (13) and 

histone acetylation (14).  While mechanisms for this regulation are being investigated (15), 

there is still much to discover about microRNA specificity.  

Being litter bearing, swine have an increased incidence of IUGR. Here, we utilize the 

availability of low and normal birth weight littermates to determine the effect of 

malnourishment on fetal growth and development. Additionally, the collective role that 

riboflavin (B2), pyridoxine (B6), folate (B9), cobalamin (B12), choline and DHA 

supplementation play in altering epigenetic profiles of low and normal birth weight 

(LBW/NBW) fetuses born to malnourished dams is investigated. By comparing data from 

LBW and NBW, we aimed to identify key epigenetic differences that could lead to greater 

understanding of developmental programming. 

Materials and Methods 

Experimental Timeline 

Twenty-four gilts were housed individually at the North Carolina State University 

Swine Educational Unit in Raleigh, North Carolina and fed once daily. Between 6 and 8 

months of age, gilts were randomly assigned to treatment groups (Table 2.1). Control gilts 

(n=5) received a corn, isolated-soy-protein diet (Table 2.2) supplemented with a mixture of 

vitamins (mg/kg feed) containing folic acid (1.3), pyridoxine (1.0), B12 (0.015), riboflavin 

(3.75), choline (1250), and DHA (2420; life’sDHA S35-O200, rosemary free algal vegetable 
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oil, minimum 35% DHA; DSM, Columbia, MD; Table 2.3). Basal diet allotment to restricted 

sows was supplemented according to a 2 (± vitamins) x 2 (± DHA) factorial design (Table 

2.1).  Restricted gilts were supplemented with the methylating vitamin premix and DHA at 

the same rate as the control gilts.  

  
 
 
 

Table 2.1. Treatment diet contents. 
Treatment Diet Contents 
Full-Fed Diets  
Control (C) Basal Vitamins, Methylating Vitamins, 

DHA 
Restricted Diets  
Negative Control (RNC) Basal Vitamins 
Methylating Vitamins (R MV+D-) Basal Vitamins, Methylating Vitamins 
DHA (R MV-D+) Basal Vitamins, DHA 
Methylating Vitamins + DHA (R MV+D+) Basal Vitamins, Methylating Vitamins, 

DHA 
 
3 
 
 
Basal nutrients (Table 2.4) were delivered at a standard rate (mg/kg feed) as 

determined by the NRC guide for gestation sows (16). Feeding rates were determined with 

reference to standard gestation feeding rates for sows  (17, 18). Micronutrients were weighed 

into Whirlpak® bags and labeled with gilt number, treatment, and specific nutrient quantities 

and stored at 4°C in a darkened refrigerator. Oil-based DHA (life’sDHA S35-O200, 

rosemary free algal vegetable oil, minimum 35% DHA) was stored on site at 4°C and added 

to the feed using a syringe. 
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Table 2.2. Basal feed composition. 
Ingredients  g/kg 
Corn, yellow dent  893.4 
Soy protein isolatea  72.6 
Dicalcium phosphate 18.5% 18.4 
Limestone                 9.5 
Salt                      5.0 
Trace Mineral Premixb,c 0.5 
Diet composition (calculated) % in diet 
Dry Matter 89.02 
DE  (kcal/kg) 711.82 
ME (kcal/kg) 679.55 
NE (kcal/kg) 494.55 
Crude Protein 13.52 
ADF  2.57 
NDF  8.15 
Crude Fiber  2.07 
Crude Fat  3.31 
Lys  0.51 
Thr  0.38 
Met  0.20 
Met+Cys 0.39 
Trp  0.11 
Ile  0.45 
Val  0.53 
Arg  0.71 
His  0.32 
Leu  1.18 
Phe  0.58 
Phe+Tyr  0.76 
Total Lysine  0.60 
Calcium  0.85 
Phos. - total 0.63 
Phos. - available 0.39 
Phos. - digestible 0.36 
Sodium  0.22 
Chlorine  0.35 
Magnesium  0.14 
Potassium  0.31 
aSoy Protein Isolate obtained from ADM; used to reduce choline concentration 
of the diet; bDetailed description in Appendix A (Table 3.1); cSow vitamin 
premix supplemented independently at 0.6 g/kg (Table 2.3). 
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Gilts began receiving assigned diets two weeks prior to breeding at a rate of 2.5 kg 

feed/day. Upon insemination, control gilts were reduced to 2.0 kg feed/day for the remainder 

of the trial. Restricted gilts were reduced to 1.0 kg feed/day (50% feed restriction). During 

feed restriction, gilts were experiencing global nutrient restriction for all nutrients minus the 

methylating vitamin mixture and DHA.  

Ultrasounds were performed on each gilt 35 and 56 days after insemination. When 

confirmed pregnant on day 35, restricted gilts were reduced to 0.6 kg/d (70% feed restriction) 

for the remainder of the trial. A visual timeline of reproductive and nutritional methods are 

shown in Figure 2.1. Gilt retention rates are outlines in Appendix B (Table 3.2). 

 
 

 

 
Figure 2.1. Timeline of reproductive events and nutritional treatments. Numbers contained 
within the colored boxes are representative of amount of feed delivered (kg). Treatment 
Descriptions – C: Control; Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative 
Control; Restricted Basal Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-
D+: RBF+DHA; R MV+D+: RBF+Methylating Vitamins+DHA. 
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Synchronization & Insemination 

Fifteen mg of Matrix® (Altrenogest; Intervet, Millsboro, DE) was delivered with feed 

daily for fourteen days to synchronize estrus (Figure 2.1). Gilts were bred when in full 

standing heat for a maximum of three consecutive days. Standard insemination techniques 

were employed. All gilts were inseminated using semen from the same crossbred boar to 

minimize genetic differences between fetuses. Semen was collected once a week via the 

gloved hand technique and extended with USA851 X-Cell Extender  (19). Semen was used 

within 5 days of collection.  

 
 
 

Table 2.3. Experimental vitamin and fatty acid supplementation rates. 
                    Day of Pregnancy 
Nutrient -14-0 (mg/d)a  0-114 (mg/d)a 

Methylating Vitamins    
Folic Acid 3.25 2.6 
Pyridoxine 2.5 2.0 
B12 0.0375 0.030 
Riboflavin 9.375 7.5 
Choline 3125.0 2500.0 
Fatty Acids   
Docosahexaenoic Acid (DHA) 6050.0 4840.0 
aRepresented visually in Figure 2.1. 

 
 
 

Feed Sampling 

 Corn, isolated-soy-protein basal diet was sampled once per shipment, for a total of 4 

samples. Fatty acid composition was analyzed from 8 sub-samples by gas 
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chromatography/mass spectrophotometry (GC/MS; Table 2.5; see Sample Analysis for 

GC/MS protocol). 

 
 
 

Table 2.4. Basal vitamin supplementation levels.  
Vitamin Concentration (mg/kg feed) 
A 4000.0 
D 800.0 
E 44.0 
Menadione 0.50 
Biotin 0.20 
Niacin 10.0 
Panthothenic Acid 12.0 
Thiamine 1.0 

 
 

 

Caesarian Sections and Sample Collection 

All C-sections were performed at the NCSU Swine Educational Unit. C-sections were 

terminal and a veterinarian was present at each C-section to perform the surgery. In 

preparation, gilts were given an initial does of anesthetics consisting of a 50/50 mixture of 

ketamine and xylazine at a dosage of 2.2 mg/kg. This sedative was administered into a 

marginal ear vein via a 15 cm intravenous infusion set attached to a 21-gauge needle 

(Becton-Dickinson; Laurel Park, IL). A surgical plane of anesthesia was achieved using a 

closed circuit anesthesia machine, which delivered 1.0% isoflurane in a mixture of oxygen 

and nitrous oxide. 

The uterus was exposed via a 40 cm mid-ventral incision using a #22 scalpel that 

spanned the last 4 sets of mammary papillae. Blunt dissection was used to separate adipose 
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tissue from the underlying connective tissue layers and expose the linea alba. A small 

puncture wound was made in the linea alba with the tip of the scalpel blade and the 

abdominal cavity was opened by cutting along the linea alba with a pair of 15 cm 

Metzenbaum surgical scissors. 

 
 
 

Table 2.5. Basal feed fatty acid 
composition. 
Fatty acid  % (w/w) total 

identified fatty acids 
C6:0 0.08 
C8:0 0.02 
C10:0 0.07 
C14:0 0.30 
C14:1 0.08 
C16:0 19.75 
C16:1 0.71 
C18:0 4.37 
C18:1n9t 0.15 
C18:1n9c 30.98 
C18:2n6t 0.24 
C18:2n6c 40.18 
C20:0 0.57 
C18:3n6 0.01 
C20:1n9 0.41 
C18:3n3 0.99 
C20:2n6 0.53 
C22:0 0.30 
C20:3n3 0.04 
C24:0 0.21 

 

 
 
The uterine horns were manually removed from the abdominal cavity and a blood sample 

was taken from a branch of the uterine artery with a 21-gauge needle attached to a vacutainer 
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(Becton-Dickenson; Laurel Park, IL). Beginning at the end adjacent to an ovary, fetuses were 

removed individually by making incisions of the appropriate size along the longitudinal axis 

of the uterine horn. A 2.5 cm section of the fetal portion of the placenta was removed, flash 

frozen by immersing it in liquid nitrogen, and then stored on dry ice until it could be 

transported back to the laboratory. The fetus was then removed from the amniotic sac and a 

blood sample was obtained via inserting a 3.5 cm, 18-gauge needle directly into its heart and 

stored on ice.  

Fetuses were subjected to total exsanguination and their weight, sex, crown-to-rump 

length and heart girth were recorded. Immediately following, each piglet was dissected and 

liver, heart, and brain were collected and weighed and a skeletal muscle sample was taken 

from the right, posterior biceps femoris. All samples were flash frozen, put into appropriate 

sample tubes and stored on dry ice. This procedure was repeated for each piglet in the litter. 

After all fetuses had been sampled, the gilt was closed, pentobarbital was used to euthanize 

the gilt and the gilt was bled to ensure death. After completion of the surgery, blood was 

spun down for collection of plasma and the plasma was then stored on dry ice. 

Sample Analysis 

Gas Chromatography-Mass Spectrometry (GC/MS) 

Plasma samples were used for creation of fatty acid profiles. Fat was extracted using 

Goldfisch Fat/Oil Extractor (Labconco, Kansas City, MO) with petroleum ether. Fatty acid 

methyl esters were prepared following the method described by Averette  (20). Fatty acid 

derivatives were separated on an HP-23 capillary column (cis/trans FAME CR), 30 m x 0.25 
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mm, film thickness 0.3 um (Agilent Technologies, Wilmington, DE). Mass spectrometric 

analysis was conducted by using an Agilent Technologies 5973N mass spectrometric 

detector equipped with a 6890 N model gas chromatograph (GC; Agilent Technologies, 

Wilmington, DE). For electron ionization (EI) analysis, the temperature was programmed 

from 50 to 100°C at 10°C/min, then to 200°C at 4°C/min, held for 2 min and finally to 220°C 

at 4°C/min, held for 12 min. The average helium velocity was 36 cm/sec and the split ratio 

was 100:1. 1uL of the methyl ester was manually injected into the GC and the areas of the 

total ions for each fatty acid determined the total fatty acid amounts using heptadecanoic acid 

as an internal standard.  

Global DNA Methylation Status 

Genomic DNA was isolated from tissues (liver, brain, heart, placenta and muscle), 

using proteinase K and phenol/chloroform extraction method  (21). DNA concentrations 

were quantified using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, 

Wilmington, DE). The levels of global DNA 5-methylcytosine (5-mC) were analyzed by 

MethyFlashTM methylated DNA Quantification Kit (Colorimetric) according to the 

manufacturer instructions (Epigentic Co. Farmingdale, NY 11735).  

PPAR Gene Expression  

Quantitative real-time polymerase chain reaction  (22) was used to quantify gene 

expression of PPARα. Briefly, total RNA were extracted from liver samples using TRIzol® 

Reagent (Life Technologies, Carlsbad, CA). cDNA was synthesized from 1 µg of DNase 
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treated RNA using Bio-Rad iScript Select kit (Bio-Rad, Hercules, CA) using uniquely 

designed intron spanning primers (Table 2.6). Efficiency curves were created for the 

experimental primer pair and β-actin for use as the reference gene. Efficiency curves were 

used to determine ideal primer concentration and cDNA dilution. qPCR assays (iCycler5, 

Bio-Rad)  were performed in triplicate using iQ SYBR Green Supermix (Life Technologies, 

Calsbad, CA) and quantified using the 2-ΔΔCT method using β-actin as the reference gene. 

 
 
 
Table 2.6. Primer pair for measurement of PPARα expression. 
Gene of Interest Forward Primer Reverse Primer 
PPARα CCGAGACCGCAGATCTCAAG GACGAAAGGCGGGTTATTGC 

 
 
 

Statistical Analysis 

 The experiment was a 2x2 factorial with the addition of a positive, full-feed control 

group (see Experimental Timeline), resulting in five dietary treatments (Table 2.1). Data 

were analyzed using a complete randomized design using general linear models in SAS 

(SAS, version 9.3, The SAS Institute, Cary, NC). Differences between dietary treatments for 

maternal characteristics, descriptive litter characteristics, qRT-PCR 2-ΔCT values and plasma 

fatty acid concentrations were determined by analysis of variance. When treatment effects for 

the overall model were found to be significant (p < 0.05), a Tukey test was used to evaluate 

pre-planned orthogonal contrasts for the differences between term fetal weight, term fetal 
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length, term fetal heart girth, percentage litter IUGR, brain, heart and liver weight of 

offspring, gene expression, and plasma fatty acid concentrations. 

 DNA methylation status data were analyzed using a complete randomized design 

using general linear models in SAS (SAS, version 9.3, The SAS Institute, Cary, NC). Upon 

significance (p < 0.05), a Tukey test was used to analyze pre-planned non-orthogonal 

contrasts to determine the effect of feed restriction (positive full-feed control vs. pooled 

restricted diets) on total DNA methylation status in specific tissues and birth weight on total 

DNA methylation status by treatment.  When analyzing for differences in low and normal 

birth weight offspring, data were analyzed according to a 5x2 factorial design to detect 

choline and DHA effects as well as any interaction. 

 Gene expression data were statistically analyzed using the 2-ΔCT values and a 

complete randomized design using general linear models in SAS (SAS, version 9.3, The SAS 

Institute, Cary, NC). Upon significance, pre-planned non-orthogonal contrasts were used to 

detect specific diet effects. Additionally, fold change was quantified using the 2-ΔΔCT 

methodology  (22).  

Results 

Control gilts gained significantly more weight than restricted gilts (p < 0.05), but 

birth weight, length, girth and percentage of LBW (IUGR) fetuses were not different between 

treatments (p > 0.05; Table 2.7). Brain weights were significantly lower in negative control 

fetuses (p < 0.05; Table 2.7). Additionally, restricted gilts supplemented with only DHA had 

offspring with significantly lower liver weights (p < 0.05; Table 2.7).  
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Figure 2.2. Effect of maternal diet on fatty acid concentrations in the brain tissue of term fetal 
piglets. Bars with different letters differ (p<0.01). Treatment Descriptions – C: Control; 
Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative Control; Restricted Basal 
Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-D+: RBF+DHA; R 
MV+D+: RBF+Methylating Vitamins+DHA 
 
 
 

 
Figure 2.3. Effect of maternal diet on fatty acid concentrations in the liver tissue of term 
fetal piglets. Bars with different letters differ (p<0.01). Treatment Descriptions – C: 
Control; Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative Control; Restricted 
Basal Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-D+: RBF+DHA; R 
MV+D+: RBF+Methylating Vitamins+DHA. 
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Table 2.7. Average change in gilt weight, average birth-weight, length, girth, brain weight, heart weight, and liver weight 
of fetal piglets and percent IUGR of litters delivered by C-section from gilts fed one of five treatments.  

Variable C ± SEc NC ± SE R MV+D- ± SE R MV-D+ ± SE R MV+D+ ± SE p-value 
Δ gilt weight (kg) 49.31 ± 5.97a 1.00 ± 5.27b 15.99 ± 7.90b -6.05 ± 6.45b 7.08 ± 7.07b < 0.0001 
birth weight (kg) 1.17 ± 0.034 1.12 ± 0.036 1.09 ± 0.038 1.09 ± 0.035 1.12 ± 0.040 0.4349 

length (cm) 43.76 ± 0.539 42.12 ± 0.580 43.60 ± 0.611 42.72 ± 0.558 43.47 ± 0.641 0.2189 
girth (cm) 21.93 ± 0.283 22.02 ± 0.314 21.20 ± 0.321 21.47 ± 0.293 22.04 ± 0.336 0.2279 

litter IUGR (%) 13.30 ± 8.63 15.13 ± 7.89 18.20 ± 9.66 24.40 ± 8.64 14.98 ± 9.66 0.26 
brain weight (g) 28.01 ± 0.386a 26.11 ± 0.461b 28.23 ± 0.435a 27.41 ± 0.397a,b 28.53 ± 0.450a 0.0016 
heart weigh (g) 8.70 ± 0.233 8.33 ± 0.285 7.92 ± 0.262 8.12 ± 0.239 7.99 ± 0.275 0.1660 
liver weight (g) 35.21 ± 1.164a 35.23 ± 1.426a 33.49 ± 1.310a 27.35 ± 1.196b 33.59 ± 1.373a < 0.0001 

a,b Means were significantly different (SAS: GLM with contrasts, p-value <0.05).  
c Treatment ± Standard Error.  
Treatment Descriptions – C: Control; Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative Control; Restricted 
Basal Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-D+: RBF+DHA; R MV+D+: RBF+Methylating 
Vitamins+DHA. 
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Brain concentrations of DHA were significantly higher in fetuses of dams 

supplemented with DHA (p < 0.01); unsupplemented fetuses showed compensation with 

increased levels of arachidonic acid (ARA; p < 0.05; Figure 2.2). Similar patterns were 

observed in the liver tissue (p < 0.01; Figure 2.3).  

 
 
 

 
Figure 2.4. Effect of maternal feed intake on global DNA methylation status in brain, liver, 
muscle, heart and placenta of term fetal pigs. Significance indicated by * (p<0.01). 
 
 
 

Maternal feed restriction significantly increased global DNA methylation status in 

fetal brain, heart, liver, muscle, and placental tissues (p < 0.01; Figure 2.4). Supplementation 

of DHA in the absence of methylating vitamins in this restricted model caused a reversal in 

global DNA methylation patterns between low and normal birth weight offspring in brain 

tissue (Figure 2.5). Supplementation with DHA alone or in combination with methylating 

vitamins during a state of global nutrient restriction caused an increase in global DNA 

methylation in low birth weight offspring when compared to control and negative control 
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offspring (p < 0.05; Figure 2.5). Supplementation with any nutrients in this feed restricted 

model caused an increase in global DNA methylation in brain tissue of normal birth weight 

fetuses when compared to control and negative control fetuses (p < 0.05; Figure 2.5).   

 
 

 
Figure 2.5. Effect of maternal diet on global DNA methylation status in brain tissue of term 
fetal pigs. Bars with different letters differ (p < 0.05). Treatment Descriptions – C: Control; 
Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative Control; Restricted Basal 
Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-D+: RBF+DHA; R 
MV+D+: RBF+Methylating Vitamins+DHA. 
 
 
 
 

Global DNA methylation status did not differ between treatments in liver tissue of 

normal birth weight fetuses (p > 0.05; Figure 2.6). Treatment of nutrient restricted gilts with 

methylating vitamins alone normalized global DNA methylation patterns in liver tissue of 

low birth weight offspring (p > 0.05). Nutrient restricted gilts left untreated (NC), 

supplemented with DHA (R MV-D+), or supplemented with methylating vitamins and DHA 

(R MV+D+) had offspring with increased levels of DNA methylation when compared to 

control offspring (p < 0.05; Figure 2.6). 
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Diet and birth weight did not impact the expression level of PPARα in liver tissue (p 

= 0.49 and 0.17 respectively). Diet contrasts are displayed in Table 2.8. When diet effects 

were analyzed with 2-ΔΔCT methodology, supplementation with methylating vitamins and 

DHA normalized PPARα expression (Table 2.8). There was no interaction detected between 

birth weight and diet (Figure 2.7). 

 
 
 

 
Figure 2.6. Effect of maternal diet on global DNA methylation status in liver tissue of term 
fetal pigs. Bars with different letters differ (p<0.05). Treatment Descriptions – C: Control; 
Full Basal Feed+Methylating Vitamins+DHA; RNC: Negative Control; Restricted Basal 
Feed (RBF) Only; R MV+D-: RBF+Methylating Vitamins; R MV-D+: RBF+DHA; R 
MV+D+: RBF+Methylating Vitamins+DHA. 
 
 
 

Table 2.8. PPARα expression data.  
Contrast Fold Change p-value 

Full Nutrition (C) vs. Feed Restriction 1.22 0.8359 
C vs. NC 1.42 0.7759 
R MV-D+ vs. NC 0.68 0.1386 
R MV+D- vs. NC 1.21 0.8796 
R MV+D+ vs. NC 1.40 0.6757 
R MV+D+ vs. C  1.01 0.8895 
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Figure 2.7. Diet and birth weight interaction plot. Diet Descriptions – 1: C: Control; Full 
Basal Feed+Methylating Vitamins+DHA; 2: RNC: Negative Control; Restricted Basal Feed 
(RBF) Only; 3: R MV+D-: RBF+Methylating Vitamins; 4: R MV-D+: RBF+DHA; 5: R 
MV+D+: RBF+Methylating Vitamins+DHA. Y-axis indicates 2-ΔCT values. 
 
 
 

Discussion 

Evolution has favored the success of reproduction, resulting in the ability of the 

mother to divert nutritional intake to the fetus to ensure survival  (23). Here, restricted dams 

gained less than one third of the amount of weight that control gilts gained (Table 2.5). 

Despite this, litter characteristics did not differ between treatments (Table 2.5). This indicates 

prioritization of nutrients for fetal development and models the ability of women in third 

world countries to be able to carry offspring to term despite nutritional inadequacy.  
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 Restriction of nutrients without proper supplementation can cause changes in organ 

development. Our results showed that global nutrient restriction stunted growth of the brain 

(Table 2.5). While impact on functionality was not tested in this experiment, decreased brain 

size at birth has been shown to impact amount of gray matter throughout life (24). 

Additionally, although importance of ω3’s in brain development is well established (25) and 

choline has been implicated in brain development (26) this may indicate a synergistic role for 

B-vitamins in supporting brain development in utero, as supplementation with a B-vitamin 

cocktail was able to normalize brain weight to the same extent as DHA supplementation.  

  Clear preferential incorporation of DHA into brain and liver tissues was observed at 

the expense of ARA incorporation (Figures 2.2 and 2.3). These results indicate an important 

role for omega-3 fatty acids, specifically DHA, in fetal brain and liver development. Results 

seen here also parallel the normalization of brain weight observed in performance data when 

DHA is supplemented during global nutrient restriction. 

 Overall, feed restriction caused an increase in global DNA methylation patterns in all 

organs analyzed. This signifies that inadequate nutrient availability causes changes in 

epigenetic profiles of the offspring, and this may indicate abnormalities in one-carbon 

metabolism and altered devlopmental programming. Most importantly, these results 

demonstrate that our model for nutrient restriction created epigenetic changes as expected, 

and provides an opportunity to further characterize subsequent long-term health effects. This 

is an essential step necessary to determine if this model is suitable for comparison to humans. 
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More specifically, we observed an increase in global DNA methylation status in low 

birth weight offspring of feed restricted gilts. This may be indicative of an epigenetic 

influence and a subsequent impact on developmental programming. Altered global DNA 

methylation patterns may be indicative of abnormal one-carbon metabolism and lead to long-

term health issues (5, 6). However, treatment with methylating vitamins during nutrient 

restriction normalized global DNA methylation patterns in the liver when compared with 

control fetuses (Figure 2.6). This adds credence to the idea that appropriate supplementation 

of key nutrients during global nutrient restriction is a sound corrective nutritional therapy. 

 DHA supplementation during nutrient restriction affected performance and organ 

development, but also played a role in epigenetic maintenance. When DHA was 

supplemented during nutrient restriction, global DNA methylation patterns were altered in 

low birth weight offspring (Figure 2.5), and liver weight was decreased (Table 2.5). DHA is 

a known agonist of fatty acid oxidation, and this increase in the absence of an adequate 

external source of fatty acids may decrease liver weight. Alteration of methylation patterns 

when DHA is supplemented independently indicates that the role of DHA in epigenetics may 

be shifted in the presence of choline and other methylating vitamins. 

Conclusions 

 Our results clearly indicate maternal preferential divergence of limited exogenous 

nutrients to fetal development. Normalization of brain weights indicates a role for B-

vitamins, choline and DHA in brain development. In addition, altered hepatic fatty acid 

metabolism is observed. Despite this, inclusion of omega-3 fatty acids at the expense of 
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omega-6 fatty acids is evident. Low birth weight offspring display altered epigenetic profiles 

when compared to normal birth weight counterparts. During nutrient restriction, DHA 

supplementation alters global DNA methylation patterns in low birth weight offspring. 

Treatment with methylating vitamins normalized global DNA methylation patterns in liver 

tissue of low birth weight offspring. 

 Our results illustrate the changes in global methylation patterns when comparing low 

and normal birth weight offspring. In support of our hypothesis we observed normalized 

methylation patterns in liver tissue of low birth weight offspring when B-vitamins and 

choline were supplemented. In addition, we have indicated a role for DHA in epigenetic 

regulation, which adds to current knowledge. This experiment has laid a foundation for 

understanding the implications of global nutrient restriction on epigenetic status and the 

possible nutrition therapy options for ensuring proper development despite nutritional 

inadequacy.  

  Future studies are required to quantify the changes on sub-organ level to understand 

specific metabolic changes that are occurring. Particularly, investigation of sub-organ level 

analysis on brain and liver organs needs to be completed. Our results indicate there may be 

interesting effects of methylating vitamins and DHA on neuronal function and development 

and hepatic metabolic function.  

 

  



70 
 
 

 

 

References 

1. Lechtig A, Habicht JP, Delgado H, Klein RE, Yarbrough C, Martorell R. Effect of food 
supplementation during pregnancy on birthweight. Pediatrics. 1975;56:508-520.  

2. Cogswell ME, Parvanta I, Ickes L, Yip R, Brittenham GM. Iron supplementation during 
pregnancy, anemia, and birth weight: a randomized controlled trial. Am.  J.  Clin.  Nutr. 
2003;78:773-781.  

3. Wu G, Imhoff-Kunsch B, Girard AW. Biological mechanisms for nutritional regulation of 
maternal health and fetal development. Paediatr.  Perinat.  Ep. 2012;26:4-26.  

4. Bernstein IM, Horbar JD, Badger GJ, Ohlsson A, Golan A. Morbidity and mortality 
among very-low-birth-weight neonates with intrauterine growth restriction. 
Am.  J.  Obstet.  Gynecol. 1999;182:198-206.  

5. Waterland RA, Jirtle R. Early nutrition, epigenetic changes at transposons and imprinted 
genes, and enhanced susceptibility to adult chronic diseases. Nutrition. 2004;20:63-68.  

6. Rodenhiser D, Mann M. Epigenetics and human disease: translating basic biology into 
clinical applications. Can.  Med.  Assoc.  J. 2006;174:341-348.  

7. Waterland RA, Rached M. Developmental establishment of epigenotype: a role for dietary 
fatty acids? Scand.  J.  Food Nutr. 2006;50:21-26.  

8. Heerwagen MJR, Miller MR, Barbour LA, Friedman JE. Maternal obesity and fetal 
metabolic programming: a fertile epigenetic soil. 
Am.  J.  Physiol.  Regul.  Integr.  Comp.  Physiol. 2010;299:R711-R722.  

9. Waterland RA, Garza C. Potential mechanisms of metabolic imprinting that lead to 
chronic disease. Am.  J.  Clin.  Nutr. 1999;69:179-197.  

10. Friso S, S. Choi. Gene-nutrient interactions in one-carbon metabolism. Curr.  Drug 
Metab. 2005;6:37-46.  

11. Kale A, Naphade N, Sapkale S, Kamaraju M, Pillai A, Joshi S, Mahadik S. Reduced folic 
acid, vitamin B12 and docosahexaenoic acid and increased homocysteine and cortisol in 
never-medicated schizophrenia patients: implications for altered one-carbon metabolism. 
Psychiat.  Res. 2010;175:47-53.  



71 
 
 

 

 

12. Kulkarni A, Dangat K, Kale A, Sable P, Chavan-Gautam P, Joshi S. Effects of altered 
maternal folic acid, vitamin B12 and docosahexaenoic acid on placental global DNA 
methylation patterns in wistar rats. PLoS ONE. 2011;6:1-7.  

13. Denis H, Ndlovu MN, Fuks F. Regulation of mammalian DNA methyltransferases: a 
route to new mechanisms. Eur.  Mol.  Bio.  Org.  J. 2011;12:647-656.  

14. Roccaro AM, Sacco A, Jia X, Azab AK, Maiso P, Ngo HT, Azab F, Runnels J, Quang P, 
Ghobrial IM. microRNA-dependent modulation of histone acetylation in 
Waldenström macroglobulinemia. Blood. 2010;116:1506-1514.  

15. Benetti R, S. Gonzalo, I. Jaco, P. Muñoz, S. Gonzalez, S. Schoeftner, E. Murchison, T. 
Andl, T. Chen, P. Klatt, E. Li, M. Serrano, S. Millar, G. Hannon, M.A. Blasco. A mammalian 
microRNA cluster controls DNA methylation and telomere recombination via Rbl2-
dependent regulation of DNA methyltransferases. Nat.  Struct.  Mol.  Biol. 2008;15:268-279.  

16. National Research Council. Nutrient requirements of swine: Eleventh revised edition. 
11th ed. Washington, D.C.: The National Academies Press; 2012. 

17. Amusquivar E, Laws J, Clarke L, Herrera E. Fatty acid composition of the maternal diet 
during the first or second half of gestation influences the fatty acid composition of sows' milk 
and plasma and plasma of their piglets. Lipids. 2010;45:409-418.  

18. Amdi C, Giblin L, Hennessy AA, Ryan T, Stanton C, Stickland NC, Lawlor PG. Feed 
allowance and maternal backfat levels during gestation influence maternal cortisol levels, 
milk fat composition and offspring growth. J.  Nutr.  Sci. 2013;2:1-10.  

19. Singleton WL. State of the art in artificial insemination of pigs in the United States. 
Theriogenology. 2001;56:1305-1310.  

20. Averette GL, See MT, Hansen JA, Sutton D, Odle J. The effects of dietary fat sources, 
levels, and feeding intervals on pork fatty acid composition. J.  Anim.  Sci. 2002;80:1606-
1615.  

21. Strauss WM. Preparation of genomic DNA from mammalian tissue. In: Current Protocols 
in Molecular Biology. John Wiley & Sons, Inc.; 2001.  

22. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative CT method. 
Nat.  Protoc. 2008;3:1101-1108.  



72 
 
 

 

 

23. Pond WG, Mersmann HJ, Yen JT. Severe feed restriction of pregnant swine and rats: 
effects on postweaning growth and body composition of progeny. J.  Nutr. 1985;115:179-
189.  

24. Nosarti C, Al‐Asady MHS, Frangou S, Stewart AL, Rifkin L, Murray RM. Adolescents 
who were born very preterm have decreased brain volumes. Brain. 2002;125:1616-1623.  

25. Carlson SE, Colombo J, Gajewski BJ, Gustafson KM, Mundy D, Yeast J, Georgieff MK, 
Markley LA, Kerling EH, Shaddy DJ. DHA supplementation and pregnancy outcomes. 
Am.  J.  Clin.  Nutr. 2013;97:808-815.  

26. Zeisel SH. Nutritional importance of choline for brain development. J.  Am.  Coll.  Nutr. 
2004;23:621S-626S.  

 
  



73 
 
 

 

 

APPENDIX 

  



74 
 
 

 

 

Appendix A 
 

Table 3.1. Trace mineral premix contents.  
Nutrient Minimum Contents (5) 
Manganese 6.00 
Zinc 6.00 
Iron 4.00 
Copper 0.50 
Iodine 0.125 
Cobalt 0.05 
Calcium Carrier 
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Appendix B 
 

Table 3.2. Gilt retention rates. 

 Positive Control Negative Control 

On Trial 11 12 

Inseminated 10 11 

Pregnant Day 35 8 11 
Pregnant Day 56 7 9 

Carried to Term 7 9 

 
  

 


