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ABSTRACT 

Human epidemiological and animal studies suggest that unbalanced maternal diet during 

pregnancy leads to low birth weight and predisposes offspring to the development of a number 

of pathological conditions like metabolic and cardiovascular diseases. This effect is referred to 

as fetal or developmental programming, however the underlying mechanism is yet unknown. An 

epigenetic mechanism of gene regulation, DNA methylation, has been suggested as a strong 

candidate for the underling mechanism of developmental programming due to the fact that 

establishment of DNA methylation patterns begins during early development and requires a 

constant supply of methyl donors. The main purpose of the present study was to determine 

whether a deficiency of methyl donors in the maternal diet during prenatal development would 

result in phenotypic changes and abnormal epigenetic gene regulation in the offspring. The study 

was designed to help understand whether DNA methylation provides an epigenetic basis to 

developmental programming.  

A new rat model of prenatal dietary methyl donor deficiency was established, whereby female 

rats were fed a diet deficient in methyl donors choline, folate and methionine two weeks prior to 

mating and throughout pregnancy. The effect of prenatal exposure to methyl donor deficiency on 

developmental programming was investigated by measuring systolic blood pressure, glucose 

metabolism, endocrine pancreas structure and behavioral changes in the adult offspring. To 

investigate immediate and delayed effects of maternal methyl donor deficiency on molecular 

processes in the offspring, liver, pancreas, kidney, lung and hippocampus tissues were being 

used for specific DNA methylation measurements by means of Matrix assisted laser 

desorption/ionization time-of-flight mass spectrometry. Expression of target genes, suggested to 

be regulated by DNA methylation, was tested using a real time PCR-based technique. 

The offspring of methyl deficient mothers (MD) had low weight at birth. Young adult MD males 

had a transient increase in systolic blood pressure and altered pancreatic structure, but no 

changes in glucose metabolism. Aged female and male MD offspring demonstrated traits of 

anxiety-like behavior. MD females had improved learning abilities. At the molecular level, the 

offspring of MD mothers showed age, DNA region and tissue-specific changes in DNA 

methylation. The MD offspring also demonstrated differences in gene expression, which were 

not associated with changes in DNA methylation. 
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In conclusion, the present study demonstrated that maternal methyl donor deficiency had a mild 

selective effect on development of phenotypic changes associated with developmental 

programming in the adult offspring. This study indicated that prenatal deficiency in methyl 

donors programmed changes in DNA methylation in the adult offspring, but its’ effect was 

rather complex and largely unrelated to the observed changes in gene expression. 
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CHAPTER 1. INTRODUCTION 

 

1.1. Developmental Origins of Health and Disease 

1.1.1. Epidemiological studies 

The developmental origins of health and disease (DOHaD) is becoming recognized as an 

important multifaceted research field in basic and clinical medicine. A major focus of the 

DOHaD is establishing a connection between environmental insults in early life and a risk of 

development of chronic diseases later in adulthood. The retrospective epidemiologic studies 

conducted in the late 1980s – early 1990s provided evidence that an infant’s weight at birth was 

inversely correlated with an increased rate of death from coronary heart disease in the same 

geographic region (Osmond, Barker, Winter, Fall, & Simmonds, 1993), as well as increased 

incidence of impaired glucose tolerance and non-insulin dependent diabetes (Hales et al., 1991). 

Barker & Osmond (1986) reported a strong relationship between the incidence of infant 

mortality and death from ischemic heart disease 57 years later in the same region, concluding 

that maternal nutrition during pregnancy plays a major part in health consequences in adults. 

They also demonstrated that, not only the rate of ischemic heart disease-related mortality was 

increased, but also deaths from bronchitis, stomach cancer and rheumatic heart disease were 

higher in the region found to have a higher neonatal mortality rate (Barker & Osmond, 1986). 

A wealth of data has been accumulated worldwide since the first findings (Table 1.1). Results 

presented in Table 1.1 demonstrate that an adverse environment during early stages of human 

life can affect a variety of body systems. It has been hypothesized that environmental cues 

during development influence the phenotype of the developing organism, providing an 

evolutionary advantage to prepare an individual to the environment that is likely to be 

encountered after birth (Bateson et al., 2004). The hypothesis, termed as fetal or developmental 

programming hypothesis, states that the changes can take place if an organism is subjected to an 

unfavorable environmental event during sensitive periods of development (Barker, 2004; 

Godfrey & Barker, 2001). Poor intrauterine environment such as limited availability of nutrients 

during fetal development may lead to the birth of a low weight baby. Low birth weight is a result 
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of intrauterine growth restriction (IUGR), where a fetus grows at a slower rate than expected. 

Growth restriction at birth is often defined as birth weight below 10
th
 percentile for the 

gestational weight (Goldenberg et al., 1989). IUGR accounts for approximately 10% of all 

pregnancies, varying from 3% to 5% in healthy mothers to up to more than 25% in high risk 

groups (Dogra & Bhatt, 2006). Such individuals may have altered metabolism, hypothesized to 

prepare an individual to the difficult environmental conditions his mother lives in. For example, 

insulin resistance developed in low birth weight offspring may be a way in which the body 

diverts glucose supply to the brain at the expense of peripheral tissues (Bateson et al., 2004). 

However, if an individual encounters normal or excess availability of glucose during adult life, 

the developed insulin resistance could lead to type 2 diabetes mellitus.  

The results of studies presented in Table 1.1 demonstrated that adverse intrauterine environment 

during pregnancy leads to a number of conditions associated with Metabolic syndrome X, which 

is characterized by dyslipidemia, obesity, impaired glucose tolerance, increased fasting glucose, 

type 2 diabetes mellitus and hypertension (B. C. Hansen, 1999). Birth weight was not the only 

factor associated with the syndrome; small head circumference and low ponderal index at birth 

were two other morphological characteristics found in individuals with the Metabolic syndrome 

X (Barker et al., 1993). The authors concluded that small head circumference was an indication 

of poor conditions during early stages of development, and most likely that is when the increased 

risk of development of the Metabolic syndrome X was programmed (Barker et al., 1993). 

Further studies in this area provided more evidence of association of other conditions with this 

syndrome, including polycystic ovarian syndrome (PCOS), characterized by anovulation, 

androgen excess, and insulin resistance (Cornier et al., 2008; Dumesic, Abbott, & Padmanabhan, 

2007). In another instance, a recent epidemiologic study has demonstrated an association 

between depression and Metabolic syndrome X (Dunbar et al., 2008; Skilton, Moulin, Terra, & 

Bonnet, 2007), whereas increased incidence and severity of depression was linked to low birth 

weight (Colman, Ploubidis, Wadsworth, Jones, & Croudace, 2007).    

Therefore, results of previous studies demonstrate that adverse conditions in utero have a 

complex effect on body systems, enhancing adult disease risk.  
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Table 1.1 Adult diseases associated with suboptimal intrauterine environment in humans. 

(adapted from (Fowden, Giussani, & Forhead, 2006) with modifications). CHD, coronary heart disease; SGA, small for gestational weight. 

Disorders Condition Main findings Reference 

Cardiovascular Hypertension 

 

 

 

 

Coronary Heart disease 

 

 

 

Stroke 

 

Negative association between birth weight and increased 

blood pressure 

 

 

Correlation between birth weight and nephron number and 

inverse correlation with mean arterial pressure in adults 

 

Association between low birth weight and mortality from 

CHD 

Inverse association between birth weight and risk of CHD 

 

 
 

 

Inverse association between birth weight and rates of stroke 

(J. Eriksson, Forsen, Tuomilehto, 

Osmond, & Barker, 2000; V. M. Moore, 

Cockington, Ryan, & Robinson, 1999) 

(Hughson, Douglas-Denton, Bertram, & 

Hoy, 2006) 

(Leon et al., 1998) 

(Frankel, Elwood, Sweetnam, Yarnell, & 

Smith, 1996; Lawlor, Ronalds, Clark, 

Smith, & Leon, 2005) 

(Lawlor et al., 2005) 

Metabolic  Impaired glucose tolerance 

Insulin resistance 

 

Dyslipidemia 

 

Obesity 

 

Type 2 diabetes 

Negative association between very low birth weight and 

insulin resistance and glucose intolerance 

 

 

Association between exposure to famine in utero and an 

atherogenic lipid profile in the adulthood 

 
Negative association between birth weight and percentage 

body fat, fat mass and positive association with muscle-to-fat 

ratio 

 

Negative association between birth weight and type 2 diabetes 

(Hovi et al., 2007) 

 

 

(Roseboom et al., 2000) 

 

(Kensara et al., 2005) 

 

(Forsen et al., 2000; Rich-Edwards et al., 

1999) 
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Table 1.1 cont. 

Disorders Condition Main findings Reference 

Reproductive  Premature pubarche 

 

 

Associated with hyperinsulinism, dyslipidemia, anovulation, 

ovarian hyperandrogenism 

(Ibanez, Diaz, Lopez-Bermejo, & 

Marcos, 2009; Ibanez, Potau, Dunger, & 

de Zegher, 2000) 

Respiratory  Chronic obstructive pulmonary disease 

 

Asthma 

Negative association between birth weight and death from 

obstructive airway disease 

Inverse association between maternal vitamin E intake during 
pregnancy and asthma in 5-year-old children 

(Barker et al., 1991) 

 

(Devereux et al., 2006) 

 

Endocrine  Hypercortisolism 

 

Autoimmune thyroid disease 

Association between low birth weight and increased serum 

cortisol level in young adults 

Negative association between birth weight and thyroid 

autoantibodies 

 

(Szathmari, Vasarhelyi, & Tulassay, 

2001) 

(Phillips et al., 1993) 

Nervous  Cognitive function  

 

 

Mood disorders 

 

 

Schizophrenia 

 

Association between SGA and lower intelligence, global 

cognitive impairment 

 
Association between exposure to famine in utero and 

admission for mood disorders in later life 

 

 

 

Association between complications of pregnancy or abnormal 

fetal growth and schizophrenia 

 

(D. M. Walker & Marlow, 2008) 

 

(A. S. Brown, Susser, Lin, Neugebauer, 

& Gorman, 1995; A. S. Brown, van Os, 

Driessens, Hoek, & Susser, 2000) 

 

(Cannon, Jones, & Murray, 2002) 

 

Skeletal  Osteoporosis Association between weight at birth and bone mineral content  

in adults 

(Dennison, Syddall, Sayer, Gilbody, & 

Cooper, 2005) 

Excretory Renal failure Association between low birth weight and end-stage renal 

disease 

(Lackland, Bendall, Osmond, Egan, & 

Barker, 2000) 

Cancer Breast cancer 

 

Testicular cancer 

Association between high birth weight and risk of 

development of breast cancer 

Association between high birth weight and risk of 

development of testicular cancer 

(Michels et al., 1996) 

 

(Richiardi, Askling, Granath, & Akre, 

2003) 
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1.1.2. Animal models of developmental origins of health and disease 

Animal studies confirmed findings of human epidemiological studies that alterations of 

intrauterine environment lead to a variety of pathophysiological conditions in adults. Human 

epidemiological studies have several limitations that make them difficult for analysis of outcome 

and results interpretation. These limitations include variable and complex environmental 

conditions imposed on studied subjects, incomplete information, and different degrees of 

severity of environmental conditions, such as the amount of consumed calories. The 

development of animal models creates a controlled experimental environment, where animals 

can be studied prior and after the intervention. 

1.1.2.1. Overview of animal models of DOHaD  

A number of animal species have been used to study developmental programming. These 

include mice (Ozanne, Lewis, Jennings, & Hales, 2004), rats (Vuguin, 2007; Woodall, Johnston, 

Breier, & Gluckman, 1996), sheep (Hawkins et al., 2000), guinea-pigs (Persson & Jansson, 

1992) and pigs (Bauer et al., 2002).  

Various methods have been used to alter the intrauterine environment. These can be subdivided 

into three major categories such as endocrine, functional and nutritional experimental 

approaches. An endocrine approach to study developmental origins of health and disease in 

animals includes an administration of synthetic glucocorticoid betamethasone (Benediktsson, 

Lindsay, Noble, Seckl, & Edwards, 1993; Ortiz, Quan, Zarzar, Weinberg, & Baum, 2003). A 

most often used functional approach to induce growth restriction is uterine artery ligation 

(Houdijk, Engelbregt, Popp-Snijders, & Delemarre-Vd Waal, 2000; Sanders et al., 2004).  

Dietary manipulation provides another approach. Nutritional interventions used in animals 

include global caloric undernutrition (Woodall et al., 1996), dietary fat administration (Gerber et 

al., 1999), administration of a diet with reduced protein content (Snoeck, Remacle, Reusens, & 

Hoet, 1990) or iron restriction (Lewis, Petry, Ozanne, & Hales, 2001).  The global caloric 

restriction model has been based on Barker and colleagues studies of the consequences of Dutch 

famine on health of adults born during that time, as described earlier in this section. Reduced 

caloric consumption of pregnant rodents include severe (70% of normal) (Ozaki, Nishina, 
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Hanson, & Poston, 2001), moderate (50%) (Garofano, Czernichow, & Breant, 1998) and mild 

(30% of normal intake) (Woodall et al., 1996).  

Protein restriction is another frequently used method, where pregnant dams receive a diet with 

reduced levels of protein, which is otherwise energy balanced. Fifty percent dietary protein 

reduction is the most often used dietary protocol (Kwong, Wild, Roberts, Willis, & Fleming, 

2000; Langley-Evans, Welham, Sherman, & Jackson, 1996; Torrens et al., 2003; L. L. Woods, 

Ingelfinger, Nyengaard, & Rasch, 2001) However, in other studies protein content was reduced 

from 75% (L. L. Woods, Weeks, & Rasch, 2004) to 33% (Langley & Jackson, 1994) of the 

control group intake. 

Animal models of micronutrient deficiency such as iron deficiency demonstrated a programming 

effect on neurodevelopment (Georgieff, 2008). Prenatal deficiency of another micronutrient, 

zinc was also shown to cause hypertension and renal failure in the adult offspring (Tomat et al., 

2008). 

Some studies used different time windows of nutritional intervention to pinpoint critical periods 

of susceptibility to adverse environmental conditions, whereas other studies administer diet 

throughout gestation and/or during lactation. 

Similar to epidemiologic studies in humans, animal models demonstrate that intrauterine 

environment can affect functioning of a number of physiological systems leading to pathological 

conditions in adult life.   

1.1.2.2. Rodent models of developmental origins of cardiovascular disorders 

Developmental origins of hypertension is one of the most studied cardio-vascular pathology, 

which is thought to be a consequence of abnormal prenatal environment. A protein deficient 

model is most widely used rodent models for the study of this condition; however, other models 

are used as well (Table 1.2). The interest in hypertension is explained by the fact that this 

condition increases risk of cardiovascular diseases, such as coronary heart disease, heart failure 

or stroke in humans (Ekundayo et al., 2009; R. Inoue et al., 2007; Zeina, Barmeir, Zaid, & Odeh, 

2009). Investigations in several different models such as protein deficient model, global caloric 

restriction, synthetic glucocorticoid treatment or zinc-deficient model demonstrated increased 

susceptibility to development of hypertension. Moreover, myocardial recovery after ischemia 
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was reduced in the hypertensive 6 month old male offspring of protein-deficient mothers (Elmes, 

Gardner, & Langley-Evans, 2007), similar to the offspring whose mothers were subjected to 

hypoxia during the third trimester of pregnancy (G. Li et al., 2003). One of the studies 

demonstrated an increased number of apoptotic cells in the heart of hypoxic fetuses (Bae, Xiao, 

Li, Casiano, & Zhang, 2003), indicating that some damage to the heart tissue occurs during early 

stages of development. 

Administration of a low protein diet only during one of the three trimesters of gestation resulted 

in more pronounced hypertension in the offspring subjected to undernourishment during the last 

trimester, indicating that the mechanisms responsible to development of high blood pressure in 

the offspring are more vulnerable to maternal dietary changes during later stages of development  

(Langley-Evans, Welham et al., 1996). It is possible that this effect was associated with kidney 

development as several studies have found that different types of prenatal intervention can 

program blood pressure during later stages of development at the time of nephrogenesis (L. L. 

Woods et al., 2004). On the other hand, experiments in a rat model of prenatal protein deficiency 

demonstrated that aberrant maternal diet only during the preimplantation period could cause 

male-specific hypertension in the adulthood (Kwong et al., 2000).  

Kwong and colleagues (2000) study demonstrated that decreased birth weight as it was observed 

in protein deficient female offspring does not necessarily have to be associated with differences 

in blood pressure in the adulthood. At the same time, the Langley-Evans and colleagues (1996) 

and Nwagwu and colleagues (2000) studies demonstrated that alteration in blood pressure 

regulation can occur in the absence of low birth weight (Table 1.2).  

It was demonstrated that some types of perturbed intrauterine environment can have a gender-

specific effect on programming of cardiovascular conditions. Thus, the maternal high-fat diet 

resulted in hypertension in the adult female offspring, but not in males (Khan et al., 2003), 

whereas the maternal low protein diet exclusively during the preimplantation period results in 

hypertensive males (Kwong et al., 2000). A decreased recovery after cardiac ischemia was 

shown in adult male offspring of protein deficient mothers, but not females (Elmes et al., 2007). 
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Table 1.2 Rodent models of developmental programming that demonstrated cardiovascular abnormalities. 

HBW – high birth weight; LBW – low birth weight; NBW – normal birth weight; N/I – not indicated; BP – blood pressure; DBP – diastolic blood pressure; SBP – systolic 

blood pressure; MAP – mean arterial pressure.  

Intervention Timing Weight Outcome Reference 

30% global caloric 

restriction 

e0 – e18 LBW Males: increased MAP from 60d 

Females: increased MAP, from 100d 

(Ozaki et al., 2001) 

50% global caloric 

restriction 

e11 – birth  LBW Females: unaffected SBP and DBP at 100d (Holemans et al., 1999) 

70% global caloric 

restriction 

 e0 - birth LBW Females: increased SBP at 175d, reduced kidney weight (Vickers, Ikenasio, & Breier, 2001) 

33% protein restriction 14d preconception- 

birth 

NBW Increased SBP at 9wk, back to normal by 21wk (Langley & Jackson, 1994) 

50% protein restriction e0 –e 4.5 LBW Males: increased SBP  at 4 and 11 wk; decreased kidney 

weight at 12wk 

(Kwong et al., 2000) 

1) e0 – e7 NBW 

HBW 

NBW 

Males: increased SBP at 4 wk in group 1, 2 and 3  

2) e8 – e14 (Langley-Evans, Welham et al., 1996) 

3) e15 – e22  

e0 - birth NBW Increased SBP at 4, 12 and 20wk, progressive kidney 

function deterioration 

(Nwagwu, Cook, & Langley-Evans, 2000) 

e0 - birth N/I Males: increased SBP at 4 and 8wk, increased HR at 8wk, 

impaired recovery after myocardial ischemia at 6mnth 

Females: increased SBP at 4 and 8wk, increased HR at 

8wk 

(Elmes et al., 2007) 

 2wk before mating - 

birth 

LBW Males: elevated left ventricular end-diastolic pressure, 

reduced cardiac output, decreased maximum rates of 

contraction and relaxation and reduced MAP at 40wk 

(Cheema, Dent, Saini, Aroutiounova, & 

Tappia, 2005) 

67% protein restriction 14d preconception - 

birth 

LBW Increased SBP at 9 and 21wk (Langley-Evans, Phillips, & Jackson, 

1994) 

74% protein restriction e1 – birth, e11 - birth LBW Females and males: Increased MAP, reduced number of 

glomeruli 

(L. L. Woods et al., 2004) 

High fat diet (20% vs. 

5%) 

10d before mating – 

weaning 

NBW Females: increased SBP and DBP at 180d and increased 

SBP at 360d 

(Khan et al., 2003) 
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Table 1.2 cont.     

Intervention Timing Weight Outcome Reference 

 

High fat diet (25.7% vs. 

5.3%) 

 

10d before mating – 

birth 

 

NBW 

 

Females: increased SBP and DBP at 180d 

 

(Khan et al., 2005) 

Bilateral uterine artery 

ligation 

e14 LBW Male: increased MAP at 4 to 12 wk (Payne, Alexander, & Khalil, 2003) 

Glucocorticoid 

Dexamethasone injection 

0 – birth LBW Females: increased SBP at 16wk, increased response to 

angiotensin II 

(Hadoke, Lindsay, Seckl, Walker, & 

Kenyon, 2006) 

e11 – e12, e13 – 

e14,e15 – e16, e17 – 

e18, e19 – e20. 

NBW Females e15 – e16: increased BP, reduced glomerular 

number; 

Males e13 – e14, e15 – e16, e17 – e18: increased BP at 

6mnth 

Males e15 – e16, e17 – e18: reduced glomerular number at 

8mnth 

(Ortiz et al., 2003) 

Maternal hypoxia e15 – e20 LBW Males: increased susceptibility of heart to ischemia-

reperfusion injury at 6mnth 

(G. Li et al., 2003) 

27% zinc restriction e0 - weaning N/I Males: elevated SBP, reduced creatinine clearence at 60d (Tomat et al., 2008) 
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1.1.2.3. Animal models of developmental origins of abnormal glucose homeostasis 

A variety of studies demonstrated that different types of perturbation of the environment 

during perinatal stages of development can cause abnormalities in glucose metabolism and 

lead to development of type 2 diabetes mellitus (Table 1.3). 

Studies in prenatal protein deficient (Erhuma, Salter, Sculley, Langley-Evans, & Bennett, 

2007) or prenatal high fat diet (Khan et al., 2005) rodent models have shown that changes in 

glucose metabolism in adults do not have to be associated with low birth weight. This 

suggests that deranged maternal conditions may impair organ development, but not fetal 

growth.  

Some studies indicate that specific timing of the particular intervention determines the 

programming of glucose metabolism. Thus, Nyirenda and colleagues (1998) demonstrated 

that administration of synthetic glucocorticoid during the third trimester, but not the first or 

second trimester resulted in low birth weight, which was associated with altered glucose 

metabolism in the adult offspring. Susceptibility to adverse intrauterine conditions during this 

period of development are confirmed by the uterine artery ligation model, where the offspring 

demonstrated insulin resistance and increased fasting glucose (Jansson & Lambert, 1999). A 

low protein diet on the other hand leads to development of hypereinsulinemia in adults that 

were subjected to adverse conditions throughout gestation or during the first or third but not 

the second trimesters (Erhuma et al., 2007). These results again point toward specific time 

windows during which an altered intrauterine environment exerts its effect.  

Similar to studies of developmental origins of cardiovascular diseases, studies of 

developmental origins of glucose metabolism indicate that there is a sex-specific effect of 

some prenatal interventions. Thus, diets high in fat resulted in development of fasting 

hyperglycemia and insulin resistance in 1 year old females, but not males (Taylor et al., 

2005), whereas administration of the synthetic glucocorticoid dexametasone resulted in 

hyperglycemia and hyperinsulinemia in adult 6 month old males (Nyirenda, Lindsay, 

Kenyon, Burchell, & Seckl, 1998). 

Some studies provided a clue that the programming effect of abnormal maternal nutrition on 

glucose metabolism in the offspring could be conveyed through perturbation in maternal 
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glucose metabolism and hormonal imbalance. Thus, a 50% protein deficient diet throughout 

gestation resulted in hormonal changes in mothers such as increased concentration of insulin, 

prolactin, and decreased progesterone levels, and increased glucose concentration in mothers 

as well as fetuses at day 14 (Fernandez-Twinn et al., 2003). Similarly, global caloric 

restriction models showed raised maternal and fetal corticosterone levels (Blondeau, Lesage, 

Czernichow, Dupouy, & Breant, 2001). 
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Table 1.3 Rodent models of developmental programming that demonstrated glucose homeostasis abnormalities. 

LBW – low birth weight; NBW – normal birth weight, AUC – area under the curve. 

Intervention Timing Weight Outcome Reference 

50% caloric restriction e15 - weaning LBW Male: impaired glucose tolerance and insulin response 

at 1yr 

(Garofano, Czernichow, & Breant, 1999) 

1) e12.5 – e18.5 

2)e12.5 – e18.5, birth – 

weaning 

LBW Males: group 1 – glucose intolerance at 6mnth, catch-

up growth; group 2 – normal glucose metabolism 

(Jimenez-Chillaron et al., 2006) 

70% caloric restriction and 

postweaning HFD 

e0 - birth LBW Females: hyperinsulinemia at 190d (Vickers et al., 2001) 

50% protein restriction 1) e0 – e7; 

2) e8 – e14; 

3) e15 – birth;  

4) e0 - birth 

NBW Males: hyperinsulinemia in group 1, 3 and 4 at 

18mnth 

Females: hyperinsulinemia in group 3 at 18mnth 

(Erhuma et al., 2007) 

 e0 – birth 

 

Females: LBW 

Males: NBW 

Females: increased serum insulin and insulin:glucose 

ratio and higher insulin resistance index at 110d 

Males: increased fasting serum glucose, fasting serum 

insulin and insulin:glucose ratio, increased AUC for 

insulin and insulin:glucose ratio at 110d 

(Zambrano et al., 2006; Zambrano et al., 

2005) 

60% protein restriction e0 - weaning LBW Males: fasting hyperglycemia and hyperinsulinemia, 

glucose intolerance and insulin resistance at 17 mnth 

Females: insulin resistance in muscle and fat tissues at 

21mnth 

(Petry, Dorling, Pawlak, Ozanne, & Hales, 

2001) 

(Fernandez-Twinn et al., 2005) 

High animal fat diet (20% 

vs. 5%) 

10d before mating – weaning 

 

NBW Females: raised fasting glucose and insulin resistance 

at 1yr, impaired glucose-stimulated insulin release at 

9mnth 

 

 

 

 

 

 

 

(Khan et al., 2003; Taylor et al., 2005) 
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Table  1.3 cont.     

Intervention Timing Weight Outcome Reference 

Bilateral uterine artery 

ligation 

e19 - birth LBW Progressive glucose intolerance from 1wk to 15wk; 

progressive fasting hyperglycemia and 

hyperinsulinemia from 7wk to 26wk; 50% decrease in 

β-cell mass at 15wk and >70% decrease in β-cell mass 

at 26wk 

(Simmons, Templeton, & Gertz, 2001) 

 

e18 - birth 

 

LBW 

 

Females: increased fasting blood glucose, insulin 

resistance and impaired insulin secretion in response 

to glucose at 3-4mnth 

 

(Jansson & Lambert, 1999) 

Glucocorticoid 

Dexametasone injection 

e14 - birth LBW Males: fasting and reactive hyperglycemia; 

hyperinsulinemia at 6mnth 

(Nyirenda et al., 1998) 
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1.1.2.4. Animal models of developmental origins of obesity and the Metabolic 

syndrome X 

Development of obesity was observed in several rodent models of prenatal undernourishment, 

and it was associated with low birth weight as well as normal weight at birth (Table 1.4). 

Obesity, abnormal glucose and cardiovascular disorders are major components of the Metabolic 

syndrome X. Offspring in several animal models of fetal programming have exhibited traits of 

the Metabolic syndrome X. Thus, bilateral uterine artery ligation led to growth restriction at birth 

associated with progressive glucose intolerance, an increase in fasting glucose levels and obesity 

in the adult offspring (Simmons et al., 2001). Severe caloric restriction throughout gestation 

resulted in development of obesity in adult females in combination with hypertension and 

hyperinsulinemia, when the offspring were challenged with a high fat diet after weaning 

(Vickers et al., 2001). 

Both of these studies (Simmons et al., 2001; Vickers et al., 2001), as well as other animal studies 

demonstrated that the risk of development of conditions associated with the Metabolic syndrome 

are high when poor prenatal growth is coupled with postnatal catch-up growth. Thus, postnatal 

catch-up growth in particular was thought to be a contributing factor to the development of 

hypertension in females and unbalanced glucose metabolism in males and in a prenatal 

glucocorticoid exposure model (O'Regan, Kenyon, Seckl, & Holmes, 2004). A role of postnatal 

nutrition in the development of obesity was also demonstrated in the offspring of protein or 

calorie restricted dams, who developed obesity, hyperphagia, hyperglycemia, hyperinsulinemia, 

glucose intolerance, insulin resistance and adipocyte hypertrophy when fed a high calorie diet 

during lactation (Bieswal et al., 2006). A comparison between prenatal low protein and low 

calorie intake rat models in the same study demonstrated that the effect of the postnatal high 

calorie diet was more pronounced in the calorie restricted than in protein restricted offspring 

(Bieswal et al., 2006), indicating that different types of undernourishment are not equal in their 

ability to program the offspring for adult onset diseases. 

Catch-up growth was shown to be a contributing factor to the development of glucose 

intolerance, and increased fat mass in adult mice undernourished exclusively during the second 

half of gestation (Jimenez-Chillaron et al., 2006). Continuing undernourishment until weaning in 

the same model resulted in no postnatal catch-up growth and no indications of abnormal glucose 
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metabolism or obesity, thus highlighting the importance of postnatal nutrition in development of 

the Metabolic syndrome X (Jimenez-Chillaron et al., 2006). 

 

Table 1.4 Rodent models of developmental programming that demonstrated obesity. 

LBW – low birth weight; NBW – normal birth weight, LP – low protein. 

Intervention Timing Weight Outcome Reference 

70% caloric 

restriction and 

postweaning HFD 

e0 - birth LBW Females: Obesity, hyperphagia, 

hyperleptinemia 190d 

(Vickers et al., 2001) 

50% protein 

restriction 

1) e 0 – e7; 

2) e8 – e14; 

3) e15 – birth;  

4) e0 - birth 

NBW Males: elevated triglyceride 

concentration in groups1 and 3, 

elevated cholesterol in group 3, 

hepatic steatosis in all LP groups at 

18 mnth 

Females: elevated plasma 

triglyceride concentration in groups 

1, 2 and 4, elevated plasma 

cholesterol in groups 1 and 4, 

hepatic steatosis in all LP groups at 

18 mnth 

(Erhuma et al., 2007) 

e0 – birth 

 

Females: 

LBW 

Males: 

NBW 

Increased relative body fat content 

at 70d 

Increased serum triglyceride and 

cholesterol concentrations 

(Zambrano et al., 2006) 

Bilateral uterine 

artery ligation 

19e - birth LBW Accelerated growth between 7 and 

10wk, obesity by 26wk 

(Simmons et al., 2001) 
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1.1.2.5. Animal models of developmental origins of behavioral and neuropsychiatric 

disorders 

It was proposed that susceptibility to anxiety-like behavior could be programmed during early 

life stage (Gross & Hen, 2004). One study demonstrated that the offspring subjected to maternal 

prenatal stress develop increased basal stress response corticosterone levels and symptoms 

similar to human depression (Dugovic, Maccari, Weibel, Turek, & Van Reeth, 1999). Evidence 

that an abnormal maternal diet can affect anxiety levels in the adult offspring came from 

experiments on offspring of protein-deficient mothers who demonstrated decreased anxiety or 

signs of increased impulsiveness while tested on an elevated plus maze (Almeida, Tonkiss, & 

Galler, 1996). Maternal global undernourishment also affected anxiety-related behavior in the 

offspring leading to elevated anxiety-like behavior in the young adult offspring tested on the 

elevated plus maze (Jaiswal, Upadhyay, Satyan, & Bhattacharya, 1996). Exposure of the fetuses 

during late gestation to dexamethasone in rats impaired coping during adverse situations in adult 

life (Welberg, Seckl, & Holmes, 2001). 

Not only anxiety-related behavior and stress response can be affected in the prenatally deprived 

offspring, but their learning abilities were also shown to suffer from the consequences of an 

adverse intrauterine environment. Early life events like neonatal handling resulted in improved 

hippocampal-dependent memory processes in fear conditioning task (Beane, Cole, Spencer, & 

Rudy, 2002). It was shown that prenatal stress can impair hippocampus-dependent memory in 

the offspring and affect synaptic plasticity in the hippocampus (J. Yang, Han, Cao, Li, & Xu, 

2006). Offspring of calorie restricted mothers also demonstrated impaired learning abilities 

(Landon et al., 2007).  
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Table 1.5 Rodent models of perinatal developmental programming that demonstrated behavioral abnormalities. 

LBW – low birth weight; NBW – normal birth weight; N/I – not indicated. 

Intervention Timing Weight Outcome Reference 

70% caloric 

restriction  

e0 - birth LBW Females: reduced learning at 60d (Landon et al., 2007) 

50% caloric 

restriction 

e0 - birth LBW Increased anxiety levels, increased 

depressive behavior at 3mnths 

(Jaiswal et al., 1996) 

76% protein 

restriction 

5wks before 

mating - birth 

LBW Females: decreased anxiety and 

higher impulsiveness at 70d 

 (Almeida et al., 1996) 

Neonatal 

handling 

d1 – d15  Enhanced memory involved in 

contextual fear conditioning  

(Beane et al., 2002) 

Maternal foot 

shock stress 

e13 – e19 N/I Males: impaired spatial learning 

and memory in the Morris water 

maze at 5wks 

(J. Yang et al., 2006) 

Maternal 

restrained stress 

e15 - birth N/I Males, 3-4mnths: changes in sleep-

wake parameters similar to those 

found in depressed patients 

(Dugovic et al., 1999) 

Glucocorticoid 

Dexamethasone 

injections 

1) e0 – birth 

2) e15 - birth 

LBW 

LBW 

Group 1and 2: reduced exploratory 

behavior in an open field; group 2: 

reduced exploratory behavior in an 

elevated plus maze, impaired 

learning in a forced swim test 

(Welberg et al., 2001) 

     

 

1.2. Biological mechanisms underlying developmental programming 

Epidemiologic and animal studies have established a connection between suboptimal intrauterine 

environment and development of late onset diseases. It is less clear at the moment which specific 

biological mechanisms underlie the observed pathologies. Studies, trying to find causative 

factors for developmental programming have uncovered and suggested several mechanisms. 

These include tissue remodeling, resetting of homeostatic endocrine axes and alteration of gene 

expression. 

 

1.2.1. Tissue remodeling 

One of the first examples of tissue remodeling as a result of fetal programming was 

demonstrated in the kidney. A number of studies showed that exposure of the offspring to 

prenatal protein restriction resulted in reduced kidney size (Langley-Evans, Welham, & Jackson, 

1999) and nephron number (Langley-Evans, Welham et al., 1999; McMullen, Gardner, & 

Langley-Evans, 2004) and increased renal apoptosis (Welham, Wade, & Woolf, 2002). 

Similarly, intrauterine growth retardation as a result of uterine artery ligation led to decreased 
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renal mass and nephron number in the offspring at birth and 2 weeks of age, which was 

associated with impaired renal function (Merlet-Benichou, Gilbert, Muffat-Joly, Lelievre-

Pegorier, & Leroy, 1994). Administration of a maternal diet deficient in iron also led to 

decreased glomerular number in the adult offspring (Lisle et al., 2003). Deficiency during 

pregnancy and lactation in another microelement, zinc, resulted in altered renal structure in the 

offspring such as reduced nephron size and number, which was associated with increased blood 

pressure (Tomat et al., 2008). 

Although changes in the heart have not been extensively investigated, one study demonstrated 

increased cardiomyocyte apoptosis during the first two weeks of life in the male offspring of rats 

received low protein diet before mating and throughout gestation, which was associated with 

depressed cardiac function (Cheema et al., 2005). During later stages of life the same offspring 

developed an increase in left ventricular wall thickness, which was also associated with cardiac 

dysfunction (Cheema et al., 2005). 

The pancreas is another organ that has been extensively studied in the context of developmental 

programming of diabetes type 2 and associated glucose metabolism abnormalities. Studies in 

rodents demonstrated that the offspring subjected to prenatal protein deficient diet had structural 

changes to the endocrine pancreas such as reduced β-cell mass, increased β-cell apoptosis and 

decreased β-cell proliferation, decreased β-cell islet vascularisation and reduced islet insulin 

content (Dahri, Snoeck, Reusens-Billen, Remacle, & Hoet, 1991; Snoeck et al., 1990). In the 

same fashion, a maternal diet reduced to 50% of the normal consumption resulted in decreased 

β-cell mass and insulin content postnatally (Garofano, Czernichow, & Breant, 1997; Garofano et 

al., 1998). Not only nutrient deprivation, but also overfeeding with high fat diet throughout 

gestation resulted in reduction of β-cell volume and numbers in the newborn offspring, as well 

as increased α-cell volume, number and size (Cerf et al., 2005). 

In the offspring of prenatally protein restricted rats, there were changes to liver structure, such as 

an increase in lobular size, but a decrease in number of lobules (S. P. Burns et al., 1997). These 

structural changes were associated with decreased concentration of glucokinase in specific liver 

regions (S. P. Burns et al., 1997). Muscle tissue of the protein deficient offspring was more 

sensitive to insulin stimulation of glucose uptake, possibly due to increased expression of insulin 

receptors (Ozanne, Wang, Coleman, & Smith, 1996). In aged protein restricted offspring, muscle 

tissue became less sensitive to insulin, which was associated with loss of glucose tolerance 

(Ozanne et al., 2003). Similar to age-dependent changes in muscle, adipose tissue was found to 
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have elevated basal and insulin-stimulated glucose uptake in young prenatally protein restricted 

adults (Ozanne et al., 1997), which was changed to resistance to insulin action to stimulate 

glucose uptake (Ozanne, Dorling, Wang, & Nave, 2001). These studies demonstrate a 

relationship between adverse intrauterine environment and programming insulin sensitive 

tissues, which could be a contributing factor for development of abnormal glucose metabolism 

later in life.  

Not only peripheral, but also central tissues were shown to be affected by adverse intrauterine 

environment. Maternal protein restriction was associated with altered neuronal density and the 

architecture of hypothalamic nuclei in the deprived offspring (Plagemann et al., 2000). 

Hippocampal structure was changed in the offspring whose mothers received excess 

glucocorticoids during pregnancy (Levitt, Lindsay, Holmes, & Seckl, 1996). Some evidence 

have been presented that an unfavorable intrauterine environment as a result of uterine artery 

ligation has a negative effect on the number of neurons in the hippocampus and cerebellum 

(Mallard, Loeliger, Copolov, & Rees, 2000), and dendritic structure (Dieni & Rees, 2003).  

1.2.2.  Endocrine changes 

It has been hypothesized that functioning of fetal endocrine system determines not only growth 

and development during gestation, but also its reorganization and re-setting can influence the 

development of pathologic conditions later in life (Fowden & Forhead, 2004). Adverse prenatal 

environment can have a permanent effect on hormone production or sensitivity of target tissues 

to hormone action.  

Studies demonstrated the re-setting of several endocrine systems, namely the renin-angiotensin 

system (RAS) (Langley-Evans, Sherman et al., 1999), hypothalamo-pituitary adrenal (HPA) axis 

(Lesage, Blondeau, Grino, Breant, & Dupouy, 2001), the insulin endocrine axis (Simmons et al., 

2001) and the somatotropic axis (M. A. Martin et al., 2005). 

The effect of prenatal environment on programming of the HPA axis has been mostly studied in 

the context of development of hypertension. It is thought that glucocorticoids are involved in 

maintaining high blood pressure in the offspring of low protein mothers, as it was shown that 

adrenalectomy in these offspring resulted in lower blood pressure and, when corticosterone was 

replaced, this led to an increase in blood pressure (Gardner, Jackson, & Langley-Evans, 1997). 

Several mechanisms are involved in the regulation of blood pressure in adults by 

glucocorticoids. They include activation of hypothalalmic receptors (van den Berg, de Kloet, van 



_____________________________________________________________________ Chapter 1 

20 

 

Dijken, & de Jong, 1990), affecting peripheral vascular resistance (Kornel, 1993) and  an 

increase of levels of angiotensin receptor II in vascular smooth muscles (Provencher, Saltis, & 

Funder, 1995). Prenatal exposure to glucocorticoids was shown to permanently affect expression 

of the glucocorticoid receptor in the hippocampus and increase levels of basal corticosterone, 

which was associated with elevated blood pressure (Levitt et al., 1996), as well as changed 

expression in the brain and circulating levels of other components of the HPA axis (Shoener, 

Baig, & Page, 2006). Resetting of the HPA axis was also demonstrated in the offspring of 

mothers who received protein-restricted diet (Langley-Evans, Gardner, & Jackson, 1996), caloric 

restriction diet (Lesage et al., 2001) or maternal cytokine exposure (Samuelsson et al., 2004), 

indicating that the HPA axis can be programmed by different prenatal environmental challenges.  

The RAS plays an important role in the regulation of blood volume and arterial blood pressure 

(Weir & Dzau, 1999). Studies in a rat prenatal protein restriction model demonstrated that 

protein deficiency throughout pregnancy resulted in decreased expression of renin and 

angiotensin in the kidney, which followed by hypertension in the adult offspring (L. L. Woods et 

al., 2001). In adult rats exposed to a low-protein diet in utero expression of mRNA for the 

angiotensin II type 2 receptor in the kidney was lower than in the control rats, an effect which is 

thought to contribute to observed hypertension in prenatally deprived rats (McMullen et al., 

2004). Studies in the uterine artery ligation models showed a decrease in expression of renal 

renin and angiotensine at birth and increase in angiotensin-converting enzyme, renin and 

angiotensin in the kidney of adult growth restricted offspring, which was associated with 

increased blood pressure (Grigore et al., 2007). These studies demonstrate that different types of 

adverse intrauterine environment program different components of the same RAS axis, leading 

to the same outcome, such as hypertension, in the adults. 

The main function of the insulin axis is regulation of glucose metabolism, which, as was shown 

above, is affected in a number of animal models of developmental programming. Maternal food 

restriction during pregnancy was associated with significantly reduced insulin content in the fetal 

endocrine pancreas (Garofano et al., 1997). A prenatal protein deficient model demonstrated a 

gradual change from improved glucose tolerance and insulin sensitivity at young age to loss of 

glucose tolerance in adults, which was associated with increased insulin resistance in males and 

β-cell exhaustion in females (Hales, Desai, Ozanne, & Crowther, 1996). Similarly, female and 

male offspring of mothers who had undergone uterine artery ligation developed a decrease in 

pancreatic β-cell mass associated with progressive decline in glucose tolerance and insulin 

sensitivity (Simmons et al., 2001). Maternal overnutrition was also shown to perturb insulin 
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signaling in the offspring. Thus, a high fat diet consumed by mothers throughout gestation led to 

increased plasma insulin levels and increased secretion of insulin by islets in 21 day old fetuses, 

which was also observed later in the adult offspring (Srinivasan, Katewa, Palaniyappan, Pandya, 

& Patel, 2006). Furthermore, studies in the same prenatal high fat rat model demonstrated 

changes in insulin and leptin signaling pathways in the hypothalami of 21 day old fetuses 

(Gupta, Srinivasan, Thamadilok, & Patel, 2009).  

The somatotropic axis is involved in the regulation of energy metabolism, has a complex control 

mechanism and involves the action of multiple hormones (Breier, 1999). Protein restriction 

during gestation resulted in increased pancreatic levels of components of the somtotropic axis 

such as insulin-like growth factor I (IGF I) and its receptor, and decreased hepatic and serum 

levels of IGF I in malnourished fetuses (M. A. Martin et al., 2005), indicating that levels of these 

molecules can be affected by maternal malnourishment. Studies in a rat model of prenatal global 

caloric restriction demonstrated increased circulating levels of insulin growth factor I (IGF I) 

and IGF I binding protein-1, which could have an effect on glucose metabolism in prenatally 

deprived adult offspring (Olausson, Lewitt, Brismar, Uvnas-Moberg, & Sohlstrom, 2006).  

1.2.3. Changes in gene expression 

The tissue remodeling and endocrine mechanisms associated with programming are linked to 

changes in the expression of specific genes, which could be a consequence as well as a cause of 

these processes.  

A number of studies demonstrated that an aberrant environment during the early stages of life 

can cause changes in gene expression, associated with the development of pathologic conditions 

later in adults. Thus, a calorie restricted maternal diet was shown to alter the expression of 

transcription and growth factors in the kidney of undernourished 20 day old fetuses, which is 

thought to contribute to observed structural changes in this organ (Abdel-Hakeem et al., 2008). 

Prenatal undernutrition during gestation and a high fat diet during the postweaning period led to 

changes in the expression of several key genes of the hypothalamic appetite regulatory network 

in adults, which was associated with obesity (Ikenasio-Thorpe, Breier, Vickers, & Fraser, 2007). 

In another instance, the offspring of mothers who received a low protein diet during gestation 

also demonstrated abnormal expression of enzymes involved in regulation of glucose and fatty 

acid metabolism during postnatal development (Tappia, Nijjar, Mahay, Aroutiounova, & Dhalla, 
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2005), which could be a contributing factor to observed abnormal heart function later in life 

(Cheema et al., 2005).  

Epigenetic changes in gene regulation have been considered as the most likely mechanism 

involved in fetal programming. The definition of epigenetics states that it is mitotically and 

meoitically heritable alterations in gene expression that do not require a change in the DNA 

sequence (Fincham, 1997). At the present, DNA methylation, histone modification, and micro 

RNAs (miRNAs) are considered to be the major mechanisms mediating epigenetic effects on 

gene expression (Jaenisch & Bird, 2003; Lopez, Percharde, Coley, Webb, & Crook, 2009).  

MiRNAs include a group of short, approximately 22nt-long RNA molecules encoded in 

eukaryotic genome. These molecules exert their function at the posttranscriptional stage of the 

target gene expression by binding to partially complementary sites in the 3’ untranslated regions 

(UTR) and modulate gene expression by potentiating translational repression or degradation of 

mRNA (Bartel, 2004). Recent research demonstrated that miRNAs participate in the control of 

many biological processes, such as tissue morphogenesis, apoptosis and signaling pathways; 

moreover, their abnormal function may play a role in a number of pathological conditions such 

as cancer or cardiovascular disease (reviewed in (Kloosterman & Plasterk, 2006; van Rooij et 

al., 2007). The role of miRNA in early embryonic and tissue development has been increasingly 

recognized (Y. Shi & Jin, 2009), making it a potential target for adverse intrauterine 

environment.  

A histone octamer with wrapped around 147bp DNA composes the basic unit of chromatin – the 

nucleosome (J. K. Kim, Samaranayake, & Pradhan, 2009). Histone modification of amino-

terminal tail domains comprises a number of processes that play an important role in folding 

nucleosomes into higher order chromatin structure. Histones can be modified by acetylation, 

methylation, phosphorylation, ubiquitylation, sumoylation, ADP ribosylation, deamination and 

proline isomerization, although most of the investigations reported to date are done on the first 

three modifications (Kouzarides, 2007). Histones can be modified at many sites, and different 

types of modification can have opposite effects on the regulation of gene expression. For 

instance, such histone modification as lysine acetylation is associated with active gene 

transcription (Kouzarides, 2007), whereas methylation of specific lysine residues is an indicator 

of inactive chromatin in a condensed form (Peters et al., 2002). Specific histone modification 

patterns are important in developmental processes (reviewed in (Kiefer, 2007; Margueron, 
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Trojer, & Reinberg, 2005) and alterations in the histone code may play a role in some 

pathological conditions (Munshi, Shafi, Aliya, & Jyothy, 2009). 

DNA methylation, where a methyl group is attached to a cytosine within  CpG dinucleotides 

(Singal & Ginder, 1999) is the most studied epigenetic mechanism of gene regulation. This 

modification to gene regulatory regions is thought to inactivate gene expression, whereas DNA 

hypomethylation is associated with active gene expression (Newell-Price, Clark, & King, 2000). 

It is believed that methylation of specific DNA sequences prevents binding of regulatory 

proteins, which normally bind to that sequence, or that methylated DNA attracts proteins 

involved in the repression of gene transcription (Bird, 2002). Similar to other epigenetic 

mechanisms, numerous studies have demonstrated the involvement of DNA methylation in 

developmental and pathological processes (Tost, 2009). Evidence exist that DNA methylation is 

responsive to environmental signals. Thus, in the hepatoma cell culture, glucocorticoids used 

DNA demethylation in order to recruit transcription factors to the regulatory regions of one of 

the liver-specific key enzymes (Thomassin, Flavin, Espinas, & Grange, 2001). Moreover, 

changes in methylation persisted even after hormone withdrawal, which could be a mechanism 

for programming aberrant gene expression during fetal development (Thomassin et al., 2001). 

It is of importance to note that epigenetic mechanisms are not separate events, and they can 

influence each other. It has been shown that methylation of specific DNA regions can recruit 

DNA binding proteins and histone deacetylases in order to silence a gene (P. L. Jones et al., 

1998; Nan et al., 1998). In turn, another study demonstrated that a methyl-CpG-binding domain-

containing protein (MBD), which normally binds to methylated DNA can interact with 

nucleosomal remodeling complex and target it to methylated DNA (Zhang et al., 1999). 

Demethylation of specific histone residues was shown to recruit a DNA methyl transferase 3L 

(DNMT3L), which led to de novo DNA methylation by the DNMT3A2 enzyme (Ooi et al., 

2007). More recently, it has been speculated that miRNA could be involved in DNA methylation 

process, at least in plants (Bao, Lye, & Barton, 2004). Furthermore, enzymes catalyzing 

methylation of DNA are potential targets of miRNAs (Rajewsky, 2006), indicating an indirect 

way for regulation of DNA methylation. Similarly, it has been suggested that miRNAs may 

regulate chromatin structure via regulation of histone modifying genes (Tuddenham et al., 2006). 
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1.3. DNA methylation as an epigenetic mechanisms of gene regulation 

The following section examines DNA methylation and its role in development and diseases in 

more details. 

1.3.1. DNA methylation overview 

In mammals, up to 7% of cytosines are methylated at the fifth carbon position (Vanyushin et al., 

1970). Methylated cytosines are usually found at the 5’ of the guanine, a dinucleotide known as 

a CpG site. In the mammalian genome, 60-80% of all CpG sites are methylated (Chiang et al., 

1996). The major fraction of CpG sites, about 98%, are distributed in the genome at a low 

frequency – approximately one site per 80 nucleotides. The rest of the CpG sites can be found 

clustered in CpG islands -  fragments of DNA between 200bp and 5kb long, which have about 

five times higher frequency of CpG sites than the rest of the genome (Costello & Plass, 2001). In 

60% of genes, CpG islands are found in the promoter and the first exon regions (Antequera & 

Bird, 1993), and often are unmethylated (Bird, 1992; Bird, Taggart, Frommer, Miller, & 

Macleod, 1985). Some evidence has emerged that methylation of promoters determines tissue-

specific gene expression (Ching et al., 2005; Racanelli, Turner, Xie, Taylor, & Moran, 2008). 

Methylated CpG islands are involved in silencing of one of the parental alleles of the imprinted 

genes, and X chromosome genes (Bird, 2002). An increase in specific gene DNA methylation 

has been observed with aging and in pathological conditions like cancer (Bird, 2002).  

The covalent addition of methyl group to cytosine is catalyzed by two groups of enzymes called 

DNA methyltransferases (DNMTs). One of them is a maintenance DNMT1, which is mainly 

involved in methylation of the complementary strand during cell replication (Bestor, 1992; 

Chuang et al., 1997; Leonhardt, Page, Weier, & Bestor, 1992).  Another group includes de novo 

DNMT 3a and 3b, which are thought to be involved in establishing new DNA methylation 

pattern (Hsieh, 1999; Okano, Xie, & Li, 1998). However, their function is more complex than 

these two categories as it has been shown that DNMT1 is also involved in de novo methylation 

(Bird, 2002).  

1.3.2. SAM methylation pathway  

The methyl group for DNA methylation is derived from the universal methyl donor S-adenosyl 

methionine (SAM). SAM donates a methyl-group to a methyl acceptor in more than 100 cellular 

reactions, including methylation of proteins, phospholipids, DNA, RNA and small molecules 
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(e.g. norepinephrine) (Chiang et al., 1996). Three separate pathways, which include synthesis of 

creatine, sarcosine and phosphatidylcholine use most of the generated SAM and their role is 

crucial in the regulation of methyl group metabolism (K. T. Williams & Schalinske, 2007). 

SAM is synthesized from methionine and ATP in a reaction which is catalyzed by methionine 

adenosyltransferase (MAT) (Figure 1.1). Most of SAM is generated in the liver, and 85% of all 

methylation reactions occur in the liver (Mudd, Ebert, & Scriver, 1980; Mudd & Poole, 1975). 

After SAM donates methyl group to a range of substrates, it is converted to S-

adenosylhomocysteine (SAH). Nearly all methyltransferases are inhibited by SAH, including 

DNMTs (Hoffman, Uthus, & Cornatzer, 1980; James, Melnyk, Pogribna, Pogribny, & Caudill, 

2002). Therefore the SAM/SAH ratio is most likely an important indicator of cell’s methylation 

capacity, and a decreased ratio is associated with methylation reaction inhibition (Cox, Prescott, 

& Irving, 1977; Finkelstein, 1974; Hoffman et al., 1980).  

SAH is quickly converted to homocysteine and adenosine by SAH hydrolase. Homocysteine can 

be reused in the methylation cycle to produce methionine via a methylation reaction where two 

different pathways provide a methyl group.  In one reaction catalyzed by methionine synthase, 

vitamin B12 is used as a cofactor to transfer one-carbon group from the folate derivative 5-

methyltetrahydrofolate to homocysteine. The choline derivative betaine serves as a methyl donor 

in another reaction catalyzed by betaine-homocysteine methyltransferase. Folate, choline, 

methionine and vitamin B12 are mainly supplied in food, and it was concluded that the rate of 

SAM synthesis depends on availability of these methyl group donors (Mikol & Poirier, 1981; 

Schaefer & Knowles, 1951). In adult rodents, a diet deficient in methyl donors leads to a 

considerable decrease of their levels in the organism as soon as 2 weeks after administration of 

the diet (Y. I. Kim et al., 1994; Lin, Kang, Zhou, & Wong, 1989; Pomfret, daCosta, & Zeisel, 

1990). It has been shown that dietary deficiency of methyl-group donors can affect global and 

specific DNA methylation in adult rats after only one to two weeks of diet administration 

(Christman, Sheikhnejad, Dizik, Abileah, & Wainfan, 1993; Dizik, Christman, & Wainfan, 

1991; Pogribny et al., 1995; Wainfan, Dizik, Stender, & Christman, 1989).  
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Figure 1.1 SAM metabolism pathway.  

1 – Methionine adenosyltransferase, 2 – methyl transferases, 3 – SAH hydrolase, 4 - betaine-homocysteine 

methyltransferases, 5 - methionine synthase. S-AdoMet – S-adenosyl methionine, S-AdoHcy – S-adenosyl 

homocysteine, THF – tetrahydrofolate, 5,10MTHF – 5,10-methylenetetrahydrofolate, 5MethylTHF – 5-methyl-

tetrahydrofolate, DMH – dimethylglycine.  

Folate undergoes a series of reduction reactions to produce 5MethylTHF, which transfers methyl group via vitamin 

B12 to form methionine; choline metabolite, betain (trimethylglycine) donates methyl group and is converted to 

dimethylglycine. 
 

1.3.3. Evidence for the effect of maternal methyl donor status on the offspring 

DNA methylation 

Studies on pregnant rats showed that a diet deficient in folate, choline and methionine given 

from the first day of gestation (N'Diaye, Hitier, Poiter de Courcy, Goubern, & Bourdel, 1980; 

Potier de Courcy & Bujoli, 1981) or two weeks before mating (Maloney, Hay, & Rees, 2007) 

and throughout the gestation period, resulted in decreased folate levels in mothers and fetuses at 
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the end of the pregnancy, indicating that a methyl-deficient maternal diet can affect methyl-

donor status in the offspring.  

One of the first pieces of evidence that modification of availability of methyl donors during 

pregnancy can affect specific DNA methylation and expression of genes came from studies of 

the mice with viable yellow agouti allele (A
vy

), which has an insertion of a LTR (long terminal 

repeat) retrotransposon into an exon of the agouti gene. It drives a permanent expression of this 

gene, resulting in yellow coat color, altered metabolism and obesity (Cooney, Dave, & Wolff, 

2002). Supplementation of these female mice before and during pregnancy with methyl donors 

led to permanent hypermethylation of the A
vy

 locus in the offspring, which was correlated with 

an increase in the normal agouti coat color (Cooney et al., 2002). This indicates that the maternal 

diet can change epigenetic gene regulation, and as a result phenotypic features of the offspring. 

Furthermore, a recent study demonstrated that a maternal methyl-deficient diet can also have an 

effect on DNA methylation in the offspring, which can be involved in the fetal programming 

observed in other models. Thus, in sheep, the offspring of ewes subjected to a diet deficient in 

folate, methionine and vitamin B12 administered 8 weeks before and during the first 6 days of 

pregnancy developed insulin resistance and hypertension, as well as changes in the methylation 

of CpG islands (Sinclair et al., 2007).  

1.3.4. Evidence for involvement of DNA methylation in normal development and 

programming effects of abnormal intrauterine environment 

DNA methylation has recently emerged as the likely candidate that may be involved in 

developmental programming. It is known that DNA methylation is involved in the regulation of 

genes whose activity is required for growth and development (DeChiara, Efstratiadis, & 

Robertson, 1990; Ehrlich, 2003; Lau et al., 1994; Tycko & Morison, 2002). Previous studies 

demonstrated that maintenance of DNA methylation is essential for survival during embryonic 

development (E. Li, Bestor, & Jaenisch, 1992), most likely due to the abnormal expression of 

genes that are regulated by this mechanism (E. Li, Beard, Forster, Bestor, & Jaenisch, 1993). In 

mammals, a DNA methylation pattern specific for each individual becomes established during 

the early stages of embryonic development, starting with almost complete DNA demethylation 

after fertilization, and subsequent remethylation, which begins before the implantation stage 

(Figure 1.2) (Santos, Hendrich, Reik, & Dean, 2002). An established methylation pattern is 

relatively stable and is replicated during cell division (Bird, 2002), so any perturbations at the 

time of pattern establishment might have a long term effect. Indeed, in cultured mouse embryos, 
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amino acid deficiency resulted in global DNA hypomethylation and expression of normally 

silent paternal allele of imprinted H19 gene (Doherty, Mann, Tremblay, Bartolomei, & Schultz, 

2000). An in vivo study also showed that poor maternal nutrition can lead to perturbations in 

DNA methylation, in particular maternal protein deficiency two weeks before pregnancy and 

throughout pregnancy was associated with increased DNA methylation in the fetuses of deficient 

mothers (Rees, Hay, Brown, Antipatis, & Palmer, 2000). Altered folic acid intake during 

pregnancy was also associated with changes in fetal DNA methylation (McKay, Williams, & 

Mathers, 2004). 

 

Figure 1.2 Developmental changes in genome methylation.  

Immediately after fertilization the paternally inherited genome is actively demethylated, demethylation of the 

maternal genome is slower, and possibly passive. Around the time of implantation a wave of de novo methylation 

begins, signaling the start of reestablishment of somatic methylation pattern of the genome (modified from (Santos 

et al., 2002)). 

 

In another study, a protein deficient diet given to dams for the entire duration of pregnancy led to 

aberrant methylation of selected genes involved in lipid and glucose metabolism, which was 

associated with changes in mRNA expression in the adult offspring (Lillycrop, Phillips, Jackson, 

Hanson, & Burdge, 2005; Lillycrop et al., 2008).  

 DNA methylation pattern continue to be established much later after implantation (Bhogal, 

Arnaudo, Dymkowski, Best, & Davis, 2004), and even after birth (Hershko, Kafri, Fainsod, & 

Razin, 2003; Weaver et al., 2004). Therefore, aberrant DNA methylation can be a contributing 

factor to fetal programming at those stages as well. Thus, in a rat model of uteroplacental 

insufficiency, 21 days old offspring were found to have decreased global DNA methylation 

levels in the liver (MacLennan et al., 2004), and newborn offspring had hypomethylated p53 

gene in the kidney (Pham et al., 2003). In another instance, perturbations in renin-angiotensin 

system during development in an animal model of protein deficiency have been implicated in the 
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programming of hypertension in the offspring (Sherman & Langley-Evans, 1998, 2000; L. L. 

Woods et al., 2001). At the same time, it has been shown that prenatal protein-deficiency in a rat 

can affect the renin-angiotensin system via hypomethylation of the angiotensin receptor, 

confirming that epigenetic mechanisms could play a role in the development of hypertension 

(Bogdarina, Welham, King, Burns, & Clark, 2007). Recently, a study in the uterine artery 

ligation rat model demonstrated that development of diabetes type 2 in the adult IUGR offspring 

was linked with progressive epigenetic changes in the regulatory region of a pancreatic and 

duodenal homeobox 1 transcriptional factor, important for β-cell development and function 

(Park, Stoffers, Nicholls, & Simmons, 2008). This study has specifically shown that silencing of 

the Pdx1 gene after the onset of diabetes was associated with methylation of the CpG island in 

its promoter (Park et al., 2008). 

These studies confirm that an adverse environment during early stages of life can induce 

aberrant DNA methylation in the genome, which could lead to an onset of diseases in later life. 

1.3.5. Evidence for involvement of DNA methylation in pathological conditions 

Altered DNA methylation was shown to be involved in a range of diseases such as 

developmental disorders, cancer and neurological disorders.   

Genomic imprinting is one the most studied examples of epigenetic gene regulation. Imprinted 

genes play important roles during early stages of development, and perturbations with imprinting 

patterns can have severe health consequences (Gicquel, El-Osta, & Le Bouc, 2008). It is well 

known that a group of selected genes in the mammalian genome is imprinted, that is only one of 

two parental alleles is actively expressed, whereas the other allele is repressed by epigenetic 

modification. The imprinted state of the allele is dependent on whether the gene is inherited from 

the mother or from the father. DNA methylation is found to be an imprint mark, associated with 

inactive state of one of the alleles. It is erased in the primordial germ cells and reestablished 

during spermatogenesis or oogenesis (Delaval & Feil, 2004; Reik & Walter, 2001). Involvement 

of DNA methylation in disease development can be demonstrated by two developmental 

disorders, caused by opposite epigenetic changes in the 11p15 H19/Igf2 imprinted domain. The 

Igf2/H19 imprinted genes are important for fetal growth and nutrient transfer (Constancia et al., 

2002). Loss of DNA methylation at the paternal allele leads to silencing of the Igf2 gene and 

biallelic expression of the H19 gene, resulting in Silver-Russell syndrome characterized by 

intrauterine and postnatal growth retardation, dysmorphic facial features and body asymmetry 
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(Gicquel et al., 2005). In contrast, hypermethylation of the maternal allele results in biallelic 

expression of Igf2 and the silencing of H19, leading to Beckwith-Wiedemann syndrome, 

characterized by fetal overgrowth, developmental abnormalities and an increased risk of 

development of embryonic tumors (Gaston et al., 2001). Similarly, two other developmental 

disorders – the Prader-Willi syndrome, characterized by obesity, hypogonadism and mental 

retardation and Angelman syndrome characterized by developmental delay and behavioral 

changes result from failure to establish normal imprinting pattern on 15q11-13 human 

chromosome locus (Holm et al., 1993; Kantor, Shemer, & Razin, 2006; C. A. Williams et al., 

2006). Mutation of DNA methyl transferase 3B is known to cause the ICF syndrome – a 

developmental disorder, which includes immunodeficiency, chromosomal instability and facial 

anomalies (R. S. Hansen et al., 1999). At the molecular level this disorder is characterized by 

loss of methylation in classical satellite DNA (Xu et al., 1999). 

A plethora of studies has demonstrated an association between cancer development and aberrant 

DNA methylation. Different types of tumors have shown a reduction in global DNA methylation 

(Gama-Sosa et al., 1983), which is thought to affect chromosomal stability (Lopez et al., 2009). 

Moreover, a large number of tumor-suppressor genes have been shown to have promoter 

hypermethylation in different types of cancer, which is believed to be associated with abnormal 

gene silencing in cancer cells (Esteller, Corn, Baylin, & Herman, 2001; Gonzalez-Zulueta et al., 

1995; Greger et al., 1994; J. G. Herman et al., 1994; Suzuki et al., 2004). Hypomethylation of 

the promoter regions of some genes, including oncogenes associated with their re-activation has 

also been found in different types of tumors (De Smet et al., 1996; Nishigaki et al., 2005; Sato et 

al., 2003; H. Wu et al., 2005). Involvement of aberrant methylation of imprinted genes in 

carcinogenesis was demonstrated in Wilms tumors, where loss of imprinting leading to biallelic 

expression of Igf2 was linked to hypermethylation of the H19 gene (Moulton et al., 1994; 

Steenman et al., 1994). Thus, both DNA hypomethylation and hypermethylation can contribute 

to cancer progression.  

Recent studies have also implicated abnormal DNA methylation in the pathogenesis of a number 

of neuropsychiatric disorders. Thus, male patients diagnosed with schizophrenia were shown to 

have a tendency for lower levels of global DNA methylation in leukocytes (Shimabukuro et al., 

2007). Furthermore, hypermethylation of the promoter region of the RELN gene, coding for a 

protein with a known function in the brain, was associated with its decreased expression in the 

brains of schizophrenic patients (Abdolmaleky et al., 2005). Rett syndrome is another 

neuropsychiatric disorder, which has DNA methylation-related underlying pathology. Patients 
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with Rett syndrome were found to have mutations in a gene coding for methyl-CpG-binding 

protein, which regulates gene transcription by epigenetic mechanisms (Caballero & Hendrich, 

2005). 

The role of epigenetic changes, DNA methylation in particular, in obesity, diabetes type 2 or 

other metabolic disorders is still awaiting to be investigated. However, an association between 

DNA methylation and some other adult onset diseases has been found. Thus, patients with 

systemic lupus erythematosus, a systemic autoimmune inflammatory disease, were found to 

have global hypomethylation as well as decreased methylation of specific genes in T-cells 

during active stages of the disease (Deng et al., 2001; Richardson et al., 1990). A large number 

of genes known to be regulated by DNA methylation have been found to be affected in patients 

suffering from atherosclerotic diseases (Turunen, Aavik, & Yla-Herttuala, 2009). Lower levels 

of global DNA methylation were detected in human atherosclerotic lesions, which were 

associated with increased transcriptional activity (Hiltunen et al., 2002). In contrast, patients 

with the coronary artery disease demonstrated increase in global DNA methylation in 

lymphocytes (Sharma et al., 2008), thus again indicating that different types of disease can have 

opposite changes in DNA methylation.  

1.4. Scope of thesis 

A vast amount of data about the effects of an adverse intrauterine environment on the 

development of offspring has been accumulated as a result of studies in the rat. Around 57% of 

all studies of fetal growth retardation have been carried out using rat models whereas 23% of 

studies were done in mouse, 16% in sheep and 4% in guinea pig (search performed in Pubmed in 

April 2008, similar to that described by (Vuguin, 2007)). Generation of a new nutritional model 

in the rat to study effects of the intrauterine environment has the advantage of allowing a direct 

comparison with established models. This aspect, together with great knowledge of rat 

physiology and genetics, make the rat an animal of choice to study the mechanisms of fetal 

programming. 

Various rat models of fetal programming have demonstrated that adverse conditions during 

pregnancy result in low birth weight and subsequently lead to a number of physiological 

disturbances (Tables 1.2, 1.3, 1.4 and 1.5). Furthermore, as reviewed earlier, several studies have 

suggested DNA methylation as the most likely mechanism involved in fetal programming. Two 

main reasons in favour of DNA methylation being the mechanism of fetal programming include 
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the fact that DNA methylation regulates genes important for fetal development, and that DNA 

methylation pattern specific for each individual is established during very early stages of 

embryonic development, making embryo sensitive to changes in maternal nutrition. 

To test the hypothesis that DNA methylation is the underlying mechanism of fetal programming 

directly, new models are needed in which the intrauterine environment is perturbed through 

approaches that modify DNA methylation, to determine whether these affect fetal development 

and later physiological and molecular outcomes.  

In this study, a novel rat model of prenatal methyl-group donor deficiency was generated in 

order to gain better understanding of the effects of prenatal dietary methyl-group donor 

deficiency on development of the offspring and gene methylation and expression.  

 

 

 

 

 

 

 

 

 

Figure 1.3 Graphical overview of major components of the present study. 

A schematic representation of the current concept of DOHaD (solid lines) and an attempt of this study to test a 

hypothesis that maternal diet deficient in methyl donors could have an effect on gene methylation and expression, 

altering fetal growth as well as affecting susceptibility to diseases in adults (dashed lines). 

 

The main hypothesis of the present study is that deficiency of methyl donors in the maternal diet 

during pregnancy could lead to permanent changes in physiology and functioning of organs in 

the offspring due to alterations in DNA methylation and subsequent changes in gene expression 

(Figure 1.3). 
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The specific aims of the present study described in this thesis were: 

 To generate and to describe a rat model of prenatal methyl donor deficiency. 

 To determine whether exposure of the offspring  in utero to maternal diet deficient in 

methyl donors was associated with aberrant methylation and expression of a number of 

genes involved in the regulation of lipid and glucose metabolism and cell cycle 

regulation in the liver immediately after birth, and in young adults. 

 To determine whether prenatal dietary methyl donor deficiency had immediate and/or 

long term effects on methylation and expression of imprinted genes Igf2 and H19 in the 

liver, pancreas, kidney and lung. 

 To determine whether prenatal dietary methyl donor deficiency had a long term effect on 

the methylation and expression of a number of genes involved in brain functioning in the 

hippocampus of the offspring. 

The results of these experiments will enhance our understanding of the role of methyl donors in 

the maternal diet in development of the offspring, and will allow us to determine whether DNA 

methylation could be one of the underlying mechanisms for fetal programming. This knowledge 

is important for the development of future strategies for prevention and treatment of diseases of 

developmental origin. 
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CHAPTER 2. ESTABLISHMENT AND 
CHARACTERIZATION OF A PRENATAL METHYL-
DEFICIENT NUTRITIONAL RAT MODEL 

2.1. Introduction  

Several experimental approaches can be used to alter DNA methylation. These include 

generation of genetically modified animals with reduced expression of Dnmt, application of 

antisense oligonucleotides directed against Dnmt, treatment with DNA methylation inhibiting 

drugs, and restriction of dietary methyl group donor supply.  

Gaudet and colleagues (Gaudet et al., 2003) generated compound heterozygous mice which 

carried both a null and a hypomorphic Dnmt1 allele. These genetically modified mice had 

considerably lower expression levels of Dnmt1. At birth they demonstrated restricted growth, 

similar to other models of fetal programming, and had lower DNA methylation levels in all 

tissues. This would potentially be a good model to study the involvement of DNA methylation in 

mechanisms of developmental origins of health and disease since this approach specifically 

affects DNA methylation. However, we are interested in studying the effects of perturbing DNA 

methylation only during intrauterine development of the offspring, and it would be challenging 

to limit Dnmt expression in mutant animals just to this stage. Moreover, creating such a rat 

model is currently not feasible due to technical difficulties related to routine generation of 

knockout rat models, with the first cloned rat produced only six years ago (Zhou et al., 2003).  

DNA methylation could also be reduced using antisense oligonucleotides that are designed to 

target Dnmt mRNA, leading to mRNA degradation, and decreased expression of the enzyme 

(MacLeod & Szyf, 1995). Consequently global and gene-specific DNA methylation levels 

become reduced (MacLeod & Szyf, 1995). However, while this approach works in cell lines, a 

systemic in vivo route of delivery of antisense oligonucleotides has not yet been developed 

(Nielsen, 2005). 

A further way to induce DNA hypomethylation is by administration of agents belonging to the 

nucleoside analogue category of drugs that incorporate into DNA and covalently bind to DNMT 

during cell replication (Goffin & Eisenhauer, 2002; Lyko & Brown, 2005; Mund, Brueckner, & 

Lyko, 2006). As a result, the DNMT pool becomes depleted after several replication cycles. 

While this group of drugs affect DNA methylation, they also have DNA damaging and cytotoxic 
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effects which are thought to arise not because of their DNMT inhibiting activity, but resulting 

from downstream effects after incorporation into DNA (R. Brown, 2004). Although these 

nucleoside analogues are used in clinical practice for cancer treatment their effect on the 

developing fetus is generally unknown. Therefore, an extensive preliminary study would be 

required to investigate teratogenic effects of these drugs prior to their use in animal models of 

fetal programming 

The most promising approach to altering levels of DNA methylation is by dietary intervention. It 

has been shown that methyl-group donor deficiency in the diet of adult rats can affect global and 

specific DNA methylation after only one to two weeks of diet administration (Christman et al., 

1993; Dizik et al., 1991; Wainfan et al., 1989). Despite the fact that dietary methyl-donor 

deficiency would influence cellular processes in addition to DNA methylation, this approach has 

more relevance to human and animal studies of fetal programming. Maternal nutrition is an 

important component of the intrauterine environment and a large number of animal experiments 

have been done to study the effects of different dietary interventions on development of the 

offspring, and mechanisms underlying fetal programming. Therefore, a rat model of prenatal 

dietary methyl-donor deficiency would provide an opportunity to investigate whether 

perturbation in methyl donor availability is a contributing factor to fetal programming observed 

in cases of more general undernutrition. 

As outlined earlier in Chapter 1, establishment of DNA methylation patterns starts at very early 

stages of mammalian development. Therefore, one of the main requirements for development of 

a rat model of prenatal methyl group deficiency is the need to have a certain level of methyl-

donor deficiency at the time of conception. The main source of methyl donors (vitamin B12, 

choline, folate, and methionine) is the diet. Mammals also have a capacity to store these 

nutrients, and use them when dietary supplies are limited. After a certain period of time, when 

stores become depleted, an organism develops methyl deficiency. In order to produce a rat 

model that has methyl deficiency at the time of conception it is necessary to know the length of 

time needed to reduce the levels of each individual methyl donor in the organism. Vitamin B12 

is stored in the liver and is also produced by intestinal flora. Since the half life of vitamin B12 

storage in the rat is approximately 3.5 months (Brink, Beck, Miller, & Thenen, 1980), it is 

difficult to develop vitamin B12 deficiency over a relatively short period of time. The function 

of this vitamin in the SAM synthesis pathway includes transfer of methyl groups from folate 

derivative 5-methyl-tetrahydrofolate to homocysteine to form methionine (Chapter 1, Figure 

1.1). When folate is deficient, methyl group transfer will be inefficient even in the presence of 
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sufficient vitamin B12. Due to the difficulties of generating vitamin B12 deficiency in the rat, 

we decided to retain vitamin B12 in the diet and restrict other methyl group donors.   

Studies have shown that choline levels in liver decrease to 50% as early as two days after 

choline is removed from the rat diet (Wong & Thompson, 1972). After two weeks on a choline 

deficient diet, rats not only have significantly decreased levels of choline and its metabolites, but 

they also have lowered liver levels of methionine and SAM (Pomfret et al., 1990). These studies 

demonstrate that choline deficiency can be readily achieved in rats. 

Extreme folate deficiency can be developed when folate-deficient food is given in combination 

with the antibiotic succinylsulfathiazole, which exerts a bacteriostatic effect on intestinal 

microflora by inhibiting bacterial folate synthesis. Under normal conditions the gut microflora 

provides an additional source of folate to animals, available via ingestion of fecal matter, or 

coprophagy. Previous studies showed that adult rats fed folate-deficient food in combination 

with succinylsulfathiazole for two weeks reduced serum folate concentrations  to less than 20% 

of the starting levels (Lin et al., 1989). Only a slight further reduction was seen after four weeks 

of folate-deficiency, indicating a rapid and major drop in serum folate levels during the first two 

weeks. Severe folate deficiency also causes a decrease in liver concentration of choline and its 

derivatives (Y. I. Kim et al., 1994). The effects of maternal folate deficiency on pregnancy 

outcomes have been well studied in rodents. Administration of a folate-deficient diet 

supplemented with succinylsulfathiazole to mice 4 weeks before mating (Burgoon, Selhub, 

Nadeau, & Sadler, 2002) and to rats 5 weeks before mating (Tagbo & Hill, 1977) and then 

throughout pregnancy, resulted in decreased conception rates, an increased number of 

resorptions, and a significant decrease in the number of surviving offspring (34%). Such extreme 

and prolonged deficiency is not suitable when the major aim of our study is to determine the 

effects of a prenatal methyl-deficient diet on the postnatal development of offspring into 

adulthood.  

Studies of combined methyl donor deficiency in pregnant rats without administration of 

antibiotics have shown that a diet deficient in folate, choline and methionine given throughout 

gestation, from the first day of gestation, resulted in decreased folate levels in mothers and 

fetuses at the end of the pregnancy, indicating that a methyl-deficient maternal diet does affect 

methyl-donor status in the offspring (N'Diaye et al., 1980; Potier de Courcy & Bujoli, 1981). 

Prenatal methyl-deficient diets also caused fetal growth restriction (Potier de Courcy & Bujoli, 

1981), a major contributor to the development of adult-onset diseases (Desai & Hales, 1997).   
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On the basis of these previous studies, we set upon establishing a model of methyl-donor 

deficiency in the pregnant rat founded on combined deficiencies in folate, choline and 

methionine, without administration of antibiotics. Our initial aims were to identify the lowest 

level of all three methyl donors in the diet that, when given to female rats two weeks prior to 

conception and then throughout pregnancy, would result in viable pregnancies with significant 

numbers of live offspring surviving to adulthood to enable physiological, behavioral and 

molecular analyses to be undertaken at postnatal stages of development. We commenced this 

evaluation with a custom-made amino acid-defined diet containing no folate, choline or 

methionine, compared to a control amino acid-defined diet containing standard amounts of these 

methyl donors. Specific aims were to determine the reproductive outcome of prenatal methyl-

donor deficiency in terms of pregnancy rates, litter size, newborn weight and size, and newborn 

mortality. 

After selecting the level of methyl-donor deficiency in the diet that would enable postnatal 

studies to be undertaken, our aims were to: 

 Confirm the methyl donor status of pregnant dams before and during different stages of 

pregnancy by measuring total plasma homocysteine levels. 

 Determine the methyl donor status of fetuses at different gestational stages by measuring 

hepatic SAM and SAH levels compared to levels in maternal livers. 

 Investigate whether prenatal methyl-deficiency resulted in alterations in adult phenotype 

associated with the metabolic syndrome by analyzing pancreas structure, glucose 

metabolism and systolic blood pressure. 

From these investigations we would determine whether prenatal methyl donor deficiency does 

contribute to fetal programming of adult health and disease. If so, this nutritional model would 

enable us to investigate the role of DNA methylation in the underlying molecular mechanisms 

associated with fetal programming. 
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2.2. Materials and Methods 

2.2.1. Animals  

Wistar female and Lewis male rats were maintained under standard laboratory conditions in a 

temperature controlled room – 22-24
0
C, 50-60% humidity and 12 h light/dark cycle. Two 

different strains of rats were used in this study because our lab has previously found single 

nucleotide polymorphism in the transcribed regions of the Igf2 and H19 genes, which were used 

for testing maternal and paternal allele expression in the offspring, as described in Chapter 4. 

Rats had ad libitum access to food and water, and wood shavings were used for bedding. Female 

rats and male rats received standard rat chow (Teklad Global 18% Protein rodent diet No: 2018, 

Harlem Teklad Global Diets, UK) unless specified otherwise. Animal care and all experiments 

were in accordance with the Animal Ethics Committee guidelines (the University of Auckland) 

on the protection of animals for experimental use. 

2.2.2. Generation of a rat model of prenatal methyl donor deficiency 

At the 110±5 days age virgin female rats (n=30) were randomly assigned to a control diet (CON, 

n=12) or to a methyl-deficient diet (MD, n=18) groups and housed two per a cage.  The control 

group received a commercially made semi-synthetic L-amino acid complete rodent diet # 

A10021 (Research Diets Inc., US). The methyl-deficient group received L-amino acid defined 

rodent diet lacking 90% of normal requirements of choline, folate and methionine, which 

consisted of 10% of the control diet A10021 and 90% of the methyl donor deficient diet # 

A04062401 (Research Diets Inc., US). The control and the methyl-deficient diets composition 

can be found in Appendix I Table AI.1. The CON and the MD groups were accustomed to 

corresponding diets as indicated in Table 2.1. Both groups first received the control diet in 

pellets after overnight fast. The next day the CON and MD rats were given powdered control 

diet. Over 4 days the MD group was given an increased proportion of the MD # A04062401 diet. 

On day 6 after the beginning of the experiment, MD dams were given a diet consisting of 90% 

of methyl deficient diet and 10% of the control diet, the CON group continued to receive 

complete control diet.  Diets were ground every second day, rats continued to receive these diets 

until parturition. Due to a decrease in the intake of methyl deficient diet the control group was 

pair-fed per gram of body weight based on the methyl-deficient group food consumption. Rat 

weight and food intake were monitored every day, and cages were changed daily. 
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Two weeks after first administration of the control and 90%/10% methyl-deficient diets, the 

females were time mated with Lewis males. In order to do time-mating, the early oestrus stage of 

the oestrus cycle was verified using oestrus cycle monitor (Bartos, 1977). A positively tested 

female rat was placed in a cage with one male rat overnight. The next day, rats were examined 

for pregnancy by checking for presence of sperm in a vaginal lavage, if sperm was present that 

day was marked as day one of pregnancy. Rats tested positively for pregnancy were housed 

individually and their food intake and weight were measured every day. Their bedding was 

changed on a daily basis.  

Table 2.1 The diet composition and timing of diet administration during the course of the study. 

 (see Appendix 1 for the complete control and methyl donor deficient diet composition). 

Rat group Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 - birth 

 

MD 

 

A10021 
pellets 

 

A10021  
powdered 

 

25% A04062401 

75% A10021 

 

50% A04062401 

50% A10021 

 

75% A04062401 

25% A10021 

 

90% A04062401 

10% A10021 

 

CON A10021 

pellets 

A10021 

powdered 

100% A10021  100% A10021  100% A10021  100% A10021  

 

After birth, the pup’s weight and length were recorded, and litters from both groups were 

adjusted to 10-8 pups per litter. The offspring from the methyl-deficient group were cross-

fostered on dams from the control group in order to prevent a postnatal effect of maternal 

methyl-deficiency. The offspring from both groups were weaned onto the regular rodent chow at 

d22-23 of age, and maintained on the same rodent chow until they were killed.  The offspring 

weight was recorded weekly and bedding was changed twice a week. On 110±5 days of age 

intraperitoneal glucose test was performed on male CON and MD offspring, after which they 

were sacrificed and pancreatic tissues were collected for histological analysis. Systolic blood 

pressure was measured in 5 month old and one year old CON and MD male offspring. Anxiety 

test (elevated plus maze) was conducted on one year old female and male offspring. Restraint 

stress test was done on one year old males. Operant conditioning test was performed on aged 

female rats, where the test was completed before rats reached one year of age. Maternal blood 

was collected before diet administration (baseline), at the time of mating (CON and MD), at 

embryonic day 15 and 20 (CON and MD), at birth (MD) and two weeks after birth (MD rats 

transferred to control diet after birth) and maternal livers were collected at embryonic day 15 and 

day 20 stages for monitoring levels of indicators of methyl donor status, homocysteine, S-
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adenosylmethionine and S-adenosylhomocysteine. The offspring tissue collection for molecular 

analysis was done at five different ages, which included embryonic day 20 (e20), newborn stage 

(d1), postweaning stage (d33±3), young adults (d110±5), old rats (d365±5) as indicated below in 

Sections 2.2.2.1.  

2.2.2.1.  Tissue collection 

Animals were killed by intraperitoneal injection of 60mg/kg of sodium pentobarbital and 

following decapitation. Organs (liver, lung, kidney, and pancreas) were rapidly dissected, snap 

frozen in liquid nitrogen, and stored at -80
0
C for subsequent analysis. Whole brain was first 

frozen on dry ice, and then stored at -80
0
C for subsequent analysis. Tissue collection was 

performed at different stages. At the embryonic day 15 and 20 maternal and fetal tissues were 

collected from 2 CON females and 3 MD females at each stage. Newborn tissues were collected 

on the first or second day of birth. Offspring tissues were also collected at 33±3 days of age, at 

110±5 days of age and at 365±5 days of age. 

2.2.2.2. Blood collection 

Blood was collected using the tail snip method or after decapitation. For tail snip blood 

collection rats were restrained in a Perspex tube covered with a piece of cloth or manually. The 

tail was thoroughly wiped with 70% ethanol, and was left to dry completely. One to three 

millimetres of the tip of the tail was quickly cut using sterilized surgical scissors. Gently 

squeezing the tail from the base to the tip round 50 to 100µl of blood was collected by capillary 

action in Li-heparinized tubes (Microvette CB300, Sarstedt, Germany). After blood collection 

rats were returned to a cage, and monitored for 30 min in order to ensure complete haemostasis.  

After decapitation, 1 to 2 ml of blood was collected in Li heparinised BD vacutainers® (Becton, 

Dickinson and Company, USA). Blood was kept on ice and processed for subsequent analysis as 

described in corresponding sections. 
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2.2.3. Biochemical measurements 

2.2.3.1. Homocysteine measurements assay 

Plasma homocysteine levels were determined according to a protocol described by Abukhalaf 

and colleagues (Abukhalaf et al., 2002) with some modifications. Blood from a tail snip or after 

decapitation was centrifuged at 3000хg for 25 min at 4
0
C no later than 30 min after collection. 

Plasma was transferred to a fresh tube and stored at -86
0
C. Five dilutions 25, 12.5, 6.25, 3.125 

and 1.56 μM of homocysteine standard (Sigma-Aldrich) were prepared in phosphate buffered 

saline (PBS, pH 7.4) to generate a standard curve.  

Plasma samples (50μl) or standards (50μl) were mixed with 25μl of 5μM of cystamine as an 

internal standard (1.25 μM final concentration), and with 25μl of PBS pH7.4. After that all 

samples and standards were incubated with 10μl of 100mg/ml of the reduction reagent tris (2-

carboxymethyl) phosphine (Sigma-Aldrich) at room temperature for 30min to release thiols from 

bound proteins. Plasma proteins were precipitated with 100μl of 10% (w/v) trichloroacetic acid 

in 1mM EDTA solution, vortexed briefly and centrifuged for 10min at 13,000хg at room 

temperature in a tabletop centrifuge. Fifty microliters of supernatant were transferred to fresh 

tubes containing 185μl of derivatizition solution. Derivatization solution was prepared on the 

day of the experiment; it consisted of component A – 0.125M boric acid and 4mM EDTA 

(pH9.5), component B – 1.55M sodium hydroxide, and component C – 0.1% of ammonium 7-

fluoro-2, 1,3-benzoxadiazole-4-sulfonate dissolved (SBDF) (Sigma-Aldrich) in the component 

A. The A, B and C components were mixed in a ratio of 12.5:1:5 (v/v/v) respectively. The 

derivatizition reaction was conducted at 60
0
C for 1 hour in a dry heating block. Samples (50μl) 

were loaded into autosample vials, injected in C18 columns (250x4.6mm, 3μm C-18, Luna; 

Phenomenex, Torrance,
 

CA), and analyzed on Alliance 2690 (BAE Systems-AlphaTech, 

Burlington, MA) high performance liquid chromatography instrument, using 6% methanol and 

94% 0.1M sodium acetate, pH5.5 as a mobile phase. Run conditions were as follows: isocratic 

mode, flow rate – 0.6ml/min, column temperature – 35
0
C, sample temperature – 10

0
C. 

Fluorescent detection was done at excitation wavelength 385nm, and emission wavelength 

515nm. Homocysteine elution time was 9.2min. Raw data analysis was done using 

Millenium32® software (Waters, US).  
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2.2.3.2. S-adenosylhomosysteine and S-adenosylmethionine measurements assay 

S-adenosylmethionine and S-adenosylhomocysteine levels were measured in liver tissue using a 

modification of the method described by Herbig and colleagues (K. Herbig et al., 2002). Briefly, 

25mg of frozen liver tissue was powdered in liquid nitrogen in a mortar with a pestle on dry ice, 

and transferred to a tube containing 250μl of 0.1M sodium acetate (pH6). Proteins were 

precipitated with 175μl of 8% (v/v) perchloric acid, and tubes were centrifuged at 11,000хg for 

10min. After centrifugation the supernatant was filtered through 0.22μm nitrocellulose Millipore 

membrane, and was transferred to a fresh tube containing 425μl of 0.5M sodium phosphate 

(pH11.5). Water up to 1ml was added to each tube, 200μl of the diluted supernatant were mixed 

with 50μl of 50% cloroacetaldehyde (Sigma-Aldrich), and incubated at 60
0
C for 1 hour in a dry 

heating block to produce 1-N
6
-etheno derivatives of SAM and SAH. A series of dilutions of 

SAM (NEB, GB) (20μM, 10μM, 7.5μM, 5μM, 2.5μM, 1μM and 0.5μM) and SAH (Sigma-

Aldrich) (10μM, 5μM, 3.75μM, 2.5μM, 1.25μM, 0.5μM and 0.25μM) standards were prepared 

at the same time, and were subjected to the same treatment as tissues samples. At the beginning 

of preparation internal standard (a non-physiological compound) adenine 9-β-D-

arabidofuranoside (Fluka, Germany) was added to samples and standards at the end 

concentration of 20μM. After the derivatizing reaction, samples and standards were diluted in 

mobile phase (the same as time 0 in Table 2.2) in 1:5 ratio.  

Ten μl of fluorescent derivatives were injected onto a C18 column (250x4.6, 3μm C-18, Luna; 

Phenomenex, Torrance,
 

CA), and separated on Alliance 2690 (BAE Systems-AlphaTech, 

Burlington, MA) high performance liquid chromatography instrument using gradient elution 

(Table 2.2) in 200mM sodium acetate buffer pH4.5 and acetonitrile at flow rate of 0.7ml/min. 

Fluorescent detection was carried out by using a fluorescent detector set for 270nm excitation 

and 410nm emission wavelengths. Raw data were analyzed using Millenium 32 ® software. 

SAM was eluted as a double peak at 4.8 and 6 min, and SAH was eluted as a single peak at 12.5 

min. 
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Table 2.2 Gradient elution conditions and mobile phase composition for SAM and SAH measurements assay. 

Time, min % Water % 200mM sodium acetate pH4.5 % Acetonitrile 

0 43 49 8 

5 41 49 10 

20 21 49 30 

20.10 35 0 65 

25 35 0 65 

25.10 43 49 8 

 

2.2.3.3. Intraperitoneal glucose tolerance test 

In order to perform the glucose tolerance test, rats were fasted overnight (~16 hours). On the 

next morning between 8am and 10am, an intraperitoneal glucose tolerance test was performed. 

All blood glucose measurements were made immediately using an ACCU-CHEK® (Roche 

Diagnostics, US) blood glucose meter. First, the glucose concentration was measured in mixed 

peripheral blood from a tail snip before glucose administration (baseline). After that rats were 

injected intraperitoneally with sterile D-glucose solution (500mg/ml; Analar®, BDH Chemicals, 

Australia) in saline, 1mg per 1g of body weight, and blood glucose was measured at 15min, 

30min, 60min, and 120min after the glucose injection. Care was taken to perform the injection 

and to take a blood sample as fast as possible to reduce stress to a rat.  

2.2.3.4. Insulin secretion 

At all time points of glucose tolerance test blood was collected into Li-heparinized tubes 

(Microvette CB300, Sarstedt, Germany), plasma was separated as described above, stored frozen 

at -20
0
C and used for subsequent insulin concentration measurements. The plasma insulin assay 

measurements were performed by Greg Smith, a Master student in our laboratory. Briefly, 

plasma insulin was quantified using the Mercodia™ Ultrasensitive Rat Insulin ELISA (Mercodia 

AB, Sweden) following the manufacturer’s protocol. Twenty five microliters of calibrator 0 

were added to each well of a 96-well plate, and 5µl of calibrators 0, 0.15; 0.4; 1; and 5.5µg/L 

were loaded in duplicate to individual wells. Five microliters of samples in singletons were 

added to individual wells of the plate, 84 wells in total. After that 50µl of enzyme peroxidise-
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conjugated anti-insulin antibodies solution was added to calibrators and samples and the plate 

was incubated at room temperature for 2 hours with shaking. Following incubation the plate was 

washed 6 times using the supplied wash buffer. After washing, the residual wash buffer was 

removed by inverting the plate and tapping on absorbent tissue, then 200µl of substrate 3,3’,5’-

tetramethylbenzidine (TMB) were added to wells and incubated at room temperature for 30min. 

Fifty microliters of stop solution (0.5M H2SO4) were added to each well and the plate was 

shaken briefly. Absorbance was measured at 450nm wavelength using a plate reader. Standards 

absorbance readings were used to construct a standard curve and the concentration of insulin in 

unknown samples were determined from the calibration curve. 

2.2.4. Pancreas histology 

Investigation of pancreatic morphology was done by Greg Smith, a Master student in our 

laboratory. Briefly, adult rats at 110±5 days of age were fasted overnight (16 hrs) and killed on 

the next day as was described above. The duodenal half of pancreata from 3 animals from each 

group was placed in a histological cassette, and fixed in Bouin’s solution for 3 hours. After that, 

embedded pancreata were washed in ethanol (50%) with constant shaking two times for 5 min, 

and stored in 70% ethanol. Automated Tissue Tek U.I.P (Vacuum infiltration processor, US) 

was used to process pancreatic tissues. First samples were dehydrated in increasing 

concentrations of ethanol (70%, 95% and 100%). Next, pancreata were incubated with a clearing 

reagent xylene to replace ethanol and set in paraffin. 

Thin 8µm sections of fixed pancreata were cut at 200µm intervals (Microm HM 330 Rotary 

Microtome, US), and mounted on histological glass slides. Three sections from each animal 

were stained with haematoxylin and eosin. Slides with pancreatic sections were preheated at 

60
0
C for 10min, wax was removed by incubation in xylene for 5min, rehydrated with 

progressively less concentrated ethanol (100, 95 and 90%), for 2 min each, and rinsed in water. 

Sections were stained with Ehlrich’s haematoxylin for 15 min and washed with water. Slides 

were cleaned with 1% acid in 95% ethanol 1sec three times, washed in water and rinsed in 

Scott’s tap water substitute for 1min. Following haematoxylin staining slides were washed in 

water, stained with 1% eosin for 5min, and washed with water again once.  Pancreatic sections 

were dehydrated in increasing concentrations of ethanol (90, 95 and 100%), and alcohol was 

removed by incubating with xylene (6 dips repeated 3 times). Slides were mounted with resin 

and protected with cover slips.  
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The morphometric analysis of pancreatic slices was done using the Leica DMRE microscope 

(US) and the Leica DC500 mounted camera (US).  The total exocrine and endocrine in each 

section were measured using the analysis software imaging system (analySIS™ imaging 

software, US).   

2.2.5. Blood pressure measurements  

Systolic blood pressure was measured in 5 months and one year old rats using the tail cuff 

plethysmography technique with automated blood pressure analyser and cuff pump (IITC model 

179 Blood Pressure Analyser and model 20 NW pump, IITC Life Science) according to 

manufacturer’s instructions. All measurements were made between 13:00-15:00 hours. Before 

recording systolic blood pressure, rats were acclimatised for 30 minutes in a pre-heated room 

(28-29
o
C) in order to elevate temperature of the rats to approximately 26-27

o
C. Rats were put in 

covered pre-warmed clear Perspex cylinder holders (7.5 – 10cm diameter) 5-10 minutes prior to 

recordings to acclimatise animals to restraint. Following acclimatisation to restraint, the tail cuff 

was placed around the base of the tail and inflated to 240mmHg. After that, the tail cuff was 

deflated at 3mmHg/sec. Blood pressure pulses during deflation were detected by a photoelectric 

sensor in the tail cuff. The first appearance of the pulse larger than the baseline was recorded as 

systolic blood pressure. All measurements were done at least in triplicates to calculate the 

average systolic blood, and any readings that contained motion artefacts were excluded. Holding 

cylinders were wiped with 70% methanol and completely dried between each animal.  

2.2.6. Data analysis 

Data were expressed as mean ± standard deviation unless otherwise specified. Student’s t-test 

and descriptive statistics were done using Microsoft Office Excel 2007 software. Repeated 

measures ANOVA analysis of the data and Tukey post hoc test were done using STATISTICA 

software (Stat Soft, US). Nonparametric Mann-Whitney U test was performed using 

STATISTICA software (StatSoft Inc., USA). Perinatal mortality was calculated using chi-square 

test with Yates correction. The effect of methyl donor deficient diet on pregnancy outcomes such 

as fetal and newborn weights, pregnancy length, litter size and the offspring size was analyzed 

using non-paired Student’s t-test. Maternal weight gain and food consumption were analyzed 

using repeated measures ANOVA. Biochemical measurements were analyzed using Student’s t-

test. Offspring weights at each time point were calculated using Student’s t-test. The effect of 

maternal diets on SAM/SAH ratio was determined using non-parametric Mann-Whitney U test. 
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Blood glucose and plasma insulin concentrations were analyzed using two-way repeated 

measures ANOVA test. Pancreas morphometric data and blood pressure in the offspring were 

analyzed using Student’s t-test. 

 

2.3. Results 

2.3.1. Effects of prenatal methyl donor deficiency on maternal food intake and 

body weight  

After an extensive literature search for the effect of methyl-donor deficient diet on DNA 

methylation (Christman et al., 1993; Dizik et al., 1991; Pogribny et al., 1995; Wainfan et al., 

1989), and on pregnancy (N'Diaye et al., 1980; Potier de Courcy & Bujoli, 1981) it was decided 

to feed rats diet completely deficient in choline, folate and methionine. In initial experiments, 

rats were fed a methyl-deficient diet 2 weeks prior to mating in order to develop some degree of 

methyl-donor deficiency. Unexpectedly, rats assigned to the MD group completely refused to eat 

the methyl-deficient diet on the second day of food administration. Previous studies have shown 

that decreased food intake could be in part due to deficiency of essential amino acid methionine 

(Wissler, Steffee, & et al., 1948). Therefore, the decision was made to mix CON and MD diets 

in powdered form and gradually wean rats on a diet that had high degree of methyl donor 

deficiency, but which rats would eat to maintain their weight within the normal range. As a 

result 90% deficient diet was selected and used for subsequent experiments.  

Administration of the diet lacking 90% of normal requirements of choline, folate and methionine 

still reduced food intake before and during gestation. Two weeks after the start of the MD diet, 

food consumption was reduced by 35%, and continued to stay at similar levels for the duration 

of the experiment (Figure 2.1, B). By the end of the second week rats that were pair-fed the 

control diet gained more weight (11%) than rats on the MD diet (5%) (Figure 2.1, A).  

The MD diet significantly decreased maternal weight gain during pregnancy (p=0.039); at birth 

MD dams were 18% lighter and gained 50% less weight (p<0.001) over the duration of 

pregnancy than the CON group dams (Figure 2.2, A). Food consumption normalized to body 

weight in the CON and the MD group stayed at similar levels throughout pregnancy, with a 

slight non-significant increase in the mid-gestation, and minor decrease at the end of gestation 

(Figure 2.2, B). 
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These results showed that the MD diet had a negative effect on food consumption and rate of 

weight gain in experimental rats. 

 

 

 

Figure 2.1 Dynamics of weight changes and food consumption in CON and MD females from the first day of diets 

administration until mating.  

A – weight changes, B – food consumption per body weight, CON n=8, MD n=12, data are mean ± SD. 
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Figure 2.2 Dynamics of weight changes and food consumption in the CON and MD females throughout gestation.  

(A) – weight changes, (B) – food consumption per body weight CON n=8, MD n=12, data are mean ± SD. 

 

2.3.2. Effects of prenatal methyl donor deficiency on outcomes of pregnancy 

Table 2.3 shows a summary of pregnancy outcome for the CON and MD females. All animals 

from both groups had 100% pregnancy success, but the length of gestation was increased in MD 

dams (p=0.04). The number of newborn per litter was significantly decreased in the MD group 

(p=0.001) when compared with the CON group. The average fetal weight at embryonic day 20 

was lower in the MD offspring when compared to the control group, though not statistically 

significant (p=0.15), possibly due to the small number of litters used for this measurement. The 

average weight at birth of both female and male MD offspring was significantly lower 
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(p=0.0001 and p=0.0002 respectively) as well as the size (p=0.0004 and p=0.00007 respectively) 

relative to the CON offspring. 

Maternal MD diet significantly affected the viability of the newborn – 26 out of 111 MD did not 

survive beyond two days of age, as compared with 1 out of 98 CON offspring (p<0.001). 

Table 2.3 Pregnancy outcomes in the CON and MD females  

All data except fetal e20 weight: CON n=average of 8 litters, MD n= average of 12 litters, fetal e20 weight CON 

n=average of 2 litters, MD n= average of 3 litters; data are mean ± SD.  
* p≤0.05, ***p≤0.001. 

Measurements CON MD 

Rat pregnant, % 100 100 

Gestation duration, day 22.5±0.5 23.6±0.9* 

Litter size 

Fetal e20 weight, g  

12.3±4.4 

2.35±0.45 

7.9±4.1*** 

1.85±0.03 

Newborn weight, g   

female 5.67±0.16 4.48±0.16*** 

male 5.98±0.14 4.69±0.21*** 

Nose to anus length, mm   

 Female 48.25±0.41 44.21±0.67*** 

 male 49.49±0.43 44.53±0.73*** 

Newborn deaths, % 1 23*** 

 

No gross abnormalities were detected visually at birth in either CON or MD groups. However, 

three pups from the MD group developed abnormalities several days after birth and failed to 

survive.  

One of them, a female, developed normally until 7 days of age, after which her growth slowed 

down and she deteriorated within less than two weeks and died. During that time she developed 

dismorphic features, particularly short body and large abnormally shaped head. Her behavior 

also was different from her littermates, in the sense that she was considerably more active at 

early stages, than became lethargic right before her death. Later another two pups had shown 
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similar features when they were around 4 or 5 days, and they were sacrificed after discovering 

that they were abnormal. Further investigation into those abnormalities was not done.  

2.3.3. Effects of prenatal methyl donor deficiency on indicators of methyl donor 

status 

2.3.3.1. Maternal plasma total homocysteine concentration 

Changes in total homocysteine levels in plasma were assessed at several different time points of 

the experiment in order to confirm that the MD diet had an effect on levels of methyl donors in 

the organism. Homocysteine levels were measured only in a small number of animals, because 

blood collection for the analysis could potentially stress the rat and affect its reproductive 

outcomes. Measurements were done in duplicates; standard curve was constructed using five 

dilutions of the homocysteine standards. The relationship between standards concentration and 

strength of the fluorescent signals was linear (r
2
= 0.987). Mean intra-assay variability (CV) was 

5%, with a range of 0.35-18.89%. Stability of the samples was measured by testing the same 

standard curve dilutions at the beginning and the end of the HPLC run. The test showed no 

decrease in fluorescence signal by the end of the run, demonstrating stability of the assay within 

the run. 

Figure 2.3 demonstrates total homocysteine levels at different stages of the experiment. Plasma 

total homocysteine concentration before diet administration was similar in all tested rats. At the 

end of the week two after diet administration, the rats consuming MD diet had a statistically 

significant two fold increase in total plasma homocysteine concentration (p=0.03). Increased 

homocysteine levels were maintained at that level for the entire duration of pregnancy. The MD 

group plasma total homocysteine concentration was higher than in the CON group. The highest 

level of plasma homocysteine was observed at the time of birth. The plasma homocysteine was 

not measured in the CON females at the time of birth because all of them were used for nursing 

the offspring. Two weeks after birth, during which the MD group was fed a regular rat chow, 

plasma homocysteine levels fell to pretreatment readings.  
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Figure 2.3 Plasma homocysteine concentration determined before diet administration (baseline), during the course 

of pregnancy (conception, e15, e20 and birth), and postpartum in the CON and MD females.  
Baseline n=2; conception CON n=2, MD n=2, e15 CON n=2, MD n=3, e20 CON n=2, MD n=3; birth MD n=2, 

postpartum (two weeks after birth) MD n=5, data are mean ± 95% confidence interval.   

 

Plasma total homocysteine measurements demonstrated that as a result of methyl deficient diet 

methyl donor levels were lower in the MD group at the time of conception.  

2.3.3.2. Hepatic S-adenosylmethionine and S-adenosylhomocysteine concentrations 

in mothers, fetuses and newborn 

SAM and SAH liver content measurements were done in singletons. Standard curve generated 

using 7 different dilutions of commercial SAM and SAH demonstrated linear correlation 

between standard concentration and level of fluorescence corresponding to that sample (SAM 

r
2
=0.999 and SAH r

2
=0.999). No reduction in fluorescent signal was observed when standard 

curve and selected samples were loaded into the HPLC system at the beginning and at the end of 

the run, demonstrating stability of the assay within the run. 

Administration of methyl donor deficient diet to mothers before and during pregnancy resulted 

in decreased maternal hepatic contents of SAM, as well as SAH in livers on gestational day 15 

and 20 (Figure 2.4 A and B). Fetal liver levels of SAM and SAH on embryonic day 20 were also 

decreased. Newborn offspring demonstrated decreased hepatic levels of SAM, but not SAH.  

Levels of SAM were significantly lower in the MD mothers group at embryonic day 15 

(p=0.004), and SAH levels were significantly lower in the MD group at the embryonic day 20 

the fetal group (p=0.034).  
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SAM/SAH ratio was decreased in the newborn offspring of MD mothers (p=0.015), but no ratio 

differences between CON and MD groups were observed in maternal and fetal groups (Figure 

2.4 C). 

The hepatic SAM levels were considerably higher and SAH levels were considerably lower in 

the e20 CON foetuses when compared with maternal and newborn levels. Therefore SAM/SAH 

ratio in e20 CON fetuses was significantly higher than in the CON e20 mum and newborn 

groups (p=0.009 and p=0.04 respectively, Figure 2.4, C).  

Overall measurements of the levels of indicators of methyl donor status confirmed that maternal 

methyl deficient diet affected their homeostasis in mothers as well as in the offspring.  
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Figure 2.4 Maternal, fetal and newborn levels of SAM, SAH and SAM/SAH ratio in the liver.  

A – SAM, B – SAH and  C - SAM/SAH ratio,data are mean ± SD. CON e15 mum n=2, e20 mum n=2, e20 embryo 

n=2, d1 n=7; MD e15 mum n=3, e20 mum n=3, e20 embryo n=3, d1 n=6, *p<0.05 – difference between MD and 

CON groups, # - difference in SAM/SAH ratio between the e20 offspring and e20 maternal and newborn groups. 
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2.3.4. Effects of maternal methyl donor deficient diet on adult offspring growth and 

phenotype 

Rats from the CON and MD group had 100% survival rate from weaning till 1 year of age, and 

no tumor development was observed in either group. The only abnormality was an inflammation 

of a mammary gland in one of the mature CON females.  

2.3.4.1. Effects of the prenatal MD diet on growth of the offspring 

Figure 2.5 demonstrates changes in the female (A) and male (B) offspring weights from birth 

until one year of age. At birth the MD group female offspring weights were only 79% 

(p=0.0001) and male offspring were 78% (p=0.0002) of the CON group female and male 

offspring respectively. MD offspring had some degree of a catch up growth, and at the weaning 

MD females weights were on average 89.9% (p=0.08) of the CON females, and MD males 

weights were 92% (p=0.1) of the CON males. At 110 days of age MD females had further slight 

catch up growth and their weights were 92.2% (p=0.02) of the CON females. MD males’ 

weights were 89.8% (p<0.002) of the CON males. When rats reached 1 year of age, MD female 

group weights were on average 93.6% (p=0.2) lighter than the CON group females; and MD 

male group weights were on average 84.7% (p=0.006) of the CON male group. 
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Figure 2.5 MD group weights relative to the CON group weights at five different stages of life.  

A – females, B – males; data are mean ± SD, d1 CON females and males n=8 litters, MD n=12 litters; d22 CON 

females and males n=4 litters MD n=4 litters; d110 CON females n=15 animals, CON males n=12 animals, MD 

females n=14 animals, MD males n=14 animals; d365 CON females n=5, CON males n= 4, MD females n=5, MD 

males n=4 *p≤0.05, **≤0.01, ***≤0.001. 

2.3.4.2. Effects of the prenatal MD diet on the structure of the pancreas 

To evaluate the effect of maternal MD diet on morphology of the pancreas in the adult offspring, 

a histological analysis of the endocrine islets of Langerhans was conducted in 110 days old male 

offspring (G. C. Smith, 2006).  

There was no difference in the number of islets per area (numerical density), but the average 

islet size was smaller (p=0.01) in the MD offspring when compared with the CON offspring, 
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(Table 2.4). The latter was associated with decreased percentage of the endocrine pancreas area 

relative to the total pancreas area (p=0.01) (Table 2.4).  

Table 2.4 Results from the histological analysis of the pancreas in the CON and MD offspring.  

Pancreatic glands were removed at 110 days of age (n=3 pancreatic glands investigated for each group, with 3 

sections from each pancreas analyzed). **p=0.01 (G. C. Smith, 2006). 

 

2.3.4.3. Effects of the prenatal MD diet on glucose metabolism 

Intra-peritoneal glucose tolerance test 

Fasting blood glucose levels were not significantly different between the CON and the MD 

males – 3.64±0.44mmol/L and 3.38±0.51mmol/L respectively.  

Glucose tolerance test (GTT) provides information on the speed with which glucose is removed 

from the bloodstream. In both groups blood glucose concentration rose after the glucose load, 

and was at its highest level 15min after injection (Figure 2.6 A). At the end of 120min test period 

mean glucose level returned to baseline in the CON males (3.84±0.24mmol/L), but was non-

significantly higher in the MD males (4.45±0.48mmol/L, p=0.48, when analyzed using Tukey 

HSD post test). The 120min glucose levels in the MD and the CON groups were still within the 

normal physiological range of 2.8 – 7.5mmol/L, based on other studies (Stender, Engler, Braun, 

& Hankenson, 2007).   

Insulin secretion after intra-peritoneal glucose challenge 

There were no significant differences between the MD and the CON male offspring in mean 

basal plasma insulin concentration (Figure 2.6 B). Insulin levels rose in response to glucose load, 

and followed the same pattern in both groups. Mean plasma insulin concentration did not differ 

significantly between the CON and MD males throughout the entire 120min of the GTT (Figure 

 CON MD 

 

Total area of sections analyzed (mm²) 

 

456 

 

359 

Total number of Islets analyzed 379 278 

Islet area/total pancreas area*100, % 1.35 ± 0.14 0.73 ± 0.03** 

Total number of Islets/mm² 0.84 ± 0.05 0.77 ± 0.07 

Mean islet area (mm²) 0.016 ± 0.002 0.009 ± 0.000** 
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2.6 B). However, insulin sensitivity index was higher in the MD offspring (Table 2.5, p=0.05), 

indicating slightly higher insulin sensitivity in those animals at the basal levels.  

 

 

 

Figure 2.6 Results from the glucose tolerance tests performed on the d110 CON and MD male offspring.  

A – blood glucose, B – plasma insulin. CON n=8, MD n=8, data are mean ± SD. 

 

 

Table 2.5 Insulin sensitivity index QUICKI in the d110 CON and MD male offspring.   

QUICKI = 1/[log(I0)
 + log(G0)] was calculated using basal blood glucose and plasma insulin concentration 

measurements made in males at 110 days of age. CON n=8, MD n=8, data are mean ± SD, *p=0.05.  

 CON MD 

 

QUICKI Index 

 

0.35±0.1 

 

0.37±0.05* 
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2.3.4.4. Effects of the prenatal MD diet on blood pressure 

Systolic blood pressure was measured in 5 months old males and later in 1 year old males 

(Figure 2.7). At 5 months MD males systolic blood pressure was increased, although not 

significantly (p=0.06) when compared with the CON males. However, at 1year MD males and 

CON males had no differences in systolic blood pressure. Each group had one male that had 

considerably higher systolic blood pressure (143mmHg each). In the control group it was the 

heaviest male, and in the MD group it was a male that exhibited signs of elevated anxiety levels 

such as increased fecal boli production during the blood pressure test.  

 

Figure 2.7 Systolic blood pressure measurements in the CON and MD male offspring.  

CON d150 n=3, d365n=4; MD d150 n=4, d365 n=4; data are mean ± SD. 

 

In general, the offspring of mothers who received the methyl donor deficient diet were born 

significantly smaller than the control offspring, and their growth was stunted for the entire 

lifespan. As adults they had a decreased proportion of the endocrine pancreas at 3 months of age, 

and transient increase in blood pressure at 5 months of age. No obvious abnormalities in glucose 

and insulin metabolism were observed between MD and CON offspring, except for a slight 

increase in insulin sensitivity at basal levels in the MD offspring at 3 months of age. 
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2.4. Discussion 

In this study, the effect of prenatal methyl-donor deficiency on growth and development of the 

offspring was evaluated using a novel rat
 
model, where rats were fed a diet lacking 90% of 

normal requirements of folate, choline and methionine 2 weeks prior to mating, and throughout 

the pregnancy. The study showed that maternal dietary methyl donor deficiency caused low birth 

weight, similar to that observed in the human population and animal models of developmental 

programming. The MD offspring did not demonstrate complete catch up growth, and remained 

smaller for the rest of the experiment. They developed structural changes in the pancreas such as 

a smaller proportion of the endocrine component of the pancreas. Other changes related to the 

metabolic syndrome, including high blood pressure, disturbed glucose metabolism or obesity, 

were not observed. 

This section discusses perturbations in the components of the intrauterine environment 

associated with maternal methyl donor deficient diet, the immediate effect of the maternal MD 

diet on the offspring, and its long term consequences in the adult offspring. 

2.4.1. Model generation  

Maternal nutrition is a key factor that influences intrauterine environment during fetal 

development. It is logical to assume that altered maternal food intake, weight gain and 

biochemical measurements associated with inadequate availability of dietary methyl donors are 

all part of a disturbed intrauterine environment.  

2.4.1.1. Food consumption 

This study demonstrated a reduced consumption of methyl donor deficient diet by rats 

throughout the entire experiment. Similar observations, where rats on methyl-deficient amino-

acid defined diets consumed 85% of the food eaten by the control group have been previously 

reported (Cook, Horne, & Wagner, 1989). Another study also reported decreased methyl-

deficient diet consumption at later stages of the experiment in male rats (Henning, Swendseid, & 

Coulson, 1997; Pogribny et al., 1995). However, a number of other studies failed to find changes 

in food intake (Chou et al., 2000; N'Diaye et al., 1980), which might be attributed to differences 

in diet composition among the various studies.  
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Some sources indicate that food consumption per body weight can increase up to two times 

during the second trimester, and decrease before parturition (Douglas, Johnstone, & Leng, 2007; 

Morgan & Winick, 1981). Interestingly, in this study MD rats (and as a result CON rats) to some 

extent followed the same pattern, but had only slight increases in food intake in the middle of 

pregnancy, and a slight decrease by the end of gestation. These observations indicate that the 

MD diet affects mechanisms regulating food intake in non-pregnant and pregnant rats.  

2.4.1.2. Attenuated weight gain in MD dams 

Even though gram per body weight food consumption was very close for the MD and CON 

groups, MD rats gained less weight when compared with the CON rats. Previous studies have 

shown similar results; however, they didn’t report food consumption per body weight 

(Shivapurkar & Poirier, 1983). Decreased weight gain in young post-weaned rats fed a complete 

methyl donor deficient diet was observed in another study (Cook et al., 1989). They attributed 

their observation to insufficient methionine synthesis to maintain growth of methyl-deficient 

rats. In a more recent study with similar experimental design, rats that received a diet deficient in 

choline, folate and methionine also showed decreased weight gain (Maloney et al., 2007).  

Considering that the methylation process is important for more than 100 cellular pathways 

(Bolander-Gouaille, 2002; Sibani et al., 2002) the mechanism involved in attenuated weight gain 

almost certainly cannot be ascribed to a single factor, but has multiple underlying causes. 

One of the possible explanations is that methyl-donor deficiency, especially lack of choline, 

resulted in changed lipid metabolism, decreasing transport of fatty acids from the liver to 

adipose tissues. It has been shown before that choline-deficient diet can decrease weight gain on 

its own (Sheard & Krasin, 1994). At the same time previous studies have shown decreased 

concentration of triacylglycerol in plasma (Mookerjea, Park, & Kuksis, 1975) that was most 

likely due to reduced secretion of very low density lipoprotein from liver (Yao & Vance, 1988). 

This could mean decreased availability of fat as fuel, and decreased deposition of fat in 

peripheral tissues. Hepatic steatosis leads to development of enlarged fatty livers (Kashireddy & 

Rao, 2004), which were observed in the present study in mothers at e15 and e20 stages. It is 

possible that as a result of these abnormal processes, fatty acids could not be used as a fuel, 

which would leave glucose as the main and only source of energy. McNeil and colleagues 

(McNeil et al., 2008) have shown that a methyl-deficient diet has a broad effect on liver 

metabolism and function in pregnant rats, including gluconeogenesis and glycogen synthesis.  
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They also showed that lipid metabolism was affected in mothers on a methyl-deficient diet, 

leading to development of steatosis, which substantiates this hypothesis (McNeil et al., 2008). It 

is important to investigate the effect of disturbance of the lipid metabolism during gestation on 

fetus and mother since it has been shown that pregnant women can develop the fatty liver 

condition (N. M. Lee & Brady, 2009). 

In addition, the creatine synthesis pathway can, in theory, affect weight gain in MD animals. 

Around 70% of SAM in the liver is used for methylation of guanidinoacetate to produce creatine 

(Wyss & Kaddurah-Daouk, 2000). It travels to muscle tissues, where it is phosphorylated to 

produce creatine phosphate, and is used as a fuel reservoir. It is possible that due to decreased 

synthesis of creatine, energy expenditure in MD rats increases leading to decreased weight gain. 

Studies where creatine metabolism was altered and rats had decreased weight gain serve as 

circumstantial evidence for this theory (Wyss & Kaddurah-Daouk, 2000). Even though this 

study shows that SAH liver content relative to SAM was not much different between two 

groups, it is possible that even at normal levels SAM was channeled for other cellular pathways 

like methylation of proteins involved in stress response, affecting synthesis of creatine. 

2.4.1.3. Effects of the MD diet on indicators of methyl donor status 

2.4.1.3.1. Total plasma homocysteine concentration 

Total plasma homocysteine level in MD dams was significantly increased after two weeks and 

during the entire pregnancy when compared with the control group. Hyperhomocysteinemia is 

indicative of lowered levels of methyl donors in the organism, meaning that methyl-donor 

deficient diet affected the dam’s methyl group status. Similar increase in serum homocysteine 

levels when compared with the control group was observed in the recent study where rats were 

fed diets deficient in folate and low in methionine and choline (Maloney et al., 2007). 

In human it has been shown before that total homocysteine levels are 30-60% lower in pregnant 

woman compared with non-pregnant woman (Kang, Wong, Zhou, & Cook, 1986). No 

information on difference in plasma total homocysteine between pregnant and non-pregnant rats 

was found, but it is reasonable to assume that similar changes could happen in a rat during 

normal pregnancy as well. On the contrary, plasma total homocysteine in CON rats in this study 

was moderately increased by the end of the second week of receiving complete amino acid 

defined diet, and stayed at the same level throughout the pregnancy. This finding indicates that 
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amino acid defined diet on its own affects homocysteine levels, but not enough to cause any 

aberrant pregnancy outcomes in the CON group. The increase in plasma homocysteine could be 

due to the fact that amino acid defined diet was lacking preformed nucleosides, which increases 

requirements for folate derivatives needed for de novo synthesis of nucleotides (James, Cross, & 

Miller, 1992).  

 

2.4.1.3.2. SAM and SAH maternal and offspring liver content and relationship with 

homocysteine 

Liver levels of another methyl-group indicator SAM were also decreased in pregnant mums at 

e15 and e20, e20 fetuses and newborn offspring. This measurement on its own would indicate 

decreased synthesis of SAM due to the drop in levels of compounds providing methyl groups. 

SAH liver levels were also decreased in all MD groups tested except MD newborns. Elevated 

plasma homocysteine was shown to be associated with increased tissue SAH in previous studies 

(Choumenkovitch et al., 2002). However, in this study no such relationship was observed 

between maternal plasma homocysteine concentration and hepatic SAH content. 

Since MD group dams had distinctive enlarged fatty livers, the most plausible explanation is that 

relative amounts of SAM and SAH (per gram of tissue) were lower than in the CON group due 

to larger content of fat in livers of MD animals.  

In future studies, it would be useful to calculate the total amount of SAM and SAH in order to 

determine whether the absolute amount of these compounds in liver changes in response to 

methyl-donor deficiency. In addition a larger number of maternal and fetal liver samples should 

be studied in order to determine SAM and SAH changes more accurately.  

In this case, the SAM/SAH ratio, which is also used as a marker of methyl donor status 

(Shivapurkar & Poirier, 1983), appears to be a more appropriate indicator of methyl group donor 

levels as compared with measurements of SAM or SAH on their own. It was decreased only in 

newborn MD offspring, demonstrating that they had some degree of methyl-donor deficiency. 

No differences were observed between CON and MD SAM/SAH ratio in fetal livers at 

embryonic day 20, and it was higher than the newborn SAM/SAH ratio. These differences 

between e20 and newborn SAM/SAH ratios might indicate rapid changes in liver composition, 

and liver content of these compounds that occur during two or three days before birth and/or 
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immediately after birth. Knowing the importance of SAM for numerous cellular pathways, it is 

reasonable to assume that high SAM/SAH ratio in e20 fetuses was due to more efficient 

regulation of synthesis of this compound. For instance, during development a rapidly growing 

fetus requires an abundant supply of phosphatidylcholine – an essential component of a cell wall 

(Craciunescu, Albright, Mar, Song, & Zeisel, 2003), which is synthesized using choline 

molecules or by methylation of phosphatidylethanolamine (Zeisel, 2005). Methylation processes 

are also involved in chromatin remodeling, which may affect the expression of genes involved in 

growth and development (Rees, Wilson, & Maloney, 2006).   

The explanation for differences in the rate of SAM synthesis between fetus and newborn might 

be that the fetal liver predominantly expresses a different, more active isoform of methionine 

adenosyltransferase – MAT2A, as opposite to adult liver, which expresses less active MAT1A 

(Mato, Alvarez, Ortiz, & Pajares, 1997). MAT2A was shown to be important for proliferation of 

hepatocytes (Paneda et al., 2002), and its expression rapidly decreases before birth, whereas 

liver-specific MAT1A expression steadily increases during later stages of pregnancy (Gil et al., 

1996). Gil and colleagues (Gil et al., 1996) also observed higher levels of SAM in livers of 

Wistar rat fetuses during later stages of gestation and during birth, which rapidly declined in 

newborn.  This phenomenon was also detected in the present study. 

Maternal SAM/SAH ratio was significantly lower than the fetal SAM/SAH ratio. Similar 

findings of the difference between maternal and fetal SAM/SAH ratios were made by Alonso-

Aperte and colleagues (Alonso-Aperte, Ubeda, Achon, Perez-Miguelsanz, & Varela-Moreiras, 

1999). Even though their absolute levels of SAM and SAH were dissimilar from this study, 

possibly due to difference in the methodology they used, the fold difference between maternal 

and fetal SAM/SAH ratios was comparable – 8.9  in their study and 11.6 in this study.  

More interestingly it appears that decreased availability of methyl donors in maternal diet didn’t 

affect maternal ratio in the MD group at day 15 and 20 of pregnancy, which probably means that 

the SAM/SAH balance is very tightly regulated during later stages of gestation. One of the 

possible explanations is decreased synthesis of sarcosine in the MD group, which is produced to 

sequester an excess of SAM (Cook et al., 1989). Decreased synthesis of sarcosine would 

potentially mean that more methyl donors became available for SAM synthesis in the MD 

mothers.  

In addition, the maternal ratio decreased from e15 to e20 stage, which might indicate decreased 

synthesis of SAM in maternal livers due to increased transport of methyl-donors to fetus. Indeed, 
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a shift of choline (Sweiry, Page, Dacke, Abramovich, & Yudilevich, 1986; Sweiry & 

Yudilevich, 1985) and possibly folate (Maloney et al., 2007) from mother to fetus has been 

shown before.  

Increased usage of SAM and therefore production of SAH could also contribute to decreased 

SAM/SAH ratio. Thus, the liver concentration of the methyl donor choline in pregnant rats 

during late gestation was depleted 3 times when compared with the non-pregnant rats (Gwee & 

Sim, 1978). Increased demand for choline could increase de novo synthesis of choline via 

methylation of phosphotidylethanolamine using SAM as a methyl donor to produce 

phosphatidylcholine, which is then catabolised to choline (Z. Li & Vance, 2008; Molloy et al., 

2005) and transported to the fetus. As a result of de novo synthesis of choline, the concentration 

of SAH molecules could increase (Molloy et al., 2005), leading to lower SAM/SAH ratio in 

maternal e20 livers compared with the e15 maternal levels. 

These results clearly show that there are significant differences in methyl-group donor 

metabolism between fetus and newborn, as well as their mothers, and these differences possibly 

reflect changes that occur during pregnancy due to increased demand for methyl donors by the 

fetus. 

2.4.2. Reproductive capacity and pregnancy outcome 

2.4.2.1. Pregnancy length, newborn mortality and litter size 

The effect of the methyl-deficient diet on female reproductive performance was assessed in this 

study. The methyl-deficient diet didn’t affect the fertility of MD rats; the conception success for 

both groups was 100% and all rats carried pups to term. This outcome suggests that the level of 

methyl donor deficiency used in the present study in general did not interfere with normal 

ovulation and fertilization.  

Mean gestation length was significantly extended in the MD group. Similar increases in 

pregnancy length were reported before in 30% and 50% undernourished models (Carney et al., 

2004) or in a low protein rat model with an imbalance in methionine (Rees, Hay, & 

Cruickshank, 2006), indicating that inadequate maternal nutrition can delay parturition in rats. It 

is known that length of gestation is an indicator of developmental toxicity (Rands, White, Carter, 

Allen, & Bradshaw, 1982), a term that is considered to be synonymous to teratology (Vorhees, 

1989). Previous studies where rats were fed hormonal compounds showed increased gestation 
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length (Rands et al., 1982). It is possible that reduced availability of specific nutrients in MD 

diet produced a toxic effect, which resulted in increased length of gestation in MD dams.  

Rand and colleagues (Rands et al., 1982) also found that delayed birth was associated with 

decreased litter size, and increased incidence of perinatal mortality in the treated group. 

Similarly, MD dams had on average significantly smaller and variable litter sizes, when 

compared with the controls, and much higher newborn mortality rate during the first two days. 

These findings confirm the developmental toxicity of the MD diet. Decreased number of 

newborn per litter can be explained by resorptions, observed in MD mothers at day 15 and day 

20 of gestation. Defects in embryo implantation or developmental abnormalities could be 

another possible cause for reduction of litter size, as was shown in a 70% protein restricted rat 

model (Rees, Hay, Buchan, Antipatis, & Palmer, 1999).  

Deficiency of methyl donors could have a variety of effects during pregnancy to cause a 

decreased number of newborns and increased perinatal mortality rate. Thus, folate deficiency is 

known to cause an imbalance in DNA precursors and lead to DNA instability (Choi, Kim, 

Weitzel, & Mason, 1998; Duthie, 1999), to inhibit DNA repair (Duthie, Narayanan, Blum, Pirie, 

& Brand, 2000) and alter gene expression (Katula, Heinloth, & Paules, 2007) possibly via 

changes in DNA methylation. All these processes are thought to cause reduced cell proliferation 

(D. Li & Rozen, 2006) and increased cell apoptosis (Craciunescu et al., 2004), processes that are 

critical for normal embryonic and fetal development. Folate deficiency in rodents was shown to 

cause resorptions or fetal deaths (Burgoon et al., 2002; Heid, Bills, Hinrichs, & Clifford, 1992; 

Tagbo & Hill, 1977) probably due developmental abnormalities such as heart defects (Baird, 

Nelson, Monie, & Evans, 1954; D. Li et al., 2005), neural tube defects (P. N. Miller, Pratten, & 

Beck, 1989), or multiple congenital malformations (Nelson, Wright, Asling, & Evans, 1955). 

Choline deficiency can potentially have an additive to folate effect, by inducing apoptosis at 

least in the brain (Holmes-McNary, Loy, Mar, Albright, & Zeisel, 1997; Yen, Mar, Meeker, 

Fernandes, & Zeisel, 2001), which may affect neural development starting from early stages of 

embryonic development (Fisher, Zeisel, Mar, & Sadler, 2001, 2002). There is some evidence 

that perturbations in methionine levels in embryo may also be associated with developmental 

disturbances such as neural tube defects (Coelho & Klein, 1990). One of the possible 

mechanisms for the observed abnormalities in their study is insufficient methylation of amino 

acids that form microfilaments. Consequently, this leads to inadequate functioning of 

microfilaments and impaired development of neural tube (van der Put, van Straaten, Trijbels, & 

Blom, 2001). Even though gross examination of the dead MD offspring did not show any 
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developmental abnormalities, it is still possible that reduced litter size in the MD offspring was 

due to resorptions caused by malformations developed during early stages. Heart defects also 

cannot be ruled out as a probable cause for perinatal mortality because they are not detectable by 

external examination.  

One of the candidates that can exert a toxic effect on development is homocysteine (Vollset et 

al., 2000). In the mouse model of maternal folate deficiency, hyperhomocysteinemia in deficient 

animals was associated with a significantly increased number of resorptions (D. Li et al., 2005). 

Hyperhomocysteinemia induced by feeding increased amounts of methionine to pregnant rats 

was associated with increased mortality rate of the pups (Kassab, Abu-Hijleh, Al-Shaikh, & 

Nagalla, 2005). Despite differences in diet composition between the high methionine study and 

the present study, increased homocysteine concentration was a common denominator for both of 

them. This observation indicates that hyperhomocysteinemia is indeed at least in part responsible 

for the adverse pregnancy outcomes detected in these studies. The present study provided 

evidence for a direct relationship between hyperhomocysteinemia and negative pregnancy 

outcomes. Thus, the MD mother with ~5 fold increase in homocysteine levels at the end of 

pregnancy had the most severe negative pregnancy outcome by giving birth to one dead pup. An 

MD mother who had a 2 fold increase in plasma homocysteine, gave birth to 8 pups, two of 

which died within two days of birth.  

However, another MD study where rats received less severe methyl donor deficient diet two 

weeks before and throughout gestation demonstrated that hyperhomocysteinemia not necessarily 

associated with adverse pregnancy outcomes such as increased fetal mortality and reduced litter 

size (Maloney et al., 2007). Their study indicates that toxic effects of the MD diet in this study 

was limited not only to hyperhomocysteinemia, but also most likely involved an interplay 

between this and a number of other hormonal and metabolic factors. Based on homocysteine 

levels, newborn mortality and variable litter size, a conclusion can be made that the methyl-

deficient diet produced different degrees of toxicity in different animals. It would be important 

to find out which factors lead to different toxic responses in animals consuming the same diet. 

Investigations in other aberrant maternal nutrition models can provide some insights into 

mechanisms that may be involved in unfavorable pregnancy outcomes. Studies in a protein 

restriction model demonstrated that fetuses can be affected by inadequate maternal diet via 

metabolic and hormonal disturbances in mothers, including changes in glucose, insulin, 

prolactin, progesterone, serum estradiol, and leptin levels. These alterations affect fetoplacental 

development, which could in turn lead to increased fetal or newborn mortality (Fernandez-
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Twinn et al., 2003). There are also some indications that disturbances in the intrauterine 

environment in protein deficient rat model during the first half of pregnancy has later effects by 

increasing newborn mortality rate (Gangula, Reed, & Yallampalli, 2005).  

2.4.2.2. Effects of the MD diet on weight and size of the offspring 

Maternal MD diet affected the weight and the size of the offspring. By definition, the offspring 

of the MD mothers on average were growth-restricted – their mean weight was lower than the 

mean weight of the control group minus 2 standard deviations (Neitzke et al., 2008). Fetal 

growth is determined by the interaction of genetic factors and intrauterine environment. A 

methyl-deficient diet affects an important nutritional component of the intrauterine environment, 

leading to perturbations of a number of cellular pathways that could result in stunted 

development of the MD offspring.  

It is possible that disturbances in SAM synthesis – a pathway that involves all three methyl 

donors – could have a growth retardation effect on the offspring. One of the possible causes of 

retarded fetal growth could be aberrant DNA methylation of imprinted genes with subsequent 

abnormal expression of those genes. Previous studies demonstrated an important role of 

imprinted genes in fetal growth (Andrews et al., 2007; Charalambous et al., 2003; DeChiara, 

Robertson, & Efstratiadis, 1991; Guillemot et al., 1995; Lefebvre et al., 1998; L. Li et al., 1999). 

There are some indications from in vitro studies that manipulation of ES cells can lead to 

aberrant methylation of several imprinted genes, and changes in their expression associated with 

developmental alterations (Dean et al., 1998). 

Potentially, interference with processes of methylation of proteins could also lead to reduced 

fetal growth, since protein methylation was also shown to play a role in regulation of gene 

expression, as well as signal transduction and protein sorting (D. Y. Lee, Teyssier, Strahl, & 

Stallcup, 2005; McBride & Silver, 2001).  

Phospholipid methylation is thought to play a part in cell signaling (Axelrod & Hirata, 1981), 

including insulin signaling (Kelly, Kiechle, & Jarett, 1984) known to be important for embryonic 

and fetal growth (Fowden, 1992; Kaye & Gardner, 1999). Therefore, interference with 

phospholipid methylation could also potentially lead to abnormal fetal growth.  
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Methyl groups are also important for the synthesis of molecules such as neurotransmitters and 

creatine. It is possible that disturbed methylation processes can interfere with normal functioning 

of pathway involving those molecules and could lead to abnormal fetal growth. 

Methyl donor deficiency could contribute to fetal growth retardation via mechanisms other than 

SAM synthesis pathway. Thus, folate deficiency results in decreased DNA and RNA synthesis, 

inhibiting cell division and growth (Mudd, Levy, & Skovby, 1995; Rosenblatt, 1995). Fetal 

development involves rapid tissue growth leading to higher requirements for folate. When the 

supply of folate during gestation doesn’t meet its demand, this could lead to decreased birth 

weight through ineffective cell proliferation. 

Methionine is required for protein synthesis; therefore its deficiency can also affect tissue 

growth (Finkelstein, 1990; Rees, Wilson et al., 2006). Lamb and Leese (Lamb & Leese, 1994) 

showed that the embryo requires uptake of amino acids for protein synthesis necessary for 

growth at the blastocyst stage, therefore methionine deficiency could contribute to decreased cell 

proliferation at very early stages of development.  Maloney and colleagues (Maloney et al., 

2007) observed decreased fetal weight in folate, choline and methionine deficient group and 

methionine and folate-deficient group, but not in folate only deficient group, which indicates that 

methionine is an important factor in fetal growth. 

There is an increased demand for choline during pregnancy and increased delivery from mother 

to the fetus, suggesting important role of this nutrient for fetal development. The choline 

derivative phosphatidylcholine is an integral part of cell membranes, and it was shown that 

choline deficiency could lead to muscle damage, myocyte apoptosis, and decreased muscle mass 

(da Costa, Badea, Fischer, & Zeisel, 2004). 

Another reason for the lower weight of the MD offspring could be maternal disturbance of lipid 

metabolism, given that fatty acids are an important source of energy for the fetus (Lindegaard et 

al., 2005).  

Previous experiments with a number of animal models of nutrient restriction during pregnancy 

demonstrated an impaired fetal growth and development. At the moment it is not clear at which 

stage the intrauterine environment has the most detrimental effect on growth of the offspring. In 

the global caloric restriction model, growth restriction was a result of reduced food intake from 

the first day of gestation and throughout pregnancy (Vickers, Breier, Cutfield, Hofman, & 

Gluckman, 2000). The uterine ligation model, where intervention occurs in the third trimester of 
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pregnancy, also demonstrated growth restriction in the offspring (Houdijk et al., 2000; Shaul, 

Cha, & Oh, 1989; Wrutniak & Cabello, 1983). A maternal diet, which included only 6% of 

protein throughout the pregnancy, caused decreased weight of the pups (Gangula et al., 2005). In 

their study significant decrease in fetal weight was observed at e20 gestational age, similar to 

this study. They did not see differences in weight between the control and protein-deficient at 

e18, which could indicate that growth restriction occurred during later stages of pregnancy, 

when rapid fetal growth occurs. However some evidence from human studies shows that growth 

restriction at early stages of pregnancy could determine low birth weight (Bukowski et al., 

2007). 

Most likely growth restriction in the MD offspring was due to a combination of the factors 

discussed above. It is also possible that perturbations in the same pathways occur in other growth 

restricted models. Further studies are required to investigate more closely mechanisms involved 

in intrauterine growth restriction in the MD offspring. These studies will help to determine 

whether the MD diet affects growth at early stages of development via molecular mechanisms 

such as epigenetic gene regulation, or it has an effect at later stages by interfering with 

mechanisms involved in rapid fetal growth.  

2.4.3. Effects of the maternal diet on offspring phenotype during postnatal 

development 

2.4.3.1. Growth of the offspring  

After birth, weights of the MD offspring remained lower than those of the CON offspring for 

both female and male groups. The MD offspring demonstrated some degree of accelerated 

growth before weaning. However, at 3 months of age, MD females and males were significantly 

lighter than the CON group, and at 1 year of age MD male weights were significantly lower than 

the CON male weights.  

Gross visual examination of the MD offspring did not show any signs of increased adiposity, 

they were smaller in size and appeared leaner than the CON offspring. This observation is in 

agreement with a study which showed that a restricted diet during pregnancy led to lighter fat 

pads in the undernourished offspring (Tsujikawa & Kimura, 1980). 

The results of this study demonstrated that maternal MD diet not only caused growth retardation 

during fetal development, but also triggered permanent changes in growth of the adult offspring. 
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Similar to the MD model, incomplete catch up growth was observed in the bilateral uterine 

ligation rat model (Houdijk et al., 2000; Jansson & Lambert, 1999; Schreuder, van Wijk, & 

Delemarre-van de Waal, 2006), suggesting that interference with intrauterine environment in the 

third trimester is at least in part responsible for permanent growth alteration in the offspring. 

It is possible that an imbalance in methionine was involved in the permanent weight reduction of 

the MD offspring, since it was shown that the offspring of 50% protein deficient mothers who 

received imbalanced methionine supplementation two weeks before mating and throughout the 

pregnancy, had catch-up growth at weaning followed by slowed growth rate by 22 weeks of age 

(Rees, Hay et al., 2006). 

Severity of the nutrient restriction could also play a role in incomplete catch-up growth of the 

MD offspring. Thus, 70% restriction of the normal total food consumption by pregnant rats 

resulted in no catch-up growth of the undernourished offspring (Vickers et al., 2000). In contrast, 

30% caloric restriction from day 1 of pregnancy till gestational day 18 (Ozaki et al., 2001) or 

50% caloric restriction form day 1 till birth (Bieswal et al., 2006) accelerated postnatal growth of 

the offspring and led to a catch-up growth at weaning. 

Human studies have shown that intrauterine growth retardation (IUGR) followed by rapid 

postnatal growth during the first years of life was associated with increased development of 

obesity (Ong, Ahmed, Emmett, Preece, & Dunger, 2000), increased systolic blood pressure (J. 

Eriksson et al., 2000; Huxley, Shiell, & Law, 2000) and diabetes type 2 (Bhargava et al., 2004; 

Forsen et al., 2000). Animal models of fetal programming have also demonstrated a link 

between an increased growth rate in the postnatal period of development, where offspring would 

reach weights similar or higher than the control offspring and conditions associated with 

metabolic syndrome (Bieswal et al., 2006; Kwong et al., 2000; Ozaki et al., 2001). It is thought 

that catch-up growth has a positive effect on survival in the young offspring; however in the 

adults in the long term increased rate of growth reduces life-span and leads to development of 

obesity, diabetes and cardiovascular diseases (Jimenez-Chillaron & Patti, 2007). Moreover, 

prevention of catch-up growth through reduced calorie intake could also protect against the 

development of obesity and glucose intolerance (Jimenez-Chillaron et al., 2006).  

Based on results of several studies it is possible that the MD offspring could still have a 

complete catch-up growth and probably develop an obesity or other adult pathologies if they 

were subjected to conditions such as hypercaloric diet after weaning (Bieswal et al., 2006), 

decreased litter size during lactation (Bieswal et al., 2006; Ozanne & Nicholas Hales, 2005) or 
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increased food intake by mothers in the third trimester of pregnancy (A. P. Jones, Simson, & 

Friedman, 1984). 

2.4.3.2. Pancreas morphology and glucose metabolism 

Adult MD offspring displayed no significant differences in the basal fasting blood glucose and 

plasma insulin levels between CON and MD offspring at 4 months of age. QUICKI insulin 

sensitivity index calculations (Katz et al., 2000) using basal glucose and insulin measurements 

showed moderately higher, though significant (p=0.05) insulin sensitivity in the MD males 

compared with the CON males, suggesting that a minor imbalance in glucose metabolism was 

present in the MD offspring. It was shown before that insulin sensitivity inversely correlated to 

adiposity (Yu et al., 2001), and this finding could possibly indicate that the MD offspring were 

leaner than the CON offspring. Alternatively, increased basal insulin sensitivity could mean 

increased basal uptake of glucose by muscle and adipose tissues, which was observed in the 

offspring of dams which received a low protein diet throughout pregnancy and lactation (Ozanne 

et al., 1997; Ozanne et al., 1996). 

Intraperitoneal glucose tolerance test (IPGTT) showed that ability of the MD offspring to clear 

glucose from peripheral blood was not considerably affected. Even though the rate of glucose 

clearance was to some extent slower in the MD group, there were no significant differences in 

glucose levels between the CON and MD at all time points of the test, and all basal glucose 

concentration measurements in the MD males were within a normal physiological range (Stender 

et al., 2007). Plasma insulin concentration in response to glucose challenge was the same in the 

CON and the MD groups at all time points of the IPGTT. This possibly indicates that slightly 

increased levels of glucose didn’t require increased insulin levels, because glucose concentration 

was within the normal physiological range. At the same time histological examination of the 

pancreas in 3 months old males showed structural changes in the MD group, such as smaller size 

of the pancreatic endocrine islets, and decreased islet area relative to the total pancreas area. This 

indicates that the smaller size of the endocrine pancreas in restricted offspring was not a limiting 

factor for release of normal amounts of insulin. It has to be pointed out that endocrine islets 

consist of at least five types of cells, each of which produces different hormones, namely α-cells 

secrete glucagon, β-cells – insulin, δ-cells – somatostatin, ε-cells – ghrelin and PP-cells – 

pancreatic polypeptide. The β-cell population constitutes around 70% of the entire islet size 

(Baetens, Malaisse-Lagae, Perrelet, & Orci, 1979). The present study didn’t investigate whether 



_____________________________________________________________________  Chapter 2 

72 

 

smaller size and percentage of islets in the MD offspring was due to a balanced change in all 

hormone-secreting cells, or proportion of some of them that have changed from normal. It is 

possible that normal plasma concentration of insulin in the MD offspring was due to expansion 

of β-cells, or hypertrophy of β-cells.  On the other hand it has been shown that the β-cell mass 

has strong linear correlation with body weight (Montanya, Nacher, Biarnes, & Soler, 2000). 

Therefore it is possible that a decrease in the β-cell mass (if present) compared with the controls 

was proportional to the decreased body weight of the MD offspring, and the pancreas would still 

produce sufficient amounts of  insulin to maintain normal plasma insulin levels. 

Similarly to the MD male offspring, 3 months old male offspring subjected to maternal low 

protein only during gestation (Dahri, Reusens, Remacle, & Hoet, 1995) or during gestation and 

lactation (Desai et al., 1997) showed no change in glucose tolerance (Dahri et al., 1995), or 

fasting plasma insulin concentration (Desai et al., 1997). The offspring of dams fed a calorie-

restricted diet during the third trimester only, also demonstrated no alterations in glucose 

tolerance at 3 months of age (Garofano et al., 1999). More severe caloric restriction led to 

moderate impairment of glucose tolerance, and slight elevation in basal blood glucose 

concentration (G. C. Smith, 2006). However, unlike MD offspring results, maternal protein or 

caloric restrictions led to increased size of endocrine islets (Dahri et al., 1995; G. C. Smith, 

2006) at 3 months age or the beta-cell mass was the same as in the control (Garofano et al., 

1999). In contrast, reduction in the endocrine pancreas, specifically decreased β-cell mass was 

found in adult offspring of dams that had uterine artery ligation (Simmons et al., 2001; Styrud, 

Eriksson, Grill, & Swenne, 2005). Similar to the MD offspring in the present study, 

morphological abnormalities in the pancreatic tissues of the IUGR young offspring were 

associated with no alterations in glucose tolerance test (Styrud et al., 2005). Mild increase in 

fasting glucose and insulin levels, as well as moderate impairment of glucose tolerance, was 

observed in another bilateral uterine artery ligation model (Simmons et al., 2001). These studies 

indicate that different nutritional interventions during pregnancy have different programming 

effect on adult offspring with the uterine arteries ligation model most closely resembling 

findings of structural changes of pancreas and glucose metabolism in the MD offspring.  

It is thought that in humans, unfavorable factors (e.g. diet, medications) or aging can induce 

decreased insulin sensitivity, in other words tissues become resistant to the action of insulin. 

This leads to increased secretion of insulin by the pancreas. Type 2 diabetes mellitus develops 

when pancreatic β-cells fail to adapt insulin secretion relative to tissue insulin sensitivity, which 
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results in increased fasting glucose and impaired glucose tolerance.  One of the conclusions that 

can be extrapolated from other rat fetal programming studies is the possibility of development of 

abnormal glucose homeostasis and diabetes in the MD offspring if they were challenged with 

postnatal conditions that lead to catch-up growth and obesity. In support of this theory it was 

shown that postnatal acceleration of growth is more important in development of abnormal 

glucose metabolism than intrauterine growth retardation as such (Jimenez-Chillaron et al., 2006). 

In the uterine artery ligation model, the IUGR offspring had significantly accelerated postnatal 

growth and later developed obesity (Simmons et al., 2001). As rats aged, the impairment of 

glucose tolerance in IUGR offspring progressed together with decreased fasting insulin levels 

and increased fasting blood glucose levels by 26 weeks of age (Simmons et al., 2001). Catch-up 

growth and development of obesity as a result of high calorie diet in the offspring of protein 

restricted or calorie restricted mothers also resulted in glucose intolerance and insulin resistance 

(Bieswal et al., 2006). Another study showed the same results, where offspring from a low 

protein maternal diet had no changes in glucose tolerance, but those offspring that were fed high 

glucose or high fat diets afterwards had impaired insulin release and impaired glucose tolerance, 

most likely due to impaired insulin release in response to glucose challenge (M. R. Wilson & 

Hughes, 1997). 

There is a possibility that the MD rats in this study could have developed abnormal insulin 

secretion and glucose intolerance at an older age. It appears that like in humans, aging plays a 

role in worsening of glucose metabolism in rats. Thus, progressive impairment of glucose 

tolerance (Hales et al., 1996) and development of diabetes (Petry et al., 2001) were observed in 

the offspring of protein restricted mothers. An aging factor cannot be excluded in progressive 

impairment of glucose homeostasis in the uterine artery ligation model offspring (Simmons et 

al., 2001). Normal glucose metabolism depends on functioning of the endocrine pancreas, as 

well as insulin sensitivity of the liver and peripheral tissues, mainly muscle and adipose tissue. 

Increased insulin resistance in adipose tissues (Ozanne et al., 2001), muscle (Ozanne et al., 

2003) and possibly liver (Desai et al., 1997) are among the factors that play a role in imbalanced 

glucose homeostasis in aging IUGR rats. 

Inadequate maternal nutrition lacking methyl-donors resulted in structural changes of the 

endocrine pancreas. Further detailed investigation of structural changes is required in order to 

determine whether any imbalance in insulin-secreting β-cells was present, and if imbalance was 

present, whether it was associated with abnormal insulin secretion. Taking into consideration the 
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composition of the diet, it is possible that regulation of gene expression via DNA methylation 

could be involved in structural changes of the MD offspring pancreas. The main purpose of this 

study was to investigate the role of imbalance of methyl-donors in epigenetic mechanisms, 

particularly methylation of a number of genes important for development. Chapter 4 describes 

experiments that examine methylation and allelic expression of the Igf2 gene, which has been 

shown to have decreased expression in pancreas of low protein diet offspring (Petrik, Pell et al., 

1999).  

Effect of aging and postnatal challenge with high fat or/and high-carbohydrate diets could also 

be studied in the MD offspring to explore a possibility of development of diabetes in the MD 

offspring. Studying insulin sensitivity of responsive tissues in the MD offspring challenged with 

unfavorable postnatal conditions would help to determine whether maternal MD diet can affect 

pathways leading to insulin resistance.  

2.4.3.3. Blood pressure 

This study demonstrated that maternal methyl donor deficiency did not cause consistent changes 

in blood pressure in the male adult offspring. MD male rats had a transient increase in systolic 

blood pressure at 5 months of age. By the time they reached one year of age, their blood pressure 

had returned to normal. Maternal hyperhomocysteinemia during the first 4 days of pregnancy in 

rats fed methionine supplemented protein-deficient diet (Petrie, Duthie, Rees, & McConnell, 

2002) led to the development of hypertension in the offspring (Kwong et al., 2000). Even though 

this study showed similar results, with approximately two-fold increase in maternal plasma 

homocysteine during the entire pregnancy; the MD offspring did not exhibit consistent 

hypertension. These results indicate that maternal hyperhomocysteinemia is an unlikely 

candidate for programming stable high blood pressure in mature adult MD offspring. 

Similar observations of transient increases in blood pressure were made by Adamson and 

colleagues in their IUGR mouse model (Adamson, 2007), where they found an increase in blood 

pressure in 8 weeks old mice, which returned to normal at later stage. They also detected 

increased relative heart weight at e17.5 stage, and impaired heart function in adult IUGR 

offspring. In the present study, cardiac function of MD and control offspring was not tested, 

because it was not the main focus of the study.    
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One of the likely explanations for increased blood pressure in the MD offspring at a younger age 

is elevated stress levels owing to the nature of the method used for measurements. The tail-cuff 

plethysmography method involves placing a conscious animal into a cylinder – a situation 

known to cause stress to a rat. Even though rats were acclimatized to cylinders before taking 

measurements it is possible that MD offspring stress-coping mechanisms didn’t work as well as 

in the CON group rats. At one year of age, rats were probably more accustomed to cylinders, 

because those were used to induce restrained stress for plasma corticosterone measurements 

(Chapter 5). In addition, as it is described in Chapter 5, the MD offspring showed anxiety-related 

behavior in an elevated plus maze test. This notion is supported by a study where no systolic 

blood pressure changes were observed in the 3 months old low protein offspring (Tonkiss, 

Trzcinska, Galler, Ruiz-Opazo, & Herrera, 1998). Blood pressure in their study was measured 

using a less stressful telemetry method, carried out on unrestrained awake rats with an implanted 

transducer and a receiver (Tonkiss et al., 1998). When challenged with acute odor stress the low 

protein offspring demonstrated higher increase in systolic blood pressure compared with the 

controls. The authors concluded that more stressful methods used for measuring blood pressure 

in small animals might lead to elevated blood pressure in response to anxiety rather than due to 

permanent pathological changes in other mechanisms regulating blood pressure (Tonkiss et al., 

1998). Similarly, 3 - 4 months old offspring from uterine artery ligated dams showed no change 

in blood pressure as measured by the telemetry method (Jansson & Lambert, 1999). Female, but 

not male, IUGR offspring demonstrated signs of increased sympathetic nervous system activity, 

which is known to be a part of a stress-response mechanism (Jansson & Lambert, 1999). 

Another study of uterine artery ligation model offspring also showed higher increase in blood 

pressure in response to stress, this time in male rats (Schreuder et al., 2006). However, in 

contrast to other studies, these authors demonstrated a progressive increase in blood pressure as 

rats aged (Schreuder et al., 2006), which possibly reflects a more prolonged exposure of the 

offspring to adverse intrauterine environment caused by uterine ligation at e17 as compared with 

the Jansson and Lambert’s (1999) study where uterine ligation was done on e18. These studies 

indicate that prenatal malnutrition may program a stress-response in the offspring. Chapter 5 of 

this thesis describes some further investigations that were done on male and female offspring to 

evaluate their response to stress. 

The present study failed to demonstrate a definitive link between increased blood pressure and 

aging as some other rat fetal programming studies did (Schreuder et al., 2006; Vehaskari, Aviles, 

& Manning, 2001). However it is still possible that, if MD offspring developed accelerated 
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postnatal growth and obesity, it would have an amplified adverse effect on blood pressure. 

Similar to programming of glucose metabolism, several studies showed that accelerated
 

postnatal growth may contribute to the increased risk for the development
 
of hypertension in 

adults. Thus, in a protein restriction model, Petry and colleagues (Petry, Ozanne, Wang, & 

Hales, 1997) demonstrated that at 1 year of age IUGR adult rats challenged with cafeteria-style 

diet had higher increase in blood pressure than the LP offspring that were continued to be fed 

regular laboratory chow (Petry et al., 1997). In another study, prenatal 70% reduction of total 

caloric intake where the undernourished offspring were weaned on a high fat diet, led to 

significantly higher increase in blood pressure when compared with the controls fed high fat diet 

and undernourished offspring weaned on regular laboratory chow (Vickers et al., 2000). 

Since this study was unable to demonstrate consistent changes in blood pressure, a tentative 

conclusion can be made that mechanisms underlying IUGR development of hypertension in 

other models possibly do not involve methyl-donor deficiency. However, response to stress can 

be affected in the same or similar ways as some other prenatal programming models, and further 

studies are necessary in order to establish whether methyl-deficient offspring have stress-related 

changes in blood pressure. Another question that is worth exploring is whether development of 

obesity in adult MD offspring could lead to higher incidence of hypertension at later stages.   

2.4.4. Summary  

In summary the results presented in this chapter show that maternal methyl donor deficiency can 

program intrauterine growth restriction in the offspring similar to other animal fetal 

programming models. The methyl deficient diet affected the intrauterine environment in such a 

way that it caused unfavorable pregnancy outcomes including delayed delivery, reduced litter 

size and increased perinatal mortality of the offspring. Elevated maternal plasma total 

homocysteine levels were possibly one of the causes for toxicity of the MD diet. Other 

biological pathways that require choline, folate and methionine were most likely also affected 

leading to negative pregnancy outcomes. 

Maternal methyl deficiency also triggered permanent weight reduction in the adult MD offspring 

compared with the CON offspring with limited catch up growth at weaning. Unlike some other 

programming models, male offspring of MD mothers did not develop an apparent imbalance in 

glucose metabolism at around 4 months of age. However, they demonstrated structural 

alterations in the endocrine pancreas, warranting further investigations into morphological 
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composition and function of the pancreatic islets. The MD male offspring also developed a 

transient increase in systolic blood pressure at 5 months of age compared with the controls, 

which returned to normal at 1 year of age. The blood pressure changes were possibly due to 

abnormal response to stress, and further investigation of this hypothesis is described in chapter 5. 

Overall, the results of this study did not conclusively demonstrate association of prenatal methyl 

donor deficient diet with conditions underlying metabolic syndrome such as obesity, glucose 

intolerance and hypertension. Nevertheless, data obtained from other studies indicate that if the 

MD offspring were challenged with unfavorable conditions such as high fat diet postnatally, they 

would have a higher chance of developing a catch up growth and obesity, which in turn would 

correlate with increased incidence of diabetes and hypertension in malnourished offspring. 

This type of maternal methyl donor deficient model was the first one at the time it was 

generated, and was also designed to study the effect of maternal diet on epigenetic mechanisms 

in the offspring. These studies are described in the following three chapters.  
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CHAPTER 3. ANALYSIS OF METHYLATION AND 
EXPRESSION OF TARGET GENES IN THE LIVER OF 
CON AND MD OFFSPRING DURING POSTNATAL 
DEVELOPMENT 

3.1. Introduction 

As was discussed in Chapter 2, the maternal methyl donor deficient diet caused intrauterine 

growth retardation in the offspring. However, unlike other prenatal programming animal models, 

the MD offspring did not develop overt signs of the Metabolic syndrome such as obesity, 

disturbed glucose metabolism or high blood pressure. The absence of phenotypic changes in the 

MD offspring does not exclude the possibility that, at the molecular level, regulation of 

expression of genes that contribute to development of adult diseases was affected. 

Hypothetically, these molecular changes could make the MD offspring more susceptible to the 

adult onset diseases if they encountered unfavorable conditions during postnatal development. 

This chapter describes experiments that were done to investigate DNA methylation and gene 

expression of selected genes since current hypotheses consider DNA methylation as a strong 

candidate for molecular mechanisms underlying developmental programming (Gluckman & 

Hanson, 2008; Godfrey, Lillycrop, Burdge, Gluckman, & Hanson, 2007). 

The present study investigates molecular mechanisms in liver tissue, since it is known that the 

liver plays one of the central roles in regulation of glucose and lipid metabolism (van den 

Berghe, 1991). Disregulation of metabolic pathways in the liver is known to contribute to 

pathological conditions such as obesity (Ji & Friedman, 2007), fatty liver, which can progress to 

hepatic cirrhosis and hepatocellular carcinoma (Marchesini, Moscatiello, Di Domizio, & Forlani, 

2008; Powell et al., 1990), atherosclerosis (Loria, Lonardo, & Targher, 2008) and insulin 

resistance (Cornier et al., 2008).  

A small set of 8 genes was selected to study the effect of prenatal methyl donor deficiency on 

methylation levels and mRNA expression in liver tissue of the newborn offspring and 110 day 

old offspring. The first group included genes coding for glucocorticoid receptor (Gcr) and the 

type 2 11ß-hydroxysteroid
 
dehydrogenase (Hsd11β2), two proteins involved in glucocorticoid 

signaling, which plays a role in the regulation of carbohydrate and lipid metabolism in the liver. 

The second group included two isotypes of a family of peroxisome proliferator-activated 

receptor alpha (Ppar) – α and γ, also known to regulate lipid metabolism. The third group 
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included genes encoding proteins involved in the regulation of cell cycle, and known or 

suggested to have tumor suppressing abilities. The selection of the third group of genes was 

based on the hypothesis that the methylation and expression patterns of these genes could be 

influenced in utero, thus predisposing the offspring to neoplastic developments in adulthood. 

Additionally, some of the selected genes were shown to be involved in the regulation of 

pathways associated with the metabolic syndrome (J. G. Eriksson, 2008; Kendall, 2005; 

Robitaille et al., 2004). 

Glucorticoid receptor (Gcr) expression in the liver plays an important role in the regulation of 

glucose and protein metabolism, and its disregulation is known to be one of the underlying 

causes of the metabolic syndrome (Vegiopoulos & Herzig, 2007). Tissue-specific expression of 

Gcr in a rat is controlled by multiple promoters located within exon 1, which has at least 11 

alternative transcription initiation sites, with the exon 110 expressed predominantly in the liver 

(McCormick et al., 2000). A protein deficient diet during pregnancy was shown to decrease 

methylation of the promoter exon 110 and increase expression of the Gcr gene in liver tissue of 

the post-weaned offspring of deficient mothers (Lillycrop et al., 2005; Lillycrop et al., 2007).  

Another gene investigated in this study is Hsd11β2, whose product deactivates corticosterone 

through it’s conversion to the less active cortisol in rodents. Hydroxysteroid dehydrogenases are 

involved in regulation of the access of local corticosterone to glucocorticoid receptors (Funder, 

Pearce, Smith, & Smith, 1988). The promoter region and exon 1 of the Hsd11β2 contains a CpG 

island; decreased expression of this gene was shown to be associated with increased methylation 

of the promoter region in both human and rat (Alikhani-Koopaei, Fouladkou, Frey, & Frey, 

2004).  

Two isotypes of a family of peroxisome proliferator-activated receptor alpha (Ppar) – α and γ 

were chosen to investigate in this study as well. Pparα is expressed in the liver at high levels and 

Pparγ is expressed in adipose tissue and in the liver (Memon et al., 2000; Vidal-Puig et al., 

1996). Studies have demonstrated that Pparα is involved in glucose and lipid metabolism 

(Djouadi et al., 1998; Patsouris, Muller, & Kersten, 2004), and liver expression of both of these 

genes is up-regulated in a mouse model of obesity (Memon et al., 2000; Vidal-Puig et al., 1996). 

The promoter regions of Pparα and Pparγ contain CpG islands, methylation of which is thought 

to be involved in regulation of their expression (Lillycrop et al., 2005). In a rat, protein 

restriction during pregnancy was associated with decreased methylation of the Pparα gene, and 
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its’ increased expression in the postweaned offspring (Burdge et al., 2007; Lillycrop et al., 

2005).  

The tumor suppressor p53 gene is involved in the induction of cell cycle arrest and apoptosis in 

response to cell damaging events (Bunz et al., 1998; Caelles, Helmberg, & Karin, 1994). 

Recently, it has been suggested that p53 might function beyond tumor suppression and be 

involved in the regulation of processes such as aging, glucose metabolism and stress response 

(reviewed by (Vousden & Lane, 2007). The p53 gene contains a CpG island within exons 6 and 

7.  A methyl-donor deficient diet in adult rats was shown to decrease p53 methylation in this 

region in preneoplastic hepatic nodules, which was associated with increased mRNA expression 

(Pogribny, Miller, & James, 1997).  

One of the downstream targets of p53 is a cyclin-dependent kinase inhibitor 1a (Cdkn1a) 

encoding p21 protein, which inhibits cell cycle progression via binding to cyclin kinase 

complexes (Bendjennat et al., 2003; Harper, Adami, Wei, Keyomarsi, & Elledge, 1993). Besides 

involvement of these two genes in hepatocellular carcinoma (Hui, Makuuchi, & Li, 1998), one 

study demonstrated upregulation of the p53 and p21 genes in the liver of obese mice, and 

suggested their role in hepatocellular injury associated with fatty liver disease (Yahagi et al., 

2004). In rat cell culture, methylation of the CpG island in the promoter region of the p21 gene 

was shown to be associated with down-regulation of expression of this gene (Allan, Duhig, 

Read, & Fried, 2000).  

Dusp5 is another gene that is regulated by p53, and involved in control of cell cycle (Ueda, 

Arakawa, & Nakamura, 2003). It is involved in regulation of the mitogen activated protein 

kinase pathway (MAPK), mostly in the liver and placenta (Ishibashi, Bottaro, Michieli, Kelley, 

& Aaronson, 1994; Kovanen et al., 2003). Dusp5 activity leads to decreased phosphorylation of 

the insulin receptor substrate-1, and disturbance of this pathway could be involved in 

development of insulin resistance (Q. Fu, McKnight, Yu, Callaway, & Lane, 2006). Exon 2 of 

the Dusp5 gene contains a differentially methylated region, which was shown to be 

hypomethylated in the adult growth- retarded offspring in the bilateral uterine artery ligation rat 

model (Q. Fu et al., 2006). Altered methylation of Dusp5 was associated with long-term changes 

in it’s expression (Q. Fu et al., 2006). 

A cyclin-dependent kinase inhibitor 2a (Cdkn2a, p16) was also demonstrated to be involved in 

negative regulation of the cell cycle (Koh, Enders, Dynlacht, & Harlow, 1995). It was shown 

that the promoter Cdkn2a often had abnormal DNA methylation in hepatocellular carcinomas 
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(Harder et al., 2008). Similar to the p53 gene, the promoter of the Cdkn2a gene undergoes 

progressive changes in methylation in hepatic tumors, induced by methyl donor deficient diets 

(Pogribny & James, 2002). 

The aim of this experiment was to investigate the short-term (newborn offspring) and the long-

term (young adult offspring, 110 day old) effects of the maternal diet on methylation and 

expression of target genes in order to determine whether maternal methyl donor deficiency could 

affect the epigenetic regulation of genes involved in the pathogenesis of adult onset diseases. 

Furthermore,  the age-specific (from d1 to d110) methylation and expression of target genes in 

the liver were investigated in order to gain a better understanding of possible postnatal molecular 

changes of these genes. 

3.2. Materials and Methods 

3.2.1. Tissue collection 

Liver tissue was collected from the newborn (d1) and young adult offspring of the CON and MD 

mothers as described in Chapter 2 Section 2.2.3.1. 

3.2.2. Genomic DNA extraction  

Genomic DNA was extracted using modified standard phenol/chloroform/isoamyl alcohol 

method (Sambrook, Fritsch, & Maniatis, 1989). The following chemicals were used for this 

protocol: Ammonium acetate (Sigma), Chloroform (BDH, AnalaR quality), Ethanol (99% pure, 

BDH), Hydroquinone (Sigma), Isoamyl alcohol (BDH), Isopropanol (2-Propanol, BDH), 

Phenol, buffer saturated (Invitrogen), Sodium dodecyl sulfate (SDS) (Sigma-Aldrich), 

UltraPure
TM

 DNase/RNase-free distilled water (nuclease free water) (Invitrogen). 

The procedure was as follows: a piece of frozen tissue (10 – 50 mg) was powdered in liquid 

nitrogen (5-10ml) on dry ice. Powdered tissue was incubated overnight with 1ml of lysis buffer 

(100mM NaCl, 10mM Tris-Cl, pH8, 25mM EDTA, pH8 and 0.5% SDS) and 15μl of 10mg/ml 

proteinase K (30U/mg of enzyme, Sigma) solution at 55
0
C with constant rotation. The next day, 

tissue lysate was mixed with phenol/chloroform/isoamyl alcohol using 25:24:1 ratio, and 

incubated with gentle shaking for 20min at room temperature. Then the lysate was centrifuged at 

maximum speed (13rpm standard tabletop centrifuge), at room temperature for 15min.  The 

upper aqueous phase was collected into a fresh 2ml tube. DNA was precipitates with 0.5 
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volumes (of the initial volume of the lysate) of ammonium acetate (7.5M, Sigma) and 1 volume 

of isopropanol (1ml). The precipitate was centrifuged at maximum speed for 15 min at 4
0
C, after 

which the supernatant was removed and discarded. The genomic DNA pellet was washed with 

1ml of 70% ethanol, vortexed briefly, and again centrifuged for 15min at 4
0
C. The wash step 

was repeated one more time. After that, DNA pellet was dried briefly and resuspended in 500μl 

of MilliQ water. RNase A (Sigma) was added to the final concentration of 100ng/μl and RNase 

T1 (Roche) was added to the final concentration of 1000U/ml and incubated at 37
0
C for 1 hour. 

After incubation, DNA was re-extracted with phenol/chloroform/isoamyl alcohol mix as 

described above. Next, aqueous phase was mixed with chloroform/isoamyl alcohol (49:1 

respectively), incubated at room temperature for 15min with gentle shaking, and centrifuged at 

maximum speed for 15min at room temperature. The aqueous phase was collected and genomic 

DNA was precipitated using 0.5 volume of ammonium acetate and 2 volumes of 99% ethanol. 

Precipitated DNA was centrifuged at maximum speed at 4
0
C for 15min and washed with 70% 

ethanol twice, as described above.  The DNA pellet was resuspended in nuclease free water. 

Concentration and DNA quality was measured using a NanoDrop (NanoDrop, Wilmington, DE, 

USA) spectrophotometer. DNA solutions with a 260/280 ratio above 1.78 were considered as 

sufficient purity genomic DNA. 

3.2.3. Global DNA methylation analysis 

The level of global DNA methylation was determined by HPLC quantification of 5-methyl 2’-

deoxycytidine (5’mdCyt) and 2’-deoxycytidine (dCyt) using a modification of the method 

described by Friso and colleagues (Friso, Choi, Dolnikowski, & Selhub, 2002). Genomic DNA 

was prepared from newborn and adult liver tissue using the phenol/chloroform/isoamyl alcohol 

method as above (Sambrook et al., 1989). DNA aliquots (100ng/μl) were incubated 

consecutively with 1/10 volume of 0.1M ammonium acetate (pH5.3) and 0.2U of Nuclease P1 

(MP Biomedicals) per 100ng of gDNA for 2 hours at 45
0
C; ammonium bicarbonate (1M) and 

0.0002U of venom phosphodiesterase (Roche) per 100ng of gDNA for 1.5hours at 37
0
C, and 

0.1U of shrimp alkaline phosphatase (Promega) per 100ng of gDNA for 2 hours at 37
0
C. 

Iododeoxycytidine (Sigma) was added as an internal standard to each sample prior to HPLC (end 

concentration 20μM). Standard curve dilutions of 2’-deoxycytidine (Sigma) 200μM, 100μM, 

50μM, 20μM and 4μM, and of 5-methyl-2’-deoxycytidine (MP Biomedicals, US) 5μM, 2.5μM, 

1.25μM, 0.5μM and 0.25μM were prepared at the same time. Samples or standards were injected 

into an HPLC C18 Luna column (250x4.6mm, 3μm; Phenomenex), the separation of dCyt and 
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5’mdCyt was achieved by gradient elution at 0.6ml/min flow rate on an Alliance 2690 HPLC 

system (BAE, Systems-AlphaTech), column temperature 30
0
C and sample temperature 10

0
C, 

and UV detection was done using a Waters 2996 PDA detector at 254 nm wave length. Raw data 

were collected using Millenium32® software (Waters, US). The area under the peak was used to 

calculate methylation levels that were defined as the percentage of 5’mdCyt of the overall 

amount of dCyt and 5’mdCyt. The R
2 

for dCyt standard curve was 0.9992 and for 5’mdCyt R
2
 

was 0.9978. 

3.2.4. Sodium bisulfite DNA conversion 

Genomic DNA was extracted using modified phenol/chloroform/isoamyl alcohol method as 

described above. The sodium bisulfite DNA conversion protocol was a modified version of the 

protocol described by Frommer and colleagues (Frommer et al., 1992). Chemicals were obtained 

from following suppliers: Hydroquinone (Sigma), Isoamyl alcohol (BDH), Isopropanol (2-

Propanol, BDH), Phenol (Invitrogen), Sodium acetate (BDH), Sodium hydroxide (BDH, AnalaR 

grade), Sodium metabisulfite (Sigma), UltraPure
TM

 DNase/RNase-free distilled water (nuclease 

free water) (Invitrogen). 

Five micrograms of gDNA were denatured in 0.3M NaOH (10µl total volume) for 30min at 

37
0
C in a PCR machine (Mastercycler® Gradient, Eppendorf, Germany). Sodium bisulfite 

solution (2.3M, pH5) was prepared fresh each time on the day of an experiment. It consisted of 

4.4g sodium metabisulfite mixed with 0.5ml of 10mM Hydroquinone solution (0.006g of 

Hydroquinone mixed with 5 ml of MilliQ water), 0.8 ml of NaOH and MilliQ water up to 9 ml. 

The solution pH was adjusted to 5 with more 3M NaOH, and the volume was adjusted to 10ml 

with MilliQ water.  

Denatured gDNA (10μl) was mixed with 90µl of 2.3M Sodium bisulfite solution and conversion 

was done in a PCR machine (Mastercycler® Gradient, Eppendorf, Germany) at 95
0
C for 2min 

and 50
0
C for 30min, repeated 28 times, with an indefinite hold at 4

0
C. 

After sodium bisulfite conversion, the DNA was desalted by two consecutive precipitations. 

During the first desalting step, 0.1 volumes (of initial sodium bisulfite converted (SBC) DNA 

solution volume) of Ammonium acetate 7.5M, 5 volumes (of initial SBC DNA volume) of water 

and 6µl of Linear polyacrylamide (recipe in Appendix II) were mixed with SBC DNA solution. 

An equal volume of isopropanol was added, and the solution was centrifuged at maximum speed 

for 10min at RT.  
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The supernatant was removed, and the pellet was re-dissolved in 300µl of MilliQ water and 30µl 

of 3M Sodium acetate pH7. DNA was precipitated with 2 volumes of 99% ethanol and 

centrifuged for 5min, at maximum speed at room temperature (RT). The supernatant was 

removed, and the pellet washed with 70% ethanol. 

After washing, the pellet was redissolved in 200µl of 0.3M NaOH and incubated at 37
0
C for 

30min. DNA was precipitated with 0.5 volumes of 7.5M Ammonium acetate and 2 volumes of 

99% ethanol. The solution was centrifuged in a table top centrifuge for 10min at maximum 

speed, at 4
0
C. The DNA pellet was washed with 70% ethanol (the same as in the protocol for 

gDNA extraction). The DNA pellet was dissolved in 20-30µl of nuclease free water and stored 

at –80
0
C.  

3.2.5. Quantitative DNA methylation analysis using base-specific cleavage and 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 

Spectrometry (MALDI-TOF MS) 

Quantitative DNA methylation analysis of CpG sites was done using the Sequenom-developed 

method, which employs the MassARRAY Compact System (http://www.sequenom.com). This 

method is based on Homogeneous MassCLEAVE
TM

 (hMC) base-specific cleavage and matrix-

assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) for 

the detection and quantitative analysis of DNA methylation (Ehrich et al., 2005). The analysis 

was done as described previously (Ehrich et al., 2005). Primers specific for bisulfite converted 

sequence of target genes were designed using MethPrimer software 

(http://www.urogene.org/methprimer/index1.html) (L. C. Li & Dahiya, 2002).  Primer sequences 

can be found in Table 3.2, and gDNA sequences can be found in the Results section. To avoid 

bias in amplification of methylated or unmethylated DNA, primers did not contain any CpG sites 

in their sequence. Each reverse primer had a T7-promotor tag for in vitro RNA transcription (5′- 

cagtaatacgactcactatagggagaaggct-3′), and the forward primer was tagged with a 10mer (5′-

aggaagagag-3′) for annealing temperature balance. 

3.2.5.1. Brief overview of the method 

The quantitative methylation analysis technique developed by Sequenom® utilizes a C/T 

polymorphism created by sodium bisulfite DNA conversion. Sodium bisulfite treatment, 

described in the previous section, results in conversion of unmethylated cytosine to uracil, 
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whereas methylated cytosine remain unaffected (Figure 3.1, step 1). During the following PCR 

amplification (step 2, with primers tagged with T7 promoter sequence), uracil is amplified as 

thymine. A partially methylated CpG site in studied tissue is represented by a pool of PCR 

products, whereby a proportion of them would have thymine at that particular CpG site and the 

rest of PCR products would have cytosine at the same CpG site. After PCR, unincorporated 

dNTPs are inactivated with Shrimp alkaline phosphatase and the PCR product is used as a 

template for in vitro RNA synthesis (Figure 3.1, step 3). RNA synthesis is done using a 

T7DNA&RNA polymerase that can incorporate rNTPs as well as dNTPs. As a substrate, a 

mixture of dCTP and rATP, rGTP and rUTP nucleotides is used. RNase A cleaves RNA 3’ to 

cytosine and uracil. However, in this case, cleavage of in vitro transcribed RNA by RNaseA is 

specific for uracil, because dCTP is non-cleavable by RNaseA. RNaseA digestion of the RNA 

fragment synthesised from the reverse strand of PCR product generates same length fragments 

that differ by A/G nucleotides, which results in a 16Da mass difference per one CpG site (Figure 

3.1, step 4). MALDI-TOF MS is used to detect differences in mass between the same length 

fragments containing A and G nucleotides. The abundance of each fragment is detected as signal 

intensity, which represents the amount of methylation in the studied sequence (Figure 3.1, step 

5). Each RNA fragment containing one or more CpG sites is defined as a CpG unit. Depending 

on the specific sequence, a CpG unit could contain one CpG site or two or more than two CpG 

sites. Some CpG units in the sequence cannot be analyzed due to several reasons: the RNA 

fragment was outside of the mass spectrometer detection range, close interfering peaks or 

overlapping peaks. 
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Figure 3.1 Overview of Sequenom’s quantitative methylation assay.  

(adapted from Ehrich et al., 2005); see text for explanation. 

3.2.5.2. Gene-specific DNA methylation analysis protocol 

In this study, approximately 20ng of sodium bisulfite converted DNA were amplified in PCR 

using 0.35 units of PlatinumTaq Polymerase (Invitrogen), 0.5μl of 10xPlatinum PCR buffer 

(without magnesium), 1.5mM (final concentration) of MgCl2, 200μM (final concentration) of 

dNTPs, forward and reverse PCR primers at a 200 nM final concentration each and nuclease free 

water up to 5μl. All reactions were carried out in triplicate, using cycling conditions as shown in 

Table 3.1. The presence of the PCR product was determined by addition of 1μl of 1:10000 of 

SYBR Green (Invitrogen) and running a dissociation curve analysis as described below in the 

Real Time PCR section.  

For the hMC process, all reagents were purchased from Sequenom as a MassCLEAVE pack 

(Sequenom, San-Diego, USA), and the analysis was done according to the manufacturer’s 

instructions with some modifications. First, triplicate PCR reactions for each sample were mixed 
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together, and 5μl of pooled reactions were treated with 0.3 units of Shrimp alkaline phosphatase 

(Sequenom) and 1.7μl of nuclease free water for 20min at 37
0
C to inactivate dNTPs. Shrimp 

alkaline phosphatase was inactivated by heating at 85
0
C for 5 min. Next, the treated PCR 

products were used as a template for in vitro RNA transcription with following RNaseA 

digestion, as per manufacturer’s instructions (Sequenom). Two microliters of the PCR product 

were pipetted on 384-well plate, and then 5μl of T cleavage/RNaseA cocktail were added to each 

well. A single reaction of T cleavage/RNaseA cocktail consisted of 20 units of T7 RNA&DNA 

polymerase (Epicentre, Madison, US), 5xT7 polymearse buffer at final concentration 0.64x, 

2.5mM of dCTP and 1mM of rUTP, rATP and rGTP each (T cleavage mix), DTT at final 

concentration 3.14mM, RNaseA at final concentration 0.09mg/ml and nuclease free water up to 

5μl. Plates were sealed and incubated for 3 hours at 37
0
C, with following indefinite incubation at 

4
0
C. The samples were diluted with nuclease free water to a total volume of 27μl and desalted 

with 6mg of CLEAN Resin (Sequenom, US) by incubation with constant rotation for 40min, 

followed by centrifugation at 3200xg for 5min. Twenty two nanoliters of desalted samples were 

spotted on a 384-pad SpectroCHIP (Sequenom) using a MassARRAY nanodispenser (Samsung), 

followed by mass spectra collection on a MassARRAY Analyzer Compact MALDI-TOF MS 

(Sequenom). The average methylation level of each CpG unit was automatically calculated using 

the R-script ‘Analyse Sequenom Function’ (Coolen, Statham, Gardiner-Garden, & Clark, 2007). 

CpG units that had more than four non-applicable readings per group were eliminated from 

calculations.  

Table 3.1 PCR cycling conditions used in Sequenom’s quantitative methylation assay for amplification of sodium 
bisulfite-converted DNA.  

First and second step annealing temperatures for specific primers: Gcr – 560C, 630C; Hsd11β2 – 580C, 650C; Pparα 

– 560C, 640C; Pparγ 580C, 650C; p53 – 570C, 650C; Cdkn1a – 570C, 650C; Dusp5 – 570C, 660C; Cdkn2a – 580C, 

680C. 

Step Time Temperature Number of cycles 

Hold 2 min 95°C N/A 

Cycling    

Denaturaition 40 s 95°C 

5 Annealing 1 min variable 

Extension 1 min 30 s 72°C 

Cycling    

Denaturaition 40 s 95°C 

40 Annealing 1 min variable 

Extension 1 min 30 s 72°C 

Hold (extension) 5 min 72°C N/A 

Hold forever 4°C N/A 
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Table 3.2 Information about primers used for Sequenom’s quantitative methylation assay.  

Blue font – T7 promoter sequence, red font – forward primer tag.  

Gene name  Oligo sequence Accession number Amplicon length, nt 

Gcr F AGGAAGAGAGTTTTTTTTATGGAGAAGAGGGG AJ271870   254 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTAACTAACAAAAATTTACCAAATCC   

Hsd11β2 F AGGAAGAGAGTTTATAGGAGTGAATGAGATGTAGGG ENSRNOG00000017084 312 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCCAACCTAAAATAAAAAAAATACTC   

Pparα F AGGAAGAGAGGAGGAGAATTGTTTAGGGT NW 047783.2 358 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCCCCTAAACACCTAAAACTA   

Pparγ F AGGAAGAGAGGTGATAGTTAGGGTATTAG ENSRNOG00000008839 501 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCTATCTAAATATAACTTCTCCTCAACCC   

P53 F AGGAAGAGAGTGTTTTGTGTAGTTGTGGGTTATTT ENSRNOG00000010756 450 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCAACTTCCTACCTAAAATCTTCCAAC   

Cdkn1a F AGGAAGAGAGGGGTATAGTATGTTTTTAGGGAATT ENSRNOG00000000521 397 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCAAAATACAAATATCACCCTTATCC   

Dusp5 F AGGAAGAGAGGGGTGTTTTTTTGATAGTTTGAAAATT NC 005100 347 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTAAAACCCCTACAAACAAACTACAAC   

Cdkn2a  F AGGAAGAGAGTAGAGGAAGGAAGGAGGGTTTTATT AB081658 278 

 R CAGTAATACGACTCACTATAGGGAGAAGGCTCTTCTTAAACAAAAATTATCTCACTACAAA   
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3.2.6. RNA extraction 

RNA was extracted using Invitrogen TRIzol® RNA purification protocol with some 

modifications. Tissues frozen in TRIzol® were thawed on ice, and homogenized using PRO200 

homogenizer (PRO Scientific Inc., Monroe, CT) for 40 sec at maximum speed. Samples were 

incubated at RT for 5min, after which 0.2ml (per 1ml of TRIzol®) of chloroform was added, and 

samples shaken for 15sec, followed by incubation for a further 3min.  After incubation, samples 

were centrifuged at 12,000xg for 15min at 4
0
C. The aqueous phase was transferred to a clean 

Lobind RNase/DNase free 1.5ml tube (Eppendorf). RNA was precipitated by adding 0.5ml (per 

1ml of TRIzol®) of isopropanol, and brief vortexing. Samples were incubated at room 

temperature for 10min, and then spun at 12,000xg for 10min at 4
0
C. One milliliter of 75% 

ethanol in DEPC treated water was added to each tube, and the RNA pellet was washed by 

vortexing. Tubes were spun at 7,500xg for 5min at 4
0
C. The supernatant was removed and RNA 

was re-dissolved in 100μl nuclease free water (Invitrogen). Next, the RNA solution was mixed 

with 350μl of Buffer RLT (Qiagen) freshly prepared by adding 1% (v/v) 2-mercaptoethanol, and 

then 250μl of 99% ethanol, and mixed thoroughly. Sample was loaded onto an RNeasy mini 

column placed in a collection tube and spun at 10,000xg for 15sec at room temperature. 

Columns were transferred to fresh collection tubes, 350μl of Buffer RW1 (Qiagen) was added to 

each column, and they were centrifuged at 10,000xg for 15sec at room temperature. DNase I 

stock solution (Qiagen) was prepared by dissolving the DNase I powder in 550μl of nuclease-

free water, and 10μl of the stock solution was mixed with 70μl of Buffer RDD (Qiagen). The 

prepared DNase I mix was pipetted on the column and incubated at room temperature for 15min. 

After that, 350μl of buffer RW1 (Qiagen) were added to each column, and centrifuged for 15sec 

at 10,000xg. Columns were transferred to fresh collection tubes, and silica membranes were 

washed with 500μl of working Buffer RPE (Qiagen), the flow through was discarded, and 

columns were washed with the same buffer for a second time for 2min at 10,000xg at room 

temperature. Flow through was discarded and silica-gel membranes were dried in a centrifuge at 

full speed for 1min. Columns were transferred to fresh DNase/RNase-free eppendorf tubes, and 

30μl of nuclease free water was pipetted onto each column. Columns were incubated at room 

temperature for 1min and centrifuged at 10,000 for 1min. The RNA concentration was measured 

using NanoDrop spectrophotometer ND-100 (NanoDrop Technologies, US), and 260/280 and 

260/230 ratios were used to determine RNA quality. RNA quality was considered good if the 

260/280 ratio was above 2, and the 260/230 ratio was above 1.9. Purified RNA samples were 

stored at -80
0
C until further use.  
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3.2.7. Complementary DNA synthesis 

Complementary DNA (cDNA) was synthesized in a 20µl volume using the following protocol. 

Five micrograms of total RNA were combined with 2μl of random hexamers (50ng/μl, 

Invitrogen) and 1μl of 10mM dNTPs (Invitrogen), DEPC-treated water was added to make the 

volume up to 16μl, and the mixture was pipetted into a 96-well PCR plate (Eppendorf, 

Germany). The reaction mixture was incubated for 5min at 70
0
C and then placed on ice for 

5min. After incubation, 1μl of RNase inhibitor (10units/μl, NEB), 2μl of 10xM-MuLV Reverse 

transcriptase reaction buffer (NEB) and 1μl (100units) of M-MuLV Reverse transcriptase (NEB) 

were added to each well. The reaction mixture was incubated at 42
0
C for 60min. The reaction 

was terminated by incubating at 90
0
C for 10min, followed by incubation on ice for 5min. 

Synthesized cDNA was stored at –20
0
C until further use.  

3.2.8. Real Time PCR analysis 

3.2.8.1. PCR primers and probes 

All quantitative real time PCR assays were carried out using SYBR Green or TaqMan 

fluorescent chemistry. Assay primers for real time PCR with SYBR Green were designed with 

the Primer 3 software (Rozen & Skaletsky, 2000). Primers were designed across exon-exon 

boundaries to exclude gDNA amplification. Primer sequences can be found in Table 3.3. Cdkn2a 

mRNA expression was analyzed using TaqMan® inventory assay Rn00580664_m1 (Applied 

Biosystems). The TaqMan® expression assay consisted of a 20x mix containing one pair of 

gene-specific forward and reverse primers and one probe labeled with fluorescent dye FAM
TM

 at 

the 5’. 
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Table 3.3 Real time PCR primer sequence information. 

Gene name  Oligo sequence Ensembl Transcript ID  amplicon length, nt 

β-actin F AAGATGACCCAGATCATGTTT Actb ENSRNOT00000042459  79 

 R CATACAGGGACAACACAGCC   

Gcr F TGAACCTTGAAGCTCGAAAAA Nr3c1ENSRNOT00000019409 77 

 R AGTGTCTTGTGAGACTCCTG   

Hsd11β2 F CTGCTTCAAGACAGAGGCAGTGA Hsd11b2  ENSRNOT00000023130  86 

 R GCAGCAGCTCTCTAGGCAAGT   

Pparα F TGCGGACTACCAGTACTTAG Ppara ENSRNOT00000030082  68 

 R GAGAGAGGGTGTCTGTGATGA   

Pparγ F GCTCCAAGAATACCAAAGTGC Pparg ENSRNOT00000012137  144 

 R GCTTTATCCCCACAGACTCG   

P53 F GGAATTAAAGGATGCCCGTG Tp53  ENSRNOT00000014279  68 

 R GTCTTCGGGTAGCTGGAGTGA   

Cdkn1a F CCAGCCTAACAGATTTCTATC Cdkn1a  ENSRNOT00000000628  65 

 R ACTTCAGGGCTTTCTCTTGC   

Dusp5 F GCGCGCGTCGTCCTCACCT Dusp5  ENSRNOT00000018889  79 

 R TCTCGTACCCACCTTTAAGGA   

 

A housekeeping gene, β-actin, was chosen as an internal standard. Primers designed for β-actin 

demonstrated 100% efficiency, and expression of this gene was not affected by the maternal diet, 

as was determined by REST©-384 software (Pfaffl, Horgan, & Dempfle, 2002). Amplification 

efficiencies for β-actin and the target genes were calculated using REST©-384 software (Pfaffl 

et al., 2002). The calculations were based on the equation E = 10
[–1/slope]

 (Pfaffl, 2001), and 

calculated PCR efficiencies are shown in Table 3.4. The slope values were obtained by 

constructing a standard curve with 5 cDNA dilutions (48, 20, 8, 2 and 0.5ng of input RNA) 

plotted against average Ct for each dilution.  

Table 3.4 PCR amplification efficiency of primers designed for the real time PCR assay.  

PCR efficiency was calculated using REST384©v.1 software (Pfaffl et al., 2002). Five dilutions of mixed cDNA 

(48, 20, 8, 2 and 0.5ng per reaction) were used to run with each pair of primers, the obtained C t values were entered 
into REST©-384 software for calculations; correlation – Pearson’s correlation between cDNA dilutions and Ct 

values corresponding to those dilutions. 

 β-actin Gcr Hsd11beta2 Pparα Pparγ P53 Cdkn1a Dusp5 Cdkn2a 

Slope -3.31 -3.19 -3.2 -3.37 -3.08 -3.6 -3.2 -3.01 -3.09 

Efficiency 2.00 2.06 2.05 1.98 2.1 1.90 2.08 2.15 2.1 

Correlation -1.00 -1.00 -0.99 -1.0 -1.00 -1.00 -1.00 -1.00 -1.00 
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3.2.8.2. PCR setup 

All samples were analyzed in duplicate or triplicate, and a no template reaction was used as a 

negative control. All qPCR reactions were set up in ABI Prism
TM

 384-well clear optical reaction 

plates (Applied Biosystems). The total volume of each qPCR reaction was 10μl, which consisted 

of 2μl of cDNA mix (~30ng of RNA) and 8μl of master mix. SYBR Green PCR master mixes 

included 5μl of 2xPower SYBR Green master mix (Applied Biosystems), 300nM forward and 

reverse specific gene primers and nuclease free water up to 8μl. TaqMan master mix consisted of 

5μl TaqMan 2x Universal PCR Master Mix (with AmpErase UNG) (Applied Biosystems), 

0.5μl 20xTaqMan® Gene Expression assay (each primer at final concentration of 900nM and a 

probe at final concentration of 250nM; Applied Biosystems) and water up to 8μl.  

3.2.8.3. PCR run 

All samples were run with each target gene primers and β-actin primers on the same plate. After 

PCR, the mix was loaded onto a 384-well plate, which was sealed with an ABI Prism
TM

 optical 

adhesive cover (Applied Biosystems). Each plate was run using default thermal cycling 

conditions (Table 3.5) in a 7900HT Fast Real-Time PCR system (Applied Biosystems). In order 

to verify that only a single amplification product was present, a dissociation curve was run after 

each PCR run with SYBR Green dye (Table 3.5). The raw fluorescent signal was recorded and 

collected using Sequence Detection System software 2.2.2 (Applied Biosystems). The real time 

quantitative PCR data was expressed as threshold cycle values (Ct), which indicated 

accumulation of amplified PCR products sufficient to produce a fluorescent signal that rose 

above the background fluorescence. A higher initial amount of cDNA template in a reaction 

reached threshold values earlier, resulting in smaller Ct values, and vice versa. Raw data were 

exported into Microsoft Excel for further analysis.  
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Table 3.5 Real time PCR cycling conditions. 

 * this step was used with TaqMan Universal Master mix (Applied Biosystems); ** Dissociation curve was run with 

SYBR Green dye. 

Step Time Temp Number of cycles 

Hold (AmpErase UNG activation)* 2 min 50
o
C N/A 

Hold (AmpliTaq Gold enzyme activation) 10 min 95oC N/A 

 

Cycling 

Denaturation 

 

 

15 sec 

 

 

95oC 

 

 
 

 

40 
Annealing/extension 1 min 60oC 

 

Dissociation curve** 

 

15sec 

 

95oC 

 

N/A 

 15sec 60oC N/A 

 15sec 95oC N/A 

 

3.2.8.4. Real Time quantitative PCR data analysis 

A comparison between age and treatment groups in this experiment was done using a method of 

quantification of a target gene relative to the internal control (β-actin), which was developed by 

Pfaffl and colleagues (Pfaffl, 2001; Pfaffl et al., 2002). This method allows correction for PCR 

efficiencies of target and internal control (reference) genes. The analysis was done using freely 

available relative expression software tool – REST©-384 software. This software calculates 

relative expression ratio relative to the control group, and is based on calculations that use PCR 

efficiency of each target gene and the internal control gene, and deviations of threshold values 

(Ct) between the control and experimental groups (1). 

 

                           𝑟𝑎𝑡𝑖𝑜 =
𝐸𝑡𝑎𝑟𝑔𝑒𝑡

           ΔCt  target  (mean  control −mean  sample )

𝐸𝑟𝑒𝑓
      ΔCt  ref  (mean  control −mean  sample )                       (1) 

 

Etarget – amplification efficiency of a target gene transcript; Eref – amplification efficiency of an 

internal control (reference) gene transcript, ΔCt target – a difference between the target gene Ct 

values in the control group versus experimental group, ΔCt ref – a difference between the 

reference gene Ct values in the control group versus experimental group. Expression of the target 

gene is normalized by expression of the reference gene (Pfaffl, 2001; Pfaffl et al., 2002). 
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The REST©-384 software carried out the analysis of statistical significance of differences in 

expression between groups using the Pair wise fixed reallocation randomization test©. This is a 

non-parametric test that does not assume normal distribution, but assumes random allocation of 

the treatment, and is better suited for analysis of output data such as real time PCR data that 

show high variances and are expressed as ratios (Pfaffl et al., 2002).  

The REST©-384 software calculates an average fold change in expression in the experimental 

group relative to the control group. Therefore, in order to do a correlation analysis between gene 

expression and methylation of individual CpG units, expression values were produced for each 

individual sample using a comparative Ct method. First, expression of the target gene was 

normalized relative to expression of the reference gene for each sample to produce ΔCt  (ΔCt =Ct 

target - Ct ref). Next, the first sample in the d1 CON group was chosen as an arbitrary baseline 

sample, and the difference between each sample’s ΔCt and the baseline’s ΔCt0 was calculated 

(ΔΔCtsample =ΔCtsample – ΔCt baseline). The fold change in expression of each sample relative to the 

baseline sample was calculated for each sample using equation (2) (Livak & Schmittgen, 2001). 

 

                                                             2−𝛥𝛥𝐶𝑡
                                                                     (2) 

 

3.2.9. Statistical analysis 

Global DNA methylation levels were expressed as a percentage, and a Mann-Whitney U test 

integrated into SPSS 15.0 statistical software package was utilized to do comparisons between 

age or treatment groups. Data are presented as mean ± standard deviation (SD).   

Relationships between global and specific gene methylation were determined by Spearman’s 

rank correlation analysis (SPSS 15.0 statistical software package). 

Overall specific gene methylation data was analyzed using non-parametric Permutational 

multivariate analysis of variance (PERMANOVA) test on a Bray Curtis dissimilarity matrix 

calculated on untransformed data (Anderson, 2001; McArdle & Anderson, 2001). This is a 

computer program designed for testing a simultaneous response of one or more dependent 

variables (in this case methylation of CpG units) to one or more independent variables (age and 

treatment factors) (Anderson, 2001; McArdle & Anderson, 2001). One factor, age or treatment, 
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was analyzed at one time. The test does not assume normality of distribution of data and does 

not assume independence of variables in the multivariate case, and was appropriate to use in this 

case, since preliminary descriptive statistics test ran with specific gene methylation data 

demonstrated that data were not normally distributed. The program used a permutation 

procedure to obtain p-values, such that 9999 permutations of raw data were run for each 

comparison, and a Monte-Carlo p-value was used when the number of possible permutations 

was low (Anderson, 2005). 

Methylation of individual CpG units was compared between groups using a non-parametric 

Mann-Whitney U test integrated into SPSS 15.0 statistical software package.  

Relationships between relative target gene expression and methylation of individual CpG units 

were estimated using Spearman’s rank correlation test (SPSS 15.0 statistical software package). 

 

3.3. Results 

3.3.1. Effects of the maternal methyl donor deficiency on global DNA methylation 

in the liver 

The MD d1 offspring had statistically significant lower levels of global DNA methylation in the 

liver when compared with the CON d1 offspring (2.3% of the CON d1 levels; p=0.02; Figure 

3.2). The MD d110 females also demonstrated lower global DNA methylation in liver tissue in 

comparison with the CON d110 female group (2% of the CON d110 female levels, p=0.013; 

Figure 3.2). No changes in global DNA methylation levels between MD d110 male offspring 

and CON d110 male offspring were detected. 
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Figure 3.2 Global DNA methylation levels in the liver of d1 and d110 CON and MD offspring. 

F – females, M – males; * p < 0.05 – differences between treatment groups #p<0.05 – differences between age 

groups; CON d1 n=8, d110 F n=8, d110 M n=8; MD d1 n=8, d110 F n=8, d110 M n=8, data are mean ± SD. 
 

3.3.2. Effects of the maternal methyl donor deficiency on methylation of regulatory 

regions of target genes in the liver  

Gcr exon110 

The Gcr promoter region investigated in this study was a 257nt-long fragment of an alternate 

exon110, which contained 33 CpG sites in 15 CpG units with 9 CpG units available for the 

analysis (Figure 3.3, B). The MD group of 1 day old offspring did not show any significant 

differences in overall methylation of the Gcr exon110 region. Methylation of CpG unit 13 was 

significantly upregulated (2±1.3% vs. 4±1.9%, p=0.04) in the MD d1 offspring when compared 

to the CON group (Figure 3.3, A). The MD d110 female group demonstrated significant 

differences in overall methylation of the Gcr region in comparison to CON d110 females. 

Methylation of individual CpG units 8 and 9 was significantly lower (12±1.7% vs. 10±1.9%, 

p=0.02 and 24±2.4% vs.21±1.7%, p=0.01 respectively) when compared with the CON d110 

female group. The d110 male offspring did not show any differences in overall methylation or 

methylation of individual CpG units between the CON and MD groups. 

Hsd11β2 

A 312nt-long fragment of the Hsd11β2 promoter region was investigated in this study. The 

region contained 21 CpG sites in 14 CpG units, 12 CpG units were available for the analysis 

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

d1 d110 F d110 M

cy
to

si
n

e
 m

e
th

yl
at

io
n

, %

age, day

CON

MD

**
# 



_____________________________________________________________________  Chapter 3 

97 

 

(Figure 3.4, B). A comparison between the CON and MD groups at d1 demonstrated no 

statistically significant changes in overall methylation or methylation of individual CpG units. 

Similarly, overall methylation between the CON and the MD groups in both females and males 

was not different. However, methylation of the CpG unit 12 in the MD d110 females was 

increased (6±2% vs. 10±3% in the CON group, p=0.03) and CpG unit 13 was decreased 

(3±0.4% vs. 2±1% in the CON group, p=0.02; Figure 3.4, A). MD d110 males demonstrated a 

statistically significant decrease in methylation of the CpG unit 11 in comparison with the CON 

d110 males (8±5% vs. 4±2%, p=0.007). 

Pparα 

The fragment of the Pparα gene promoter, investigated in this study was 358nt in length. It 

contained 44 CpG sites in 20 CpG units. Seventeen CpG sites in 10 CpG units were available for 

the analysis (Figure 3.5, B). No differences between CON and MD d1 groups in overall 

methylation of the Pparα gene were detected. However, methylation of the individual CpG unit 

7 was significantly increased in the d1 MD offspring as compared with the CON offspring of the 

same age (9±8% vs. 21±5%, p=0.01; Figure 3.5, A). Similarly, CON and MD d110 females did 

not show any differences in overall methylation, whereas methylation of an individual CpG unit 

13 was significantly increased in the MD females (7±1.9 vs. 8±1.5%, p=0.05). Overall 

methylation of the Pparα gene was not different between the CON and MD male groups. 

Methylation of the CpG unit 13 and 20 was significantly decreased in the MD d110 males in 

comparison to the CON d110 males (11±1.6% vs. 8±2.5%, p=0.01 and 4±2.7% vs. 0±0%, 

0.0002 respectively). 

Pparγ 

A 501nt-long fragment of the promoter region of the Pparγ gene was investigated in this study. 

It contained 54 CpG sites in 22 CpG units, with 22 CpG sites in 11 CpG units available for the 

analysis (Figure 3.6, B). There were no differences in overall methylation between the CON and 

MD groups in d1 offspring, and d110 female and male offspring. The only difference in 

methylation of an individual CpG unit was found in the d1 group where the MD offspring had a 

statistically significant decrease in methylation of the CpG unit 21 compared with the CON 

group (7±3% vs. 4±2%, p=0.03; Figure 3.6, A).  
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P53 exon 6 

A 450nt-long fragment of the exon 6 of the p53 gene was analyzed in this study. The DNA 

sequence contained 18 CpG sites in 15 CpG units, and only one CpG unit was not available for 

the analysis (Figure 3.7, B). Maternal methyl-donor deficiency did not have an immediate effect 

on overall or individual CpG unit methylation of the exon 6 of the p53 gene in the d1 offspring. 

The overall methylation levels compared between the CON and the MD d110 females were 

significantly different (p=0.03). Analysis of methylation of individual CpG units revealed 

significantly lower levels in CpG units 2, 3, 7, 8 and 15 in the MD females as compared with the 

CON females (CpG unit 1: 20±5% vs. 18±4%, CpG unit 3: 35±3% vs. 30%±4%, CpG unit 7: 

21±6% vs. 8±6%, CpG unit 8: 45±4% vs. 37±8% and CpG unit 15: 25±3% vs. 16±10%, p<0.05; 

Figure 3.7, A). No differences in overall methylation of the p53 DNA fragment were detected in 

the male group (p=0.1). However, methylation of individual CpG unit 8 was significantly lower 

(39±10% vs. 26±5%, p=0.01) and CpG unit 10 higher (72±5% vs. 83±17%, p=0.02) in the MD 

male group as compared with the CON male group (Figure 3.7, A). 

Cdkn1a 

A 397 nucleotide long region, which included almost the entire CpG island 4 in the promoter 

region and the beginning of exon 1 of Cdkn1a, was used to investigate methylation levels in this 

study. The DNA fragment contained 34 CpG sites, 15 CpG sites in 10 CpG units were available 

for investigation (Figure 3.8, B). The maternal diet did not have any statistically significant 

effects on overall methylation of the promoter in the d1 offspring (p=0.07). However, 

methylation of the individual CpG unit 11 was significantly downregulated (45%) in the MD d1 

offspring (8±3% vs. 5±2%, p=0.03; Figure 3.8, A). No significant differences between CON and 

MD d110 females in overall or on individual CpG unit methylation were observed. In contrast, 

d110 males demonstrated significant differences in overall methylation between the CON and 

the MD group (p=0.05). Individual CpG unit comparison showed significantly decreased 

methylation of CpG unit 17 and increased methylation of CpG unit 20 in MD d110 males as 

compared with CON d110 males (5±3% vs. 2±1%, p=0.01 and 5±2% vs. 7±2%, p=0.03 

respectively). 

Dusp5 exon 2 

The fragment of the Dusp5 gene investigated in this study was a part of exon 2 and intron 2 of 

the gene, 347nt-long. It contained 9 CpG sites in 7 CpG units, and 4 CpG units were available 
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for the analysis (Figure 3.9, B). There were no differences in overall methylation of the Dusp5 

DNA fragment or methylation of individual CpG units between CON and MD d1 offspring. In 

contrast, females demonstrated statistically significant changes in overall methylation of the 

region (p=0.007). Methylation of CpG unit 1 was significantly increased in the MD d110 

females (78±9% vs. 94±8%, p=0.002), whereas methylation of CpG units 4 and 5 was 

significantly decreased (54±20% vs. 35±14%. p=0.05 and 76±2% vs. 68±5%, p=0.001 

respectively; Figure 3.9, A). In contrast, the male offspring did not demonstrate any overall or 

individual CpG unit methylation differences between the CON and the MD groups.  

Cdkn2a  

The Cdkn2a gene sequence investigated in this study was a 278nt long promoter region 

fragment, with a CpG island within it (Figure 3.10, B). This fragment contained 17 CpG sites in 

14 CpG units, of which 12 CpG units were available for the analysis. The maternal diet did not 

lead to any significant effects on overall methylation of the Cdkn2a promoter region in 

d1offspring, d110 female offspring and d110 male offspring. However, methylation of an 

individual CpG unit 13 was significantly downregulated in the d1 MD offspring as compared 

with the CON group (7±1% vs. 4±1%, p=0.001; Figure 3.10, A). Methylation of the CpG unit 5 

was significantly upregulated in the MD d110 female group (2±1% vs. 3±2%, p=0.04), and the 

CpG unit 10 was significantly upregulated in the MD d110 male group (6±1% vs. 8±1%, 

p=0.04). 

3.3.3. Age-specific changes in global DNA methylation levels in the liver 

The CON d110 females had a statistically significant increase in global DNA methylation when 

compared with d1 offspring (2% of the d1 levels; p=0.02; Figure 3.2). No changes in global 

DNA methylation levels between the CON d1 offspring and CON d110 male offspring were 

detected. 

3.3.4. Age-specific methylation patterns of target genes in normal liver tissue 

Gcr exon 110 

Methylation of individual CpG units in the Gcr exon 110 varied from a complete absence of 

methylation in CpG unit 2 to more than 20% of methylation of CpG unit 9 (Figure 3.3, A). No 

significant differences in the overall methylation or methylation of individual CpG units were 

observed between d1 offspring and d110 female and male offspring.  
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Hsd11β2 

In general, methylation of all Hsd11β2 CpG units was very low, between 2 and 11% on average. 

The overall and individual CpG unit methylation did not change from d1 to d110 in the CON 

female offspring. However, males demonstrated statistically significant changes in overall 

methylation of the studied region as the animals aged (p=0.02; Figure 3.4, A). Methylation of an 

individual CpG unit 3 was decreased from 4±1% in d1 offspring to 2±1% in d110 in males 

(p=0.01), and methylation of CpG unit 12 was increased from 6±1% to 12±7% in the same 

respective groups (p=0.0003). 

Pparα 

A comparison of overall methylation levels of the Pparα promoter region between the d1 

offspring and d110 female and male offspring showed no significant changes as the animals 

aged. Methylation of an individual CpG unit 13 was significantly decreased in d110 females and 

increased in males compared with d1 offspring (9±1.4% in d1 offspring vs. 7±1.3% in d110 

females and 11±1.6% in d110 males, p=0.01 and 0.02 respectively; Figure 3.5, A). 

Pparγ 

No differences in overall methylation of the Pparγ promoter region were observed between d1 

and d110 stages in either female or male groups. However, methylation of the CpG unit 1 was 

significantly decreased in CON d110 males as compared with the d1 offspring (25±11% vs. 

12±8%, p=0.02, Figure 3.6, A).   

P53 exon 6 

Comparison of the methylation pattern of the p53 exon 6 between the d1 CON offspring and 

d110 female and male offspring demonstrated a significant decrease in methylation from the 

newborn stage to the young adult stage (p=0.0001). Methylation of individual CpG units, with 

the exception of CpG units 12 and 13 in females and the CpG unit 13 in males was decreased 

from d1 to d110 (p<0.01; Table 3.6, Figure 3.7, A).  
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Table 3.6 Age-specific changes in methylation of individual CpG units in the p53 exon 6 region expressed as a 

percentage.  

Comparison between CON d1 offspring and CON F d110 female and male offspring; SD± standard deviation, all 

groups n=8, ** p<0.01, ***p<0.001. 

CpG unit 1 2 3 4 5 6 7 8 10 11 12 13 14 15 

CON d1 69% 68% 80% 37% 68% 79% 64% 70% 92% 93% 82% 91% 100% 93% 

SD ± 5% 21% 2% 24% 20% 5% 16% 10% 4% 3% 17% 2% 0% 9% 

CON F d110 21%*** 29%** 35%*** 14%** 13%** 33%*** 21%*** 45%*** 81%* 87%* 70% 90% 82%*** 25%*** 

SD ± 5% 17% 3% 8% 10% 7% 6% 4% 5% 4% 15% 3% 10% 3% 

CON M d110 18%*** 15%** 25%*** 12%** 6%*** 21%*** 8%*** 39%** 72%*** 79%** 35%**** 90% 51%*** 13%*** 

SD ± 7% 11% 5% 6% 5% 7% 4% 11% 5% 8% 22% 5% 25% 8% 

 

Cdkn1a  

The analysis of the Cdkn1a regulatory region did not show any differences in the overall 

methylation between the d1 offspring and d110 female and male offspring. A comparison of 

methylation of individual CpG units between age groups also did not show any differences 

(Figure 3.8, A). 

Dusp5 exon 2 

There was a statistically significant overall change in methylation of the studied DNA fragment 

of Dusp5 when compared between d1 offspring and either d110 female or male offspring 

(p=0.01 and 0.02 respectively). The CpG unit 6 methylation was significantly increased between 

these two ages in females and males (57±5% vs. 72±3% in females and 71±5% in males, 

p=0.0002 for both groups; Figure 3.9, A). An increase in methylation of the CpG unit 5 in the 

d110 females did not reach statistical significance (p=0.08). 

Cdkn2a 

There was a significant difference in overall methylation of the Cdkn2a promoter region 

between the CON groups of d1 offspring and d110 female offspring (p=0.0018) and d1 and d110 

male offspring (p=0.0024). Methylation of individual CpG units 1, 2, 8 and 10 was significantly 

increased from d1 to d110 in both gender groups – CpG unit1: 0±0% vs. 1±1% for both females 

and males, CpG unit 2: 4±3% vs. 15±2 in females and 15±2% in males, CpG unit 8: 4±2% vs. 

8±2% in females and 7±2% in males, CpG unit 10: 3±1% vs. 7±1% in females and 6±1% in 

males (p<0.05; Figure 3.10, A).  
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                                                 1(1)                                 2(2)         [3   4    5        6   7       8](3)  [9     10](4)                                     11(5)                   

CCTCCCCCATGGAGAAGAGGGGGCGACTGTTGACTTCCTTCTCCGTGACACGCGCGCCTCCCGCGTCCGCACGCCGACTTGTTTATCTGGCTGCGGTGGGAG 

[12  13](6) [14     15](7) [16 17  18](8)                                     [19                        20](9)  [21      22](10) [23           24         25  26](11)                      27(12)              [28 29](13) 

CCGCGAGCGGGCGAGCGCGCGGGTGCTGAGGTGAGCGGGGGCTGGGCGAGCGGGCGAGCGGGGCCGGCCCGCGCTGAGGTGAGCCGGACTGGGCGCGCTC 

                            30(14)      [31             32       33](15) 

CCCTAGGGGCTCGGCACCGGGGGCGGCCGGACTTGGCAAACTTTTGCCAGCC 

 

Figure 3.3 Methylation of individual CpG units in the Gcr alternative promoter exon 110 in the liver of the CON and MD offspring at d1 and d110. 

A – a graphical representation of CpG unit methylation levels in the Gcr exon 110 in the CON and MD offspring; d1 – newborn offspring, combined female and male 

samples, F d110 – 110 day old female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between 

age groups; * p < 0.05 – differences between treatment groups. B – nucleotide sequence of the Gcr promoter region investigated in this study: CpG sites highlighted in green 
were available for the analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after 

RNaseA digestion, square brackets define CpG sites that compose one CpG unit.   
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                                                                    1(1)                                                                 [2          3](2)      [4       5](3)          [6             7           8](4)     

CTCACAGGAGTGAATGAGATGCAGGGCGCAGGGTTGGGCAGACTGGCCCTTTCCCGGGCGAAGCCGGCGACTGACGGCTCCGCCTCGTGCAGCAACTTGGG 

                          [9                    10](5)    11(6)                                       [12          13](7)                                    14(8) 

GACTTTGTTCCGGCTTCTTCGAAAGCGGATCTAGCCAAGGGGCGGGGCGGGGGGGCACCTGCCTGGCGTGGGGTGCTGAGATAGAAGTGGAGGAAAGCCC 

                             [15           16](9)   17(10)                 18(11)                   19(12)                                    20(13)                                               21(14) 

CACCCTAGCCCCGCCTTCGCACCGCCCCAACCCCGCCCCCAGGGCGCTTTATAAGCTGGGTCCGAGGGCCCAGCAAAGAAAGCGAGTATCCCTCCCACCCCA 
 

GGCTGGTGTTCC 

Figure 3.4 Methylation of individual CpG units in the Hsd11β2 promoter region in the liver of the CON and MD offspring at d1 and d110. 

A – a graphical representation of CpG unit methylation levels in the Hsd11β2 promoter; d1 – newborn offspring, combined female and male samples, F d110 – 110 day old 

female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; * p < 0.05 – 

differences between treatment groups.B – nucleotide sequence of the Hsd11β2 promoter region investigated in this study: CpG sites highlighted in green were available for 

the analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, 

square brackets define CpG sites that compose one CpG unit; underlined bold sequence indicates binding site for a transcription factor Sp1. 
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                                                                               1(1)                             2(2)                                         [3        4                                5](3)                  [6    7         8](4)   

GAGGAGAACTGCCCAGGGCCTCTTAGGCCCCGCCCTCACAGCAGCGGCCAATCAGATGCTGCCGTCCGGGGGGTGTGTCTCGTTCTGAACCGCGGCCCGGG 

                         [9                     10           11](5)             [12  13  14](6)            15(7)                 [16      17](8)         [18    19   20        21                  22   23](9)           [24    25 

CCTAGAGGGCGGGGTTTCCGGGGCGGTCACCTCGCCGCGGGACCCCGCAGGGGACGTCCGAGGGGCGGCGCGTGTCGTGGGGGCGCGGCTGGCACGGGCG 
26  27](10) [28     29](11)          30(12)  [31   32](13)   33(14)            [34        35](15)      [36   37](16)             [38    39](17) 

CGCGTAGGCGGTGCCGGGCAGGGGCCCCGGACGCTGCGGCCCCACGACAGGGGTGACGGGGGCGGAGACAGCCGCTCGAGCCCCTCCTGGCGCCGCCTAC 

  [40       41                              42](18)                     43(19)   44(20) 

CCGGGCGGGCTGGCCCTGCGGACCCGCAGGCGGAGCGCAGCCTCAGGTGCCCAGGGG 

 

Figure 3.5 Methylation of individual CpG units in the Pparα promoter region in the liver of the CON and MD offspring at d1 and d110. 

A - a graphical representation of CpG unit methylation levels in the Pparα promoter region; d1 – newborn offspring, combined female and male samples, F d110 – 110 day 

old female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; * p < 0.05 – 

differences between treatment groups.  B – nucleotide sequence of the Pparα promoter region investigated in this study: CpG sites highlighted in green were available for the 

analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, square 

brackets define CpG sites that compose one CpG unit.   
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                                                      1(1)                                                             2(2)                                       3(3)                  4(4)                                          5(5)                                     

GTGACAGTCAGGGCACCAGCCGGGCCATGGGCATCTGTCTGAGGAACGTGGGACCTTCTTGGGTCGCCTCCCAGCGACTGTGAGGAGCAAGGCGGCCAGGT 
                  [6      7                  8         9](6)                        [10   11          12              13    14                               15            16                 17](7)                                    [18             

AACCAGCGCGGGGTGCCGGGCGCTGAAGAGCCACGCGGGTCTCGTGGGCGCCGGCCTCTGGTTGCGGGTGCGGGGCCTCCGGCCTCTCCCTGGGCACCGCC 

     19          20       21         22](8)              [23          24      25  26](9)            [27          28      29](10)   30(11)   [31       32      33                    34        35        36           37   38](12) 

CCCGGTCCGGCCGGGTCGCTCAGCTCGGCTCGTCCGCGGCCAGGCGGGGCGGTCGCACTCGGAGCGGCCGCCGCCTGGGGCGCTCGGGTCGGGTCGGCCGC 

39(13) 40(14)                  41(15)              [42    43](16)                             [ 44         45 ](17)                          [46    47](18)         48(11)                                                [49   50](20) 

ACGGACGCACATTGCCCGCCAAGCCGCCGCCTCAGGTCAGAGTCGCCCCGGGCCACAAGGCCCGCCGCAGGGACGCTGAAGAAGAGACCTGGGGCGCCGC 

                        [51        52](21)                                                                    53(22)                                                          54(5) 

ACTGGGGTACCGGGTCGTGTGAGGCCTGAGGGGACTGAGTGTGACGACAAGGTGACCAGGCTGAGGGGACGGGCTGAGGAGAAGTCATACTCAGACAG 

 

Figure 3.6 Methylation of individual CpG units in the Pparγ promoter region in the liver of the CON and MD offspring at d1 and d110. 

 A – a graphical representation of CpG unit methylation levels in the Pparγ promoter region; d1 – newborn offspring, combined female and male samples, F d110 – 110 day 
old female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 7; #p<0.05 – differences between age groups; * p < 0.05 – 

differences between treatment groups. 

B – nucleotide sequence of the Pparγ promoter region investigated in this study: CpG sites highlighted in green were available for the analysis, CpG sites highlighted in red 

were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, square brackets define CpG sites that 

compose one CpG unit.   
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                                                                                                                   [1            2](1)                                                                                                        3(2)                                                        

TGCCCTGTGCAGTTGTGGGTCACCTCCACACCTCCACCTGGTACCCGTGTCCGTGCCATGGCCATCTACAAGAAGTCACAACACATGACTGAGGTCGTGAGA 

4(3)                                          5(4)                                    6(5)                                                                                                                                        7(6) 
CGCTGCCCCCACCATGAGCGTTGCTCTGATGGTGACGGTGAGCACTGGGCACTGCCTGTGGGGTTAGAACTGGTTGTCCAGGGTCTCCCGGCCTCTGACTTA 

                                                                                                      8(7)                                       9(8)                                           10(9)                                  11(10)            12(11) 

TTCTTGCTCTTAGGCCTGGCTCCTCCCCAACATCTTATCCGGGTGGAAGGAAATCCGTATGCTGAGTATCTGGACGACAGGCAGACTTTTCGGCACAGCGTG 

                  13(12)                                           [14           15](13)                                                                                                                                                          [16   17](14) 

GTGGTACCGTATGAGCCACCTGAGG TCGGCTCCGACTATACCACTATCCACTACAAGTACATGTGCAACAGCTCCTGCATGGGGGGCATGAACCGCCGGCC 

                                           18(15) 

CATCCTTACCATCATCACGCTGGAAGACTCCAGGTAGGAAGCT 

 

Figure 3.7 Methylation of individual CpG units in the p53 exon 6 region in the liver of the CON and MD offspring at d1 and d110. 

A - a graphical representation of CpG unit methylation levels in the p53 exon 6 region; d1 – newborn offspring, combined female and male samples, F d110 – 110 day old 

female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; * p < 0.05 – 

differences between treatment groups. B – nucleotide sequence of the p53 exon 6 region investigated in this study: CpG sites highlighted in green were available for the 
analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, square 

brackets define CpG sites that compose one CpG unit.   

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1 2 3 4 5 6 7 8 10 11 12 13 14 15

m
et

h
yl

at
io

n
 ra

ti
o

CpG unit

CON d1

MD d1

CON F d110

MD F d110

CON M d110

MD M d110

A

B

*

*
*

*

*

*

*

 

 

 



____________________________________________________________________________________________________________ Chapter 3 

107 

 

 
 

                                                                       1(1)               2 (2)                    3(3)        [4    5                 6                7          8      9     10  11           12](4)                                             

GGGCACAGTATGTTCCCAGGGAACCCGGGACACGGGGAGGTCCGGGACGCGGTGTCCGGTCCCCGCTCGGCGGCGCGCCCTCGGGGACAGGGAGTCTGG 

13(5)                                                       14(6)            15(7)                                         [16  17]8              18(9)    19(10)                                           [20   21](11) 

GCGGGCCCTGTCCACCCTGCCAGCCCGGGAAGCGCAGAGGATCCCACCCACCGCGCCCACCACGACCCGGAGCAGTGGCAGTGGGGCGCGGGAGGAGCC                

 22(12)                   23(13)                         [24   25](14)                            [26                 27](15)                  [28         29](16)                                  30(17) 

CGCACTGTAGAGCGGCCAGTATCCCGGCGGGGTGAGGCTTACGGGGTGCCGTACATCAGACGCCCCGGAGCTGGGGGCCCCTCGACCCAGTCCACACCCA 

                                         [31                     32] (18)                                                33(19)                                                  34(20) 

GTGTAGGAAGGTGACCGGGCTGGGCCGGGCTGAGTGTACCCACTAGGGCGCATCCATTCCACTAGGAACTCCGGGGACAAGGGTGACACTTGCACCCTGAG 

 
GAATTTCGGGGATAAGGGTGATATTTGTATTTTG 

 

Figure 3.8 Methylation of individual CpG units in the Cdkn1a promoter region in the liver of the CON and MD offspring at d1 and d110. 

A – a graphical representation of CpG unit methylation levels in the Cdkn1a promoter region; d1 – newborn offspring, combined female and male samples, F d110 – 110 day 

old female offspring, M d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; * p < 0.05 – 

differences between treatment groups. B – nucleotide sequence of the Cdkn1a promoter region investigated in this study: CpG sites highlighted in green were available for 

the analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, 

square brackets define CpG sites that compose one CpG unit.   
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                                                                                                                       1(1) 

GGGTGTTCTTCTGACAGCTTGAAAACCCAGTGCTTCTGCCTGGCTCACGTCTAGCTTGTCCCTTTAT 

                                        2(2)                                                                                                 3(3)                  

TTCTGAAGGTGGGTACGAGACCTTCTACTCACAGTATCCTGAGTGCTGTGTGGATGCGAAGCCCAT 

                                           4(4)                                                                          5(5)                                       [6  

TTCACAAGAGAAGCTCGAAGGTGAGAGAGGCCTCCTCAGCCAGTGCGGAAAGCCCATTCTCAGCG

7](6)           

TCGCCTACAGACCAGCTTATGACCAGGTATGTGCTTCTCAACTGCTGCCTGCCTCTGCTCCTTCCTC 

                           [8         9](7) 

ACATCCCATTCGGTCGGGCTCTGTGTGATAAGGAAGCTAAGTGTTCTTTAGTGTGCTGCTGTAGCTT 
 

GCCTGCAGGGGCTCC 

 

 

Figure 3.9 Methylation of individual CpG units in the Dusp5 exon 2 region in the CON and MD offspring at 

d1 and d110. 

A – a graphical representation of CpG unit methylation levels in the Dusp5 exon 2 region; d1 – newborn 

offspring, combined female and male samples, F d110 – 110 day old female offspring, M d110 – 110 day old 

male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; 

* p < 0.05 – differences between treatment groups. B – nucleotide sequence of the Dusp5 exon 2 region 

investigated in this study: CpG sites highlighted in green were available for the analysis, CpG sites highlighted 

in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained 
after RNaseA digestion, square brackets define CpG sites that compose one CpG unit.   
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                                                                                                       1(1)                2(2)                              3(3)                         4(4)        5(5)                 6(6)       7(7) 

CAGAGGAAGGAAGGAGGGCCCCACTGGTCACACCACTGGCGACTGGGCGGGCACTGCATCTCCGAGAGGAAGGCGAACTCGAGGAGAGCGATCCGGAGCA 

                                                                                                     [8                          9](8)             10(9)             11(10)                                    12(11)                             [13  14](12)                           

GCATGGAGTCCTCTGCAGATAGACTAGCCAGGGCAGCGGCCCTGGGCCGTGAGCACGAGGTGCGGGCACTGCTGGAAGCCGGGGCTTCACCAAACGCCCCG 

                      [15     16](13)     17(14)   

AACACTTTCGGTCGTACCCCGATACAGGTAGGCAAGGAATGTCCCATCTGCAGTGAGATAACTTTTGTTCAAGAAGA 

 

Figure 3.10 Methylation of individual CpG units in the Cdkn2a promoter region in the liver of the CON and MD offspring at d1 and d110. 

A – a graphical representation of CpG unit methylation levels in; d1 – newborn offspring, combined female and male samples, F d110 – 110 day old female offspring, M 

d110 – 110 day old male offspring. Data are mean ± SD, all CON and MD groups n= 8; #p<0.05 – differences between age groups; * p < 0.05 – differences between 

treatment groups. B – nucleotide sequence of the Cdkn2a promoter region investigated in this study: CpG sites highlighted in green were available for the analysis, CpG sites 
highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, square brackets define 

CpG sites that compose one CpG unit. 
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3.3.5. Effects of the maternal diet on relative expression of mRNA of target genes 

in the liver of the CON and MD offspring  

Analysis of the immediate effect of the maternal methyl donor deficiency in the d1 offspring and 

a delayed effect in d110 offspring demonstrated no statistically significant differences between 

the CON and MD groups. However, there were some changes in expression that did not reach 

statistical significance. 

In the d1 MD group expression of the Pparγ gene and the Cdkn2a were downregulated by 

0.65±0.4-fold and 0.7±0.3-fold respectively (p=0.4 and 0.6 respectively), and expression of the 

Gcr and Cdkn1a genes were up-regulated by 1.8±1.1-fold and 1.4±0.6-fold in comparison with 

the CON group (p=0.32 and 0.3 respectively, Figure 3.11, A).  

In both female and male MD d110 groups, expression of the Hsd11β2 gene was 0.46±0.2-fold 

and 0.55±0.22-fold lower than in the respective CON groups (p=0.08 and 0.17 respectively; 

Figure 3.11, B and C). Similarly, expression of Pparγ and Cdkn1a mRNAs were decreased in 

the d110 MD offspring of both genders. Pparγ levels were 0.6±0.2-fold lower in the MD females 

and 0.7±0.25-fold in the MD males (p=0.4 and 0.3 respectively), and Cdkn1a levels were 

0.5±0.25-fold lower in the MD females and 0.64±0.26-fold lower in the MD males (p=0.26 and 

0.29 respectively).  
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Figure 3.11 Effect of the prenatal methyl donor deficiency on expression of target genes in the liver of the CON 

and MD offspring.  
A – newborn (d1) offspring, B – d110 female offspring, C – d110 male offspring. Results are expressed as a fold-

change in the MD group relative to the respective CON group, data are mean ± SEM, all groups n=8. 
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3.3.6. Effects of age on relative expression of mRNA of target genes in the liver of 

the CON offspring 

 

Figure 3.12 represents age-specific changes in expression of genes of interest. Data are 

expressed as fold changes in expression in female and male groups respectively relative to the 

newborn offspring (d1); the newborn offspring target gene expression was defined as one. 

Expression of the Gcr gene was significantly increased in the d110 females and males (5.8±3.9-

fold p=0.007 and 7.3±4.4-fold p=0.05 respectively). Hsd11β2 expression was also increased 

125.6±109-fold in females and 40.3±34.1-fold in males (p=0.001 and 0.003 respectively). Pparα 

mRNA levels in the CON d110 females were lower and in the CON d110 males were higher 

when compared to the d1 CON offspring (0.5±0.3-fold, p=1 and 1.8±0.9-fold, p=0.4 

respectively). A different age-related pattern was observed for expression of the Pparγ gene 

where the CON d1 offspring had significantly lower relative mRNA expression compared with 

both the CON d110 females and males (3.6±2.3-fold, p=0.04 and 8.9±5.4-fold, p=0.03 

respectively).  

No differences in expression of the p53 mRNA were detected between the d1 and d110 stages in 

female and male groups. Expression of the tumor suppressor gene Cdkn1a was decreased in the 

d110 female offspring and increased in d110 male offspring compared with the d1 CON group; 

however the difference did not reach statistical significance in the male group (0.4±0.2-fold, 

p=0.05 and 1.7±0.8-fold, p=0.4 respectively). There was a non-significant increase in relative 

expression of the Dusp5 gene in d110 females (2.4±1.0-fold, p=0.1) and statistically significant 

increase in males (2.4-fold±0.97, p=0.02. There were no age differences in mRNA expression of 

the Cdkn2a gene.  
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Figure 3.12 Age-specific changes in relative mRNA expression of target genes in liver tissue of the CON 
offspring.   

A – females, B – males;  expression of target genes in the CON offspring at d1 is defined as 1, expression of genes 

in the 110 day-old female and male offspring is calculated as a fold change relative to expression levels in the d1 

offspring; d1 n=8, d110 females n=8, except Pparγ d1 n=7; d110 females n=7, d110 males n=7; data are mean ± 

SEM, * p<0.05, **p<0.01, ***p<0.001 
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3.3.7. Correlation analysis between DNA methylation levels and relative 

expression of target genes 

An analysis was done in order to determine whether any changes in expression of target genes 

across ages correlated with methylation of individual CpG units of the corresponding regulatory 

regions. For this analysis, the combined d1 female and male and separate d110 female and male 

expression and methylation data were used. The analysis demonstrated no consistent correlations 

between methylation and expression of all genes, except Dusp5.  

Gcr  

CON females demonstrated moderate positive correlations between Gcr gene expression and 

methylation of the CpG unit 7 and CON males showed moderate negative correlations for the 

CpG unit 5. MD females and MD males demonstrated moderate negative correlations between 

gene expression and methylation of the CpG unit 9, MD males also had moderate correlations 

for the CpG unit 15; in the MD female group correlations for the same unit did not reach 

statistical significance (Table 3.7). 

Table 3.7 Correlations between relative expression of the Gcr mRNA and methylation of individual CpG units in 

the alternative promoter exon 110 of the Gcr gene.  

F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 

n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, rs – Spearman’s correlation coefficient. 

 CpG unit 1 2 5 7 8 9 13 14 15 

CON F rs 0.16 . -0.16 0.58* -0.25 0.33 -0.04 -0.05 -0.20 

 p-value 0.55 . 0.56 0.02 0.35 0.21 0.87 0.85 0.47 

CON M rs -0.09 . -0.54* 0.37 -0.27 -0.45 0.22 0.32 -0.33 

 p-value 0.75 . 0.03 0.15 0.32 0.08 0.42 0.22 0.21 

MD F rs 0.14 . -0.44 0.15 -0.29 -0.51* 0.13 0.16 -0.49 

 p-value 0.61 . 0.09 0.59 0.27 0.04 0.63 0.55 0.055 

MD M rs -0.08 . -0.12 0.32 -0.41 -0.52* 0.20 0.27 -0.54* 

 p-value 0.76 . 0.65 0.23 0.11 0.04 0.46 0.31 0.03 
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Table 3.8 Correlations between relative expression of the Hsd11β2 mRNA and methylation of individual CpG 

units in its promoter region.  

F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 

n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, **p<0.01, rs – Spearman’s correlation coefficient. 

 CpG unit 1 2 3 4 5 7 8 9 10 11 12 13 

CON F rs -0.24 0.23 -0.23 -0.48 0.08 0.12 0.15 0.32 -0.06 -0.03 0.04 0.23 

 p-value 0.37 0.40 0.39 0.06 0.77 0.66 0.57 0.22 0.84 0.90 0.90 0.39 

CON M rs -0.18 0.02 -0.66* -0.23 -0.01 -0.45 0.06 0.26 0.31 -0.27 0.69** -0.07 

 p-value 0.50 0.95 0.01 0.39 0.97 0.08 0.82 0.34 0.24 0.32 0.003 0.78 

MD F rs -0.28 -0.01 -0.26 0.11 -0.21 -0.36 -0.09 0.28 -0.04 0.09 0.50* -0.24 

 p-value 0.29 0.96 0.33 0.68 0.43 0.17 0.75 0.29 0.89 0.75 0.047 0.38 

MD M rs -0.49 0.10 -0.33 0.21 -0.31 -0.49 -0.17 -0.08 -0.01 -0.35 0.45 0.07 

 p-value 0.055 0.72 0.22 0.43 0.24 0.06 0.54 0.76 0.98 0.19 0.08 0.81 

 

 

Hsd11β2 

There were significant negative correlations between expression of the Hsd11β2 mRNA and 

methylation of the CpG units 3 and statistically significant positive correlations for the CpG unit 

12 in the CON male group. MD females demonstrated significant correlations between gene 

expression and methylation of the CpG unit 12 (Table 3.8). 

Pparα 

CON males had significant moderate positive correlations between expression of the Pparα and 

methylation of the CpG unit 7. MD females demonstrated significant moderate positive 

correlations between mRNA expression and methylation of the CpG unit13, while in the CON 

group these correlations did not reach statistical significance (Table 3.9).  

Table 3.9 Correlations between relative expression of the Pparα mRNA and methylation of individual CpG units 

in its promoter region.  

F – females, M – males, CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 
n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, rs – Spearman’s correlation coefficient. 

 CpG unit 1 7 10 11 12 13 15 16 19 20 

CON F rs 0.27 0.39 0.26 -0.22 0.15 0.49 0.01 0.10 0.09 -0.22 

 p-value 0.31 0.14 0.33 0.42 0.59 0.052 0.96 0.72 0.75 0.42 

CON M rs -0.14 0.53* 0.08 -0.31 -0.14 0.48 0.28 0.07 0.11 0.04 

 p-value 0.59 0.04 0.76 0.25 0.62 0.06 0.29 0.79 0.68 0.88 

MD F rs 0.32 0.43 -0.01 -0.38 -0.10 0.52* -0.13 -0.14 0.03 -0.22 

 p-value 0.23 0.10 0.98 0.14 0.71 0.04 0.63 0.61 0.92 0.42 

MD M rs 0.27 -0.42 0.20 0.30 0.29 -0.03 0.07 0.47 -0.17 -0.24 

 p-value 0.31 0.10 0.45 0.25 0.27 0.91 0.78 0.07 0.52 0.37 
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Pparγ 

MD males demonstrated moderate negative correlations between expression of the Pparγ mRNA 

and methylation of CpG units 1 and 15 (Table 3.10).  

Table 3.10 Correlations between relative expression of the Pparγ mRNA and methylation of individual CpG 

units in its promoter region. 

F – females, M – males; CON F group: d1 offspring n=7, d110 female offspring n=7, CON M group: d1 offspring 

n=7, d110 male offspring n=7; MD F group: d1 offspring n=7, d110 female offspring n=7, MD M group: d1 

offspring n=7, d110 male offspring n=7; * p<0.05, rs – Spearman’s correlation coefficient. 

 CpG unit 1 2 5 9 10 15 16 17 18 20 21 

CON F rs -0.06 0.25 0.11 0.34 -0.19 -0.36 0.28 -0.21 0.17 0.05 -0.17 

 p-value 0.83 0.39 0.71 0.24 0.52 0.20 0.33 0.47 0.55 0.86 0.57 

CON M rs -0.44 0.13 -0.18 0.40 -0.21 0.00 -0.02 -0.28 0.13 -0.33 -0.35 

 p-value 0.12 0.65 0.53 0.15 0.48 0.99 0.94 0.33 0.65 0.25 0.23 

MD F rs -0.39 0.04 0.10 0.52 0.52 -0.46 0.25 0.23 0.27 -0.07 0.47 

 p-value 0.16 0.88 0.74 0.06 0.06 0.10 0.40 0.43 0.35 0.80 0.09 

MD M rs -0.60* -0.52 -0.41 -0.11 0.10 -0.61* -0.14 -0.08 0.16 -0.16 -0.09 

 p-value 0.02 0.06 0.14 0.71 0.72 0.02 0.63 0.80 0.59 0.59 0.76 

 

P53 

CON females demonstrated significant negative correlations between expression of the p53 gene 

and methylation of the CpG unit 15 (Table 3.11). 

Table 3.11 Correlations between relative expression of the p53 mRNA and methylation of individual CpG units 

in the p53 exon6.  

F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 
n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, rs – Spearman’s correlation coefficient. 
 CpG unit 1 2 3 4 5 6 7 8 10 11 12 13 14 15 

CON F rs -0.29 -0.23 -0.40 -0.37 -0.35 -0.28 -0.33 -0.35 -0.19 -0.27 -0.31 0.02 -0.22 -0.50* 

 p-value 0.28 0.40 0.12 0.16 0.18 0.29 0.22 0.18 0.48 0.32 0.25 0.95 0.41 0.05 

CON M rs -0.33 -0.34 -0.31 -0.41 -0.39 -0.28 -0.34 -0.43 -0.13 -0.16 -0.34 -0.09 -0.18 -0.34 

 p-value 0.21 0.20 0.24 0.11 0.13 0.29 0.20 0.10 0.62 0.55 0.19 0.75 0.51 0.20 

MD F rs 0.02 0.14 -0.30 0.34 0.25 -0.09 -0.04 -0.34 -0.14 -0.24 0.22 -0.50 -0.27 -0.02 

 p-value 0.93 0.61 0.25 0.20 0.36 0.74 0.88 0.20 0.60 0.38 0.41 0.05 0.32 0.94 

MD M rs 0.21 0.30 0.18 0.34 0.24 0.21 0.11 0.12 0.09 0.24 0.04 0.32 0.24 0.25 

 p-value 0.44 0.27 0.49 0.20 0.38 0.43 0.68 0.67 0.74 0.38 0.87 0.22 0.36 0.34 
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Cdkn1a 

The analysis in the CON female group demonstrated moderate positive correlations between 

Cdkn1a mRNA expression and methylation of the CpG unit 5 and negative correlations with the 

CpG unit 15. CON males demonstrated moderate positive correlations between gene expression 

and methylation of the CpG units 6 and moderate negative correlations between gene expression 

and methylation of the CpG unit 15. MD females had moderate negative correlations between 

mRNA expression and methylation of the CpG units 6 and 11 (Table 3.12).  

Table 3.12 Correlations between relative expression of the Cdkn1a mRNA and methylation of individual CpG 

units in the Cdkn1a promoter region.  

F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 

n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, rs – Spearman’s correlation coefficient. 

 CpG unit 1 2 5 6 11 14 15 17 18 20 

CON F rs -0.05 0.03 0.58* 0.17 -0.37 -0.16 -0.62* 0.21 -0.22 0.20 

 p-value 0.85 0.91 0.02 0.52 0.16 0.54 0.01 0.43 0.40 0.46 

CON M rs -0.38 -0.27 0.26 0.66* -0.43 -0.26 -0.53* 0.16 -0.07 0.18 

 p-value 0.15 0.31 0.33 0.01 0.10 0.34 0.03 0.56 0.78 0.51 

MD F rs -0.17 0.26 0.30 -0.50* -0.53* 0.08 -0.02 -0.39 -0.07 -0.01 

 p-value 0.52 0.34 0.25 0.05 0.03 0.77 0.95 0.14 0.80 0.96 

MD M rs 0.02 -0.06 0.24 -0.12 -0.04 -0.35 0.06 -0.10 0.11 -0.10 

 p-value 0.96 0.82 0.37 0.67 0.87 0.18 0.83 0.70 0.68 0.71 

 

Dusp5 

Correlation analysis demonstrated positive moderate to strong correlations between methylation 

of the CpG unit 6 and Dusp5 mRNA expression in all CON and MD males and females (Table 

3.13). However, these correlations did not reach statistical significance in the MD female group. 

CON females also showed moderate correlations between Dusp5 expression and methylation of 

the CpG unit 5, correlations for the same CpG unit 5 in the CON male group did not reach 

statistical significance. 
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Table 3.13 Correlations between relative expression of the Dusp5 mRNA and methylation of individual CpG 

units in the Dusp5 exon 2.  

F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 

n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, rs – Spearman’s correlation coefficient. 

 CpG unit 1 4 5 6 

CON F rs 0.05 -0.12 0.53* 0.63** 

 p-value 0.84 0.65 0.04 0.01 

CON M rs 0.41 -0.21 0.48 0.77** 

 p-value 0.11 0.44 0.06 0.001 

MD F rs 0.26 -0.11 0.04 0.44 

 p-value 0.34 0.70 0.88 0.09 

MD M rs 0.22 -0.28 0.10 0.56* 

 p-value 0.42 0.29 0.70 0.02 

 

Cdkn2a 

CON females had statistically significant moderate negative correlations between methylation of 

the CpG unit 7 and Cdkn2a mRNA expression. CON males demonstrated moderate positive 

correlations for the CpG unit 11. MD females had moderate positive correlations for the CpG 

unit 5, and MD males had strong positive correlations for the CpG unit 12 (Table 3.14).  

 

Table 3.14 Correlations between relative expression of the Cdkn2a mRNA and methylation of individual CpG 

units in the Cdkn2a promoter region.  
F – females, M – males; CON F group: d1 offspring n=8, d110 female offspring n=8, CON M group: d1 offspring 

n=8, d110 male offspring n=8; MD F group: d1 offspring n=8, d110 female offspring n=8, MD M group: d1 

offspring n=8, d110 male offspring n=8; * p<0.05, **p<0.01, rs – Spearman’s correlation coefficient. 

 CpG unit 1 2 3 4 5 7 8 10 11 12 13 14 

CON F rs -0.02 -0.07 -0.01 -0.12 0.33 -0.52* -0.27 0.07 0.15 -0.19 0.18 -0.08 

 p-value 0.95 0.78 0.98 0.65 0.21 0.04 0.31 0.80 0.57 0.49 0.51 0.76 

CON M rs -0.16 -0.13 0.12 0.22 0.05 -0.06 -0.40 0.04 0.51* -0.05 0.30 0.14 

 p-value 0.54 0.63 0.65 0.42 0.87 0.83 0.13 0.88 0.04 0.86 0.26 0.61 

MD F rs 0.26 0.29 0.43 -0.17 0.68** -0.01 0.17 0.15 0.30 0.44 0.00 -0.03 

 p-value 0.33 0.28 0.10 0.53 0.004 0.98 0.52 0.57 0.26 0.09 1.00 0.92 

MD M rs 0.18 0.45 0.10 -0.12 0.47 -0.14 0.24 0.21 -0.04 0.72** 0.16 0.09 

 p-value 0.51 0.08 0.70 0.66 0.07 0.61 0.37 0.43 0.88 0.002 0.55 0.74 
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3.4. Discussion  

The first part of this section examines whether the prenatal methyl donor deficient diet had either 

immediate or long-term effects on expression and methylation of these genes of interest in the 

newborn (d1) offspring and young adult (d110) female and male offspring. The second part 

discusses results of the experiments that were conducted in order to determine whether 

expression and methylation of a set of target genes had any postnatal developmental changes 

within liver tissue. 

3.4.1. Effects of the maternal methyl donor deficiency on methylation and 

expression of target genes 

The global DNA methylation levels were significantly downregulated in the MD d1 offspring 

and d110 MD females as compared with their respective CON groups. The male MD group was 

completely unaffected. However, no correlations between levels of global and individual gene 

methylation were detected, leading to the conclusion that global DNA methylation is not 

indicative of methylation levels of specific genes.  

3.4.1.1. Glucocorticoid signaling 

This study investigated effect of the maternal MD diet on methylation and expression of two 

genes, which products are involved in corticosterone signaling – glucocorticoid receptor (Gcr) 

and 11 beta-hydroxysteroid dehydrogenase type 2 (Hsd11β2). Glucocorticoid receptor on 

binding of corticosterone acts as a transcription factor through binding to responsive DNA 

elements or interaction with other transcription factors (Tronche, Kellendonk, Reichardt, & 

Schutz, 1998). The MD d1 offspring had an increase in methylation of one CpG unit, but the 

overall methylation was not affected. Expression of the Gcr mRNA was increased in the d1 MD 

offspring, but this increase was not statistically significant due to high variability in expression 

levels. Only MD d110 females demonstrated significant changes in overall DNA methylation of 

the Gcr exon110 region, with a decrease in methylation of individual CpG units 8 and 9. Despite 

differences in methylation between the MD and CON females, no changes in expression of the 

Gcr mRNA were found. It is possible that methylation of this region is not involved in 

regulation of expression of the Gcr gene, which was confirmed by results in this study for age-

related changes in Gcr mRNA expression and no changes in methylation of Gcr exon 110. The 



_____________________________________________________________________  Chapter 3 

120 

 

methylation levels of this gene were very low in general, which questions the biological 

significance of a decrease in its methylation.  

A previous study demonstrated that Gcr mRNA expression was significantly up-regulated in the 

livers of growth restricted 1 day old offspring of mothers who had undergone uterine artery 

ligation at day 19 of gestation (Baserga et al., 2005). Therefore, a comparison between the 

Baserga and colleagues study (2005) and the present work indicates that the uterine artery 

ligation and prenatal methyl donor deficiency do not have the same immediate effect on 

glucocorticoid receptor expression, and it is unlikely that abnormal methylation of Gcr exon 110 

is responsible for changes in gene expression in their model. 

A study in rats has demonstrated that a protein deficient diet administered to dams during 

pregnancy resulted in average hypomethylation of the Gcr exon 110 promoter in 80 day old male 

offspring (female offspring were not studied) of protein restricted mothers. However, their 

mRNA expression was not significantly changed (Burdge et al., 2007). The present data and 

Burge and colleagues (2007) studies, indicate that inadequate maternal nutrition during 

pregnancy can have a similar long term effect on methylation of the Gcr exon110 promoter, with 

no detectable effect on expression of this gene. However, the effect of maternal methyl-donor 

deficiency on methylation appears to be gender-specific. It is difficult to draw a conclusion 

about gender effects of prenatal protein deficiency, since females were not investigated in Burge 

and colleagues study (2007). Nevertheless, a study of the protein-deficient offspring of both 

genders at the postweaning stage demonstrated significant changes in methylation of the same 

region in both females and males (Lillycrop et al., 2005), which could indicate that females were 

also affected at 80 days of age. One of the possible explanations for the absence of abnormal 

expression of the Gcr gene in the MD females in the presence of changed methylation could be 

unaltered histone modification. It has been shown in d34 rat offspring of protein restricted 

mothers that an increase in expression of the Gcr mRNA was associated with decreased 

methylation of the promoter region, as well as increased acetylation of H3K9 and H4K9, and 

methylation of H3K4 (Lillycrop et al., 2007). These changes are known to facilitate 

transcription. The same study demonstrated that the protein deficient offspring had lower levels 

of dimethylation of histone H3 lysine 9; di-methylaiton of H3K9 normally suppresses 

transcription (Lillycrop et al., 2007). It would be of interest to investigate in future studies 

whether d110 MD females had any alteration in histone modification of the Gcr exon 110, and 

whether induction of changes of histone modification in the female d110 MD offspring could 

lead to altered gene expression. 
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Recently, it has been shown that expression of Gcr in normal aorta tissues decreases from 3 to 

12 month stage (Tarry-Adkins, Martin-Gronert, Chen, Cripps, & Ozanne, 2008). It would be of 

interest to investigate if the same age-related decrease in Gcr could be observed in this study, 

and whether prenatal methyl donor deficiency could have a long-term effect on methylation and 

expression of this gene in aged animals. 

This study detected mRNA expression of the Hsd11β2 gene in the liver, although at low levels. 

This gene is known to be expressed in mineralocorticoid target tissues, such as kidney (Agarwal, 

Mune, Monder, & White, 1994; Edwards et al., 1988) where it regulates signaling of 

glucocorticoids by converting active corticosterone to its inactive 11-keto metabolites 

(Krozowski et al., 1999). It thus allows a less abundant circulating aldosterone to bind to 

mineralocorticoid receptors (Edwards et al., 1988; Funder et al., 1988).  Expression of this gene 

has not been studied in the liver since most studies did not find detectable levels of its mRNA 

using techniques such as Northern blotting or ribonuclease protection assay (Condon, Ricketts, 

Whorwood, & Stewart, 1997; X. L. Moore, Hoong, & Cole, 2000).  However, another study, 

which used Northern blot analysis of Hsd11β2 mRNA expression (Alikhani-Koopaei et al., 

2004) or Western blot analysis of expression of Hsd11β2 enzyme (R. E. Smith, Li, Andrews, & 

Krozowski, 1997) did find low levels of this enzyme in rat liver tissue, thus confirming the 

results of the present study. Currently, the biological function of this gene in the liver is 

unknown. Nevertheless, some studies demonstrated expression of Hsd11β2 in non-

mineralocorticoid target tissue such as the brain (Roland, Li, & Funder, 1995). It is possible that 

this enzyme plays a role in limiting the effects of glucocorticoid receptor activation in liver 

tissues. 

Expression of the Hsd11β2 gene was consistently decreased in male and female d110 MD 

groups, although data did not reach statistical significance. In general, methylation levels of the 

promoter region were very low in all groups investigated in this experiment. No differences in 

overall methylation were detected between all CON and MD groups. However, Hsd11β2 

methylation of two individual CpG units was affected in d110 MD females, and methylation of 

one CpG unit was decreased in MD males. It is difficult to draw a conclusion on the biological 

significance of these changes due to very low levels of methylation. Moreover, there were no 

consistent significant correlations between expression of this gene and methylation of individual 

CpG units. These results together with results obtained from studying age-related methylation 

and expression of this gene point toward a conclusion that changes in methylation of those CpG 

units were not involved in regulation of expression of the Hsd11β2 gene. Studies in the protein 
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deficient rat model demonstrated a consistent decrease in expression of this gene in kidney tissue 

of the adult offspring of protein-deficient mothers (Bertram, Trowern, Copin, Jackson, & 

Whorwood, 2001). Therefore, it is possible that a tendency for decreased expression of the 

Hsd11β2 in the adult MD offspring of the present study was a true result of the effect of the 

maternal diet. 

3.4.1.2. Lipid metabolism 

There were no differences between the CON and MD offspring in relative expression of the 

Pparα gene in the d1, d110 female and d110 male offspring groups. The absence of differences 

in expression of Pparα mRNA between the CON and MD groups was associated with no 

statistically significant differences in overall methylation of the promoter region of this gene in 

all groups. The MD offspring demonstrated an increase in methylation of one individual CpG 

unit at the d1 stage, an increase in methylation of a different CpG unit in the d110 female group, 

and a decrease in methylation of the same CpG unit in d110 males and females. In addition, the 

MD males showed a decrease in methylation of another CpG unit. Previous studies demonstrated 

that a protein-deficient diet during gestation led to decreased methylation of the Pparα promoter 

in 80 day old male offspring, which was not associated with significant changes in its mRNA 

expression (Burdge et al., 2007; Lillycrop et al., 2008). The results of the previous and present 

studies, taken together, indicate that different types of prenatal undernutrition have different 

effects on expression of Pparα mRNA, and abnormal one carbon metabolism may possibly not 

underlie changes in methylation and expression of this gene in the protein deficient offspring. 

However, it is of interest that the MD d110 males demonstrated a significant decrease in 

methylation of the same CpG unit that was shown to be hypomethylated in 80 day old male 

offspring of protein restricted mothers (Lillycrop et al., 2008). Furthermore, the same CpG unit 

was hypermethylated in the d110 MD female group. This possibly indicates that methylation of 

this particular CpG unit is sensitive to long term prenatal nutrition effects, and the MD diet has a 

sex-specific effect on its methylation. This finding also indicates that differences in the 

methylation of one CpG unit are not sufficient to cause alterations in gene expression.  

The d1 MD offspring and d110 female and male offspring demonstrated a non-significant, but a 

consistent decrease in expression of the Pparγ gene, in comparison to the respective CON 

groups. Overall or individual CpG unit Pparγ methylation was unchanged in all MD groups as 

compared to the CON offspring, except for a hypomethylation of one CpG unit in the d1 MD 
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group. No significant changes in methylation or expression of the Pparγ gene were observed in 

the study conducted on a rat model of prenatal protein deficiency (Lillycrop et al., 2005), which 

possibly indicates that the methyl donor deficiency used in this study and protein deficiency 

have a similar effect, that is, no effect on regulation of this gene. Pparα is a transcription factor 

that regulates the expression of a number of genes involved in the utilization of fatty acids, 

acting as a sensor of lipid status in a cell (Aldridge, Tugwood, & Green, 1995; Gulick, Cresci, 

Caira, Moore, & Kelly, 1994; Issemann & Green, 1990; Keller et al., 1993; S. S. Lee et al., 

1995; Rodriguez, Gil-Gomez, Hegardt, & Haro, 1994; Tugwood et al., 1992). The role of Pparγ 

in the liver has not been extensively studied; however, it is known that the product of this gene 

regulates the expression of genes involved in lipid storage and glucose metabolism in 

adipocytes, and regulates their differentiation (Castelein et al., 1994; Hamm, el Jack, Pilch, & 

Farmer, 1999; Motojima, Passilly, Peters, Gonzalez, & Latruffe, 1998; Tontonoz, Hu, Graves, 

Budavari, & Spiegelman, 1994). A high fat diet was shown to induce increased expression of 

Pparα in liver tissues of normal (Patsouris, Reddy, Muller, & Kersten, 2006) and Pparγ in liver 

tissue of obese mice (Vidal-Puig et al., 1996). Based on this knowledge, another aspect that 

could be investigated in future studies is whether maternal methyl donor deficiency had an effect 

on induction of the expression of Pparα and Pparγ. Although expression of these genes was 

largely unchanged in the MD offspring in comparison to the CON offspring, it could be 

hypothesized that the maternal diet programmed the offspring for an abnormal expression of 

these genes in response to a high fat diet, and this hypothesis requires further investigations. 

3.4.1.3. Status of glucocorticoid and lipid metabolism pathways in connection to the 

MD offspring phenotype 

Abnormal glucocorticoid signaling in the liver contributes to the development of pathological 

conditions associated with the metabolic syndrome, such as glucose intolerance, insulin 

resistance via increased glucose output (Qi & Rodrigues, 2007) or fatty liver (Lemke et al., 

2008). The activity of Pparα was also thought to contribute to negative effects of deranged 

glucocorticoid signaling in the liver on glucose metabolism and hypertension (Bernal-Mizrachi 

et al., 2003; Bernal-Mizrachi et al., 2007). Both the Pparα and Pparγ genes are over-expressed 

in the liver tissue of obese mice (Memon et al., 2000). The present study did not find any 

abnormalities in the expression of these genes involved in glucocorticoid and lipid metabolism 

in the liver. These results are in agreement with the phenotypic results described in Chapter 2 of 
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this thesis, where it was shown that the MD offspring did not demonstrate any overt signs of 

metabolic syndrome in the adulthood despite being growth retarded at birth. However, these 

genes demonstrated some age-specific changes in expression postnatally, which suggests that 

they may be susceptible to environmental influences during the postnatal period of development. 

It could be hypothesized that a postnatal diet has a long-term effect on regulation of expression 

of these target genes that could lead to development of the metabolic syndrome in adults. It has 

been shown that programming 3 day old rats with postnatal overfeeding throughout lactation 

resulted in an increased expression of Gcr mRNA in the liver and decreased expression of the 

Hsd11β1, a sister enzyme of Hsd11β2 in the 5 month old rats (Boullu-Ciocca, Achard, Tassistro, 

Dutour, & Grino, 2008). Moreover, post-natal overfeeding led to alterations in the expression of 

the Pparγ mRNA in adipose tissue (Boullu-Ciocca et al., 2008). Since Gcr, Pparα and Pparγ 

were shown to be regulated by other epigenetic mechanisms, besides DNA methylation (Leader, 

Wang, Fu, & Pestell, 2006; Lillycrop et al., 2007), it would be of interest to investigate in future 

studies, whether prolonged administration of the MD diet after birth during postnatal 

development, or administration of a different type of abnormal diet (e.g. high fat) during 

postnatal development, can have an effect on epigenetic regulation of expression of these genes.  

3.4.1.4. Cell cycle and cell survival regulation (tumor-suppressor genes) 

The tumor suppressor p53 is a transcription factor, known to be involved in regulation of cell 

cycle progression as well as regulation of apoptosis and cell senescence, with p21 being one of 

the main downstream target of this protein (Bargonetti & Manfredi, 2002). The real time PCR 

analysis of mRNA expression of the p53 gene demonstrated no statistically significant 

differences in expression of this gene between CON and MD groups at all ages. Overall, 

methylation of the p53 exon 6 was significantly decreased in the MD d110 female group, with 5 

individual CpG units having a significant decrease in methylation levels compared with the 

CON female group. In the MD d110 male group, methylation of this region was only affected at 

the individual CpG unit level, with hypermethylation of one CpG unit and hypomethylation of 

another CpG unit. This finding is of particular interest, since it has been shown that methylation 

of the same p53 gene DNA region was decreased in the liver preneoplastic nodules in adult male 

rats receiving a methyl donor-deficient diet (Pogribny et al., 1997). This finding indicates that a 

maternal methyl donor deficient diet had a long term effect on processes that regulate 

methylation of this DNA fragment in adult females. Although expression of this gene was not 

changed, it is possible that these changes in methylation made the MD offspring more 
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susceptible to the development of hepatic cancer. However, it has to be mentioned that different 

CpG units were affected when compared between this study and Pogribny and colleagues study 

(1997). They used males in their study; therefore, it could be hypothesized that prenatal and 

postnatal methyl donor deficiency affects methylation of different regions of this gene and 

possibly have different effects on genders.  

Even though a comparison between female and male groups was not an aim in the present study, 

methylation of p53 was higher in the CON female than in the CON male offspring. The decrease 

in methylation in the MD female group reduced this to the levels of methylation in males. The 

biological significance of these differences in methylation, and their impact on gene regulation is 

yet to be elucidated. 

 Studies in a rat model of bilateral uterine ligation demonstrated a decrease in methylation of the 

p53 gene exon 6 in kidney of the newborn undernourished offspring (Pham et al., 2003), as well 

as downregulation of expression of this gene (Baserga et al., 2005), indicating that inadequate 

intrauterine environment can affect its methylation and expression. The newborn MD offspring 

in this study did not show any differences in methylation of p53 exon 6 region, which suggests 

that bilateral artery ligation and a diet deficient in methyl donors differ in their immediate effect 

on methylation and mRNA expression of this gene. 

No significant changes in relative expression of the tumor-suppressor gene Cdkn1a, coding for a 

member of CIP1/WAF1 family of cell cycle inhibitors, the p21 protein (Harper et al., 1993), was 

detected in all MD groups investigated in this experiment. Its methylation was affected by the 

maternal diet in the MD d110 males, which showed statistically significant changes in overall 

methylation of the region, with one individual CpG unit being significantly hypomethylated and 

another one hypermethylated in comparison to the CON groups. The d1 MD offspring had a 

tendency for differences in overall methylation of the region compared with the d1 CON group, 

with significant hypomethylation of one individual CpG unit. The Cdkn1a region studied in this 

experiment included the same fragment of DNA that was shown to be affected by 5-Azacytidine 

treatment in Rat-1 cells (Allan et al., 2000). It has been suggested that methylation of the CpG 

site located in Sp1 transcription factor binding site or surrounding the Sp1-binding site could be 

involved in the regulation of gene expression (Allan et al., 2000; Holler, Westin, Jiricny, & 

Schaffner, 1988; Zhu et al., 2003). In this study, there were no changes detected in the 

methylation of the CpG unit 5, which contained that binding site, nor were there changes in the 

CpG units surrounding this site. The present study demonstrated very low methylation levels in 
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the Cdkn1a promoter region, which raises the question of significance of any differences in 

methylation between the MD and CON groups. Further studies would be required to determine 

whether such subtle changes in methylation, especially hypomethylation of low methylated sites, 

could be translated into changes in gene expression. It has been shown before that a protein 

deficient diet administered two weeks before mating and throughout pregnancy had no effect on 

expression of the Cdkn1a gene in the liver of fetuses at e21 (Maloney et al., 2005), which is 

similar to the results of this study where no changes in expression of this gene were observed in 

the newborn offspring. This indicates that, at least at this stage, protein deficiency and methyl 

donor deficiency have similar effects on expression of this gene.  

In this study, no statistically significant changes in the relative expression of the Dusp5 mRNA 

between the CON and MD groups were detected. The maternal methyl donor deficiency affected 

the levels of overall methylation of Dusp5 gene in d110 MD females, with both increases and 

decreases in methylation of individual CpG units detected in this region. Studies of a bilateral 

uterine ligation rat model demonstrated that the IUGR newborn offspring and d120 male 

offspring had a decrease in the average as well as individual CpG unit methylation (Q. Fu et al., 

2006). In contrast to the present study, the average methylation in the IUGR females was not 

affected, and the CpG site that they found to be hypermethylated in the IUGR females (Q. Fu et 

al., 2006), was hypomethylated in this study. These results indicate that changes in maternal 

intrauterine environment, whether it is methyl donor deficient diet or uterine artery ligation, may 

have an effect on methylation of the Dusp5 gene. However, different changes in the intrauterine 

environment affect methylation of this gene in a different fashion. The present study and Fu and 

colleagues (2006) study demonstrated that methylation and expression pattern of the Dusp5 gene 

continue to be established after birth, possibly making it more vulnerable to environmental 

insults. It would be of interest to explore whether dietary intervention during postnatal period 

could have a more pronounced effect on methylation and expression of this gene. 

It is well known that p53 induces cell cycle arrest and apoptosis, mediating its function through 

several downstream targets, with p21 being the most extensively characterized (el-Deiry et al., 

1994; el-Deiry et al., 1993). Dusp5 was shown to be regulated by p53 as well, leading to 

suppression of cell growth (Ueda et al., 2003). Studies have demonstrated that at least p53 and 

p21 are involved in the normal processes of aging (J. P. Brown, Wei, & Sedivy, 1997; 

Donehower, 2002; U. Herbig, Jobling, Chen, Chen, & Sedivy, 2004), and their expression is 

changed in chronic late onset diseases such as liver cirrhosis (Albrecht, Meyer, & Hu, 1997; 

Livni et al., 1995). Although the MD offspring that had changes in DNA methylation did not 
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show any significant alterations in mRNA expression, it could be hypothesized that those 

changes may lead to abnormal gene regulation later when animals reach old age or if they 

develop chronic liver disease. In future studies, levels of expression and methylation of these 

tumor suppressor genes could be investigated in older MD animals, in order to determine 

whether regulation of expression of these genes was affected as the animals aged, or whether 

they show an increased rate of development of chronic liver conditions.  

Messenger RNA expression of another tumor suppressor gene, Cdkn2a, which belongs to a 

different group of INK/ARF cell cycle inhibitors (Robertson & Jones, 1999), was not different 

between the CON and MD groups. No differences in overall methylation of the studied region 

were detected in all groups investigated in this experiment. One individual CpG unit was 

significantly hypomethylated in the d1 MD group in comparison to the d1 CON group. The d110 

MD female and male group each exhibited statistically significant hypermethylation of one CpG 

unit, which was different in each group. It has been shown before that arsenic, a known 

hepatocarcinogen, given to mouse dams during pregnancy could cause a decrease in expression 

of the Cdkn2a gene in livers of affected offspring, thus indicating that the intrauterine 

environment can have an effect on expression of tumor suppressor genes in the offspring (J. Liu 

et al., 2006). The observed differences in methylation of the Cdkn2a promoter region could be 

indicative of age and gender-specific effects of the maternal diet on methylation of the promoter 

region of this gene. However, the biological significance of changes in methylation of a single 

CpG unit is unknown. Expression of the Cdkn2a gene significantly increases in old animals, and 

has been considered to be a marker of aging (Krishnamurthy et al., 2004). One of the hypotheses 

on aging suggests that failing functioning and homeostasis of tissues in the aged organism is a 

result of accumulation of senescent cells (S. Kim, Kaminker, & Campisi, 2002). Senescent cells 

are a result of permanent arrest of cell proliferation, which impairs regeneration in the aging 

organism. Senescence was shown to be induced by a variety of mechanisms, including DNA 

damage and cellular stress (Q. M. Chen et al., 1998; Reaper, di Fagagna, & Jackson, 2004). It 

has been suggested that p16 directly affects the regenerative processes during aging (Sharpless, 

2004), and it could be hypothesized that its aberrant expression in aging animals could affect the 

quality or rate of aging. Abnormal expression of p16 has been implicated in a number of 

diseases including cardiomyopathy (Chimenti et al., 2003), Alzheimer (Arendt, Rodel, Gartner, 

& Holzer, 1996; Luth, Holzer, Gertz, & Arendt, 2000) and different types of cancer (Herath, 

Leggett, & MacDonald, 2006; Ruas & Peters, 1998). Future studies could be designed to 

investigate whether maternal methyl donor deficiency would affect methylation and expression 
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of this gene in older animals, when its expression normally increases. It could be hypothesized 

that the observed hypermethylation in the MD d110 offspring is the first step in the effect of the 

maternal diet on epigenetic regulation of this gene. Therefore, it would be of interest to 

investigate whether this hypermethylation could have spread to other CpG units in older animals, 

and whether it had an effect on expression of this gene.  

3.4.2. Age-specific methylation and expression patterns of target genes 

This study demonstrated that CON female 110 day old offspring had significantly higher global 

DNA methylation in normal liver tissue when compared with d1 offspring. No differences were 

detected in the male group. However, this study found significant changes in overall specific 

methylation of the Dusp5, Cdkn2a, and p53 genes in both males and females and the Hsd11β2 

gene only in males from d1 to d110 of age. In addition, this study demonstrated that methylation 

of individual CpG units in other genes changed over time. The Pparα gene had a statistically 

significant decrease in methylation of the CpG unit 13 in both females and males, and Pparγ 

methylation of the CpG unit 1 was decreased in d110 males as compared with d1 offspring. 

These changes in global and individual gene methylation suggest that establishment of 

methylation patterns in the genome continues after birth, in contrast to general view that 

methylation pattern of a genome is established around the implantation time (Santos & Dean, 

2004). Interestingly, even though global DNA methylation in the CON d1 offspring was lower 

as compared with the CON d110 female group, a correlation analysis between global DNA 

methylation levels for each group and methylation of individual CpG units or average 

methylation of the each studied specific gene region did not show any significant correlations 

(Appendix II). This result indicates that changes in global DNA methylation levels do not have a 

direct relationship with methylation of individual CpG units. This is confirmed by the fact that 

changes in methylation of individual genes were observed in males, which did not have any 

increase or decrease in global DNA methylation levels.  

3.4.2.1. Corticosterone signaling 

Results of this study demonstrated a significant increase in expression of the Gcr gene from d1 

to d110 in females and males; however, no changes in methylation of the Gcr promoter exon 110 

were observed.  The increase in expression of the Gcr gene is in agreement with results from 

another study that demonstrated increases in Gcr protein levels in the liver tissue of Wistar rats 

between the newborn and weaning stages, with no further increases in adulthood (van der 
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Meulen & Sekeris, 1973). Since an absence of changes in methylation was associated with a 

marked increase in expression of Gcr mRNA, these results demonstrate that, in contrast to 

conclusions from previous studies (Lillycrop et al., 2005), DNA methylation of the investigated 

region is not involved in regulation of Gcr expression in liver tissues. 

Expression of another member of the glucocorticoid signaling pathway, the Hsd11β2 gene was 

significantly increased in the liver of both female and male offspring at d110 stage compared 

with the levels in the d1 offspring. At the same time, no consistent significant correlations of 

methylation of individual CpG units of this gene with its mRNA expression levels were 

observed. Only CON d110 males in this study demonstrated significant differences in overall 

methylation of Hsd11β2 when compared with d1 offspring. Changes in expression in both 

female and male groups and changes in methylation only in the male group, lead to the 

conclusion that methylation of the region of the Hsd11β2 gene analyzed in this study is not 

involved in regulation of this gene expression. This observation contradicts previous reports 

where studies in a rat demonstrated an increase in expression of Hsd11β2 mRNA in various 

tissues, including the liver, in response to a treatment with a demethylating agent, and showed a 

decrease in methylation of this gene promoter using the methylation-sensitive restriction enzyme 

digestion method (Alikhani-Koopaei et al., 2004). It has been suggested that methylation of 

Sp1/Sp3 binding sites could be involved in regulation of expression of this gene (Alikhani-

Koopaei et al., 2004). However, this study did not find any differences in methylation of the 

CpG unit 7, which contains an Sp1-binding site.  

Even though this study did not show consistent significant changes in methylation of both of 

these genes that could be related to increase in mRNA expression, the possibility of involvement 

of methylation of other unknown regulatory regions cannot be dismissed.  

The results of this study indicate that, during postnatal development, normal physiological 

changes in the liver include increased expression of the Gcr and Hsd11β2 genes, which are most 

likely associated with increased concentration of circulating corticosterone in the plasma of 

postweaned rats (Daniels, Hardy, Malinowska, & Nathanielsz, 1973; Nunez et al., 2008). These 

changes in corticosterone signaling pathways possibly reflect increased requirements of the 

products of these genes for maintaining organism homeostasis, and their functions in the liver 

such as mobilisation of glucose in response to stress (Ottaviani & Franceschi, 1996). Changes in 

expression of Gcr and Hsd11β2 could indicate that regulation of expression of these genes 

during postnatal period is susceptible to environmental effects, and is not limited to the prenatal 
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development as has been shown before (Lillycrop et al., 2005). Further investigations are 

required to determine whether protein expression of the Gcr and Hsd11β2 follows the mRNA 

expression pattern in the liver, as well as the biological role of these changes and the biological 

role of Hsd11β2 expression in the liver. 

3.4.2.2. Lipid metabolism 

This experiment demonstrated changes in expression of two peroxisome proliferator-activated 

receptors, alpha and gamma, in liver tissue of d110 female and male offspring as compared to d1 

offspring. No statistically significant differences in overall methylation of the promoter region of 

these two genes were detected. 

 There was a trend for decreased relative mRNA expression of Pparα in d110 females; d110 

males demonstrated non-significant almost 2-fold increase in expression of this gene in 

comparison to the d1 group of offspring. Previous studies have demonstrated a decrease in 

expression of this gene from fetal and newborn stages to adulthood (Panadero, Herrera, & 

Bocos, 2000, 2005). In contrast, another study has shown high levels of expression of this gene 

in the adult liver in comparison to perinatal stages (Beck et al., 1992). However, neither of these 

studies indicated whether they measured expression in female or male rats. The present study 

might suggest that the discrepancy between Panadero and colleagues (2000, 2005) and Beck and 

colleagues (1992) studies could be explained by the sex of the animals used for the experiments. 

Indeed, it has been demonstrated in a number of studies in both mice and rats that expression of 

the Pparα mRNA and protein is considerably lower in adult females as compared with adult 

males (Ciana et al., 2007; Djouadi et al., 1998; Jalouli et al., 2003), confirming the results of this 

study, where a 3.5-fold difference (p=0.04) between Pparα mRNA expression in females and 

males was observed. It has to be noted that the newborn group consisted of combined female and 

male liver samples due to a small size of tissue available for experiments. Therefore, it is 

difficult to judge whether sex-specific differences in expression of this gene were apparent at 

birth. It has been demonstrated that sex-specific levels of expression of Pparα in adults are 

regulated by sex hormones directly (Djouadi et al., 1998; Jalouli et al., 2003). Sex hormone 

levels rise at the time of onset of puberty in both females and males (Chowen, Frago, & Argente, 

2004). Therefore, it could be suggested that expression of Pparα did not differ between genders 

at the d1 stage. However, it would be of interest to investigate in future studies whether 

differences in expression of this gene are detectable in the newborn rat. 
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Only one CpG unit showed decreased methylation between d1 and d110 in both females and 

males. It is unlikely that this change was involved in developmental regulation of expression of 

the Pparα gene, unless this decrease in methylation of one unit could have a negative effect on 

Pparα in females and positive effect on expression of this gene in males. 

In contrast to Pparα sex-specific pattern of developmental expression, the Pparγ gene expression 

was significantly increased in both female and male d110 offspring compared with d1 offspring. 

No statistically significant overall or individual CpG unit methylation changes were detected in 

the Pparγ promoter region, except a decrease in methylation of one CpG unit from d1 to d110 in 

the male group. These results also show that methylation of the specific regions, investigated in 

this study is not involved in regulation of age-related expression of these genes. Different studies 

have provided contradictory results about expression of the Pparγ in the liver. One study 

reported an absence of detectable expression of this gene (Braissant, Foufelle, Scotto, Dauca, & 

Wahli, 1996), whereas other studies found Pparγ mRNA in liver tissue of rodents (Memon et al., 

2000; Vidal-Puig et al., 1996). Interestingly, it was found that in mice null for the Pparα gene, 

expression of the Pparγ was considerably upregulated, with activation of normal targets of Pparα 

protein (Patsouris et al., 2006). These results suggest that Pparγ may play a similar role to Pparα 

in the liver. There is very little information available on ontogeny of expression of the Pparγ 

gene in rodents or humans (Abbott, 2008). The increase of expression of this gene in adults as 

compared with the newborn stage in the present study indicates that this gene plays an important 

role in the liver of an adult rat, such as involvement in energy expenditure, gluconeogenesis and 

lipid uptake (C. H. Lee, Olson, & Evans, 2003). It is still possible that other epigenetic 

mechanisms are involved in regulation of this gene expression, as it has been shown that it is 

regulated by histone modifying proteins (Leader et al., 2006). 

3.4.2.3. Cell cycle and cell survival regulation (tumor-suppressor genes) 

There were no statistically significant differences in mRNA levels of p53 between d1 offspring 

and d110 female and male offspring, possibly indicating that its requirements do not change 

during this period of development and growth. However, this does not exclude a possibility of 

changes in its expression at specific time points during that period. In contrast to mRNA 

expression, p53 demonstrated marked statistically significant changes in overall methylation of 

exon 6 from d1 to d110 in both females and males, where most CpG units became significantly 

hypomethylated as the animals aged. This developmentally programmed demethylation of exon 
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6 CpG units was not associated with any alterations in gene expression, which raises questions 

about the involvement of methylation of this region in the regulation of normal expression of the 

p53 gene. A recent study of the epigenetic regulation of the p53 gene in a mouse reported similar 

developmental changes in methylation approximately 2kb upstream of the promoter region of 

this gene (Su, Shann, & Hsu, 2009). In addition, they have demonstrated that this gene has a 

complex chromatin structure with two distinct epigenetic domains, which have different levels 

of methylation and histone modification (Su et al., 2009). Moreover, Su and colleagues (2009) 

discovered expression of four short RNA species within the coding region of the p53 gene with 

an unknown biological function. Therefore, their findings indicate involvement of intricate 

epigenetic mechanisms in regulation of this gene, which is not limited to DNA methylation. 

Further investigations are required to elucidate the biological function of developmental changes 

in p53 methylation, as well as changes in other epigenetic mechanisms such as histone 

modification or small inhibitory RNAs.  

Expression of Cdkn1a mRNA was significantly decreased (0.4-fold) in the d110 female 

offspring. A 1.7-fold increase in mRNA expression in d110 male did not reach statistical 

significance; however, there was a significant 4.8-fold difference (p=0.026) in the expression of 

this gene between d110 females and males. Methylation of the Cdkn1a promoter region was 

unchanged in all groups, and in general, it was very low, indicating unlikely probability of 

involvement of methylation of this fragment of the Cdkn1a promoter in regulation of 

developmental changes in expression of this gene. The finding of low levels of methylation is in 

agreement with a previous study, where bisulfite sequencing in the mouse demonstrated very 

low methylation levels in the promoter of the Cdkn1a gene (W. Yang, Bancroft, & Augenlicht, 

2005). 

The product of the Cdkn1a gene, the p21 protein, plays a role in regulation of progression 

through the cell cycle (Sherr & Roberts, 1995, 1999). One study demonstrated that the 

expression of Cdkn1a was considerably higher in e21 fetal liver as compared with adult levels in 

males (Awad, Sanders, & Gruppuso, 2000). This increased expression of Cdkn1a in at term pups 

in Awad and colleagues study (2000) may have been associated with the growth arrest that 

hepatocytes undergo at the time of parturition (Awad & Gruppuso, 2000). No significant 

changes in the expression of Cdkn1a between adults and the newborn offspring was explained 

by the fact that hepatocytes re-enter cell cycle shortly after birth (Gruppuso et al., 1997), which 

could lead to downregulation of cyclin dependent kinase inhibitors. Although a direct 

comparison of gene expression and methylation between females and males was not the main 
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aim of this study, the finding of gender-specific expression of the Cdkn1a gene is interesting, 

and no previous literature reports on this topic could be found. Differences in gender-specific 

expression of the Cdkn1a could indicate differences in the regulation of cell cycle between 

females and males. This finding also indicates that regulation of expression of this gene differs 

between females and males. The biological importance of differences in expression of Cdkn1a 

between females and males would require further investigation.  

The function of the Dusp5 gene has not been studied extensively, and there is very little 

information available on its role as a tumor suppressing gene. The overall changes in 

methylation of the exon 2 of Dusp5 gene in both female and male groups were associated with 

the same 2.4-fold increase in expression of this gene, which did not reach statistical significance 

in d110 females (p=0.1), but was statistically significant in the male group. Methylation of the 

individual CpG unit 6 was significantly increased in both d110 females and males, and its 

methylation positively correlated with Dusp5 mRNA expression. These results indicate that this 

particular CpG unit might be involved in the regulation of normal expression of the Dusp5 gene. 

In the previous study that investigated the same DNA region as the present study, an increase in 

methylation of the corresponding CpG units from d1 to d120 in rat livers was also demonstrated 

(Q. Fu et al., 2006). However, the comparison of mRNA expression levels between ages was not 

done in that study (Q. Fu et al., 2006). Dusp5 negatively regulates a member of mitogen 

activated protein kinase pathway Erk2 through dephosphorylation (Mandl, Slack, & Keyse, 

2005). The erk2 protein was shown to promote hepatocyte proliferation and growth (Fremin et 

al., 2007). A possible increase in expression of the Dusp5 gene from the d1 to young adult stage 

could be one of the developmental mechanisms that slow down growth of the organism. 

There were no statistically significant differences in mRNA expression of tumor-suppressor 

gene Cdkn2a between d1 offspring and d110 female and male offspring. The product of Cdkn2a 

gene, the p16 protein, is involved in regulation of cell cycle progression and cell division (Sherr 

& Roberts, 1995, 1999). Similar to the p53 gene expression, the results of the present study 

indicate that requirements, at least for the Cdkn2a gene product, do not change between birth 

and adulthood. In general, expression of Cdkn2a was very low in both d1 and d110 groups. The 

absence of expression at any developmental stages in the liver (Awad et al., 2000), or low level 

of expression of Cdkn2a in the liver and other organs of rodents, has been reported previously 

(Krishnamurthy et al., 2004). In contrast to no differences in mRNA expression, there were 

significant changes in methylation of the promoter region of the Cdkn2a gene between the d1 

offspring and the d110 female and male offspring, with methylation of four individual CpG units 
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increased from the newborn to young adult stage. These results indicate that methylation of this 

particular region is not involved in regulation of normal expression of the Cdkn2a gene. It could 

be hypothesized that the observed increase in methylation of this region contributes to a gradual 

developmental change in regulation of this gene. Thus, Krishnamurthy and colleagues (2004) 

demonstrated an increase in expression of this gene in 26 month old offspring, which indicates 

its function in regulation of cell aging. It would be of interest to investigate Cdkn2a methylation 

levels in aged animals to determine whether methylation of this region continue to increase as 

animals age, and whether those methylation changes correlate with changes in this gene 

expression. 

The present finding of these developmental changes in methylation of the p53, Dusp5 and 

Cdkn2a, and expression of Cdkn1a and Dusp5 genes with age, indicates that methylation and 

expression patterns of these genes continue to be established during the postnatal period of 

development. These results suggest an intriguing theory that, due to continuing changes in 

methylation and expression, these genes could be sensitive to environmental influences such as 

an unbalanced diet or drug exposure. Indeed, a previous study demonstrated that an abnormal 

diet during postnatal development could have a long term effect on physiology and gene 

expression, at least in the pancreas (Waterland & Garza, 2002). In future studies, it would be of 

interest to investigate whether subjecting rats to adverse environmental conditions postnatally 

could, in the long-term, lead to abnormal methylation of regulatory regions of the target genes 

and change their expression.  

3.4.3. Summary 

The present study has found that exposure of the offspring to prenatal methyl donor deficiency 

did not have any significant effects on mRNA expression of genes involved in glucocorticoid 

signaling, lipid metabolism or cell cycle regulation, thus confirming an absence of overt 

phenotypic changes associated with the metabolic syndrome in the MD offspring. However, the 

d110 MD females demonstrated significant differences in overall methylation of regulatory 

regions of the Gcr, p53 and Dusp5 genes, which was also associated with significantly decreased 

global DNA methylation in the liver. Even though there were no significant correlations between 

global DNA methylation and methylation of specific genes, these results indicate that 

methylation processes in the adult females are more susceptible to the effects of prenatal methyl 

donor deficiency. Moreover, it also suggests that change in methylation of specific genes is a 

delayed effect that occurs during postnatal development, since the d1 MD offspring did not show 
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alterations in specific gene methylation. The results of the present study imply that altered 

methylation of specific genes was insufficient to affect expression of the target genes, and, 

therefore, possibly that methylation of the studied regions is not involved in regulation of gene 

expression. However, it could be hypothesized that these changes in specific gene methylation 

may progress as the animals age, and lead to altered gene expression in older MD offspring. The 

hypomethylation of the p53 exon 6 was similar to the hypomethylation observed in preneoplastic 

nodules, which indicates that the maternal diet could potentially cause methylation changes 

similar to precancerous state, which has been shown to progress to tumor development 

(Pogribny et al., 1997). It is also possible that, in order to see programming effects of methyl 

donor deficient diet, it had to be given during postnatal development as well, or the postnatal 

environment has to be altered in some other way.  

This study demonstrated postnatal developmental changes in expression of genes involved in 

glucocorticoid signaling (Gcr and Hsd11β2), lipid metabolism (Pparα and Pparγ), and cell cycle 

regulation (Cdkn1a and Dusp5). The altered target gene expression was not associated with any 

changes in methylation of the regulatory regions, except the Dusp5 gene, thus indicating that 

methylation of the studied regions is not involved in normal regulation of expression of those 

genes. In contrast, no statistically significant differences between the d1 and d110 stages in both 

females and males were observed for expression of two genes involved in cell cycle regulation, 

p53 and Cdkn2a. However, methylation of the regulatory regions of these genes was 

significantly changed during postnatal development, again indicating that the studied regions 

were not involved in regulation of normal gene expression or that changes in methylation of a 

single region were not sufficient to alter gene expression. Dusp5 was the only gene in this 

experiment that demonstrated significant changes in methylation, particularly changes in overall 

methylation and an increase in methylation of an individual CpG site that was associated with an 

increase in gene expression, showing that developmental changes in methylation can have a 

relationship with gene expression. Moreover, this observation suggests that, contrary to widely 

accepted view on regulation of gene expression by methylation, an increase in methylation does 

not have to be associated with a decrease in gene expression.  

The observed alterations in expression of genes involved in glucocorticoid signaling, lipid 

metabolism and cell cycle regulation suggest that requirements for these genes products change 

during postnatal growth and development of a rat. This also indicates that regulation of their 

expression during that period is a dynamic process. It could be hypothesized that adverse 

environmental conditions may have a long-term effect on the regulation of those genes, leading 
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to abnormal regulation of glucose, lipid metabolism and cell growth in the liver, and possibly 

development of metabolic disorders at older age. Since the activity of cell cycle regulating genes 

is often associated with aging, and expression of some of them (e.g. p16) increased in aged 

animals,  it could be hypothesized that gradual developmental changes in methylation is one of 

the mechanisms that will eventually lead to changes in these gene’s expression in aged animals. 

This study demonstrated that maternal methyl donor deficiency during pregnancy can cause 

gender-specific alterations in methylation. It also identified a number of developmental changes 

in the expression of genes involved in glucocorticoid signaling and lipid metabolism and in 

methylation of genes involved in regulation of cell cycle, thus providing a foundation for 

expanding future studies in developmental programming.  
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CHAPTER 4. EFFECTS OF MATERNAL METHYL 
DONOR DEFICIENCY ON EPIGENTIC REGULATION 
OF IMPRINTED GENES IGF2 AND H19 

4.1. Introduction 

Insulin-like growth factor 2 (Igf2) and H19 are the first genes to be identified as imprinted in 

rodents as well as in humans (DeChiara et al., 1991; Rainier et al., 1993; Zemel, Bartolomei, & 

Tilghman, 1992). These two genes are located in close proximity, approximately 80-90kb from 

each other on the same evolutionary conserved domain on chromosome 11 in human, and 

chromosomes 7 and 1 in mouse and rat respectively (J. M. Jones, Meisler, Seldin, Lee, & Eicher, 

1992; Overall et al., 1997; Zemel et al., 1992). Together they form a functional unit which is 

reciprocally imprinted, with the Igf2 gene expressed from the paternally-derived allele and the 

H19 gene expressed from the maternally-derived allele (Zemel et al., 1992). Both genes share 

mesodermal and ectodermal enhancers located downstream of H19 (K. Davies et al., 2002; 

Leighton, Saam, Ingram, Stewart, & Tilghman, 1995; Webber, Ingram, Levorse, & Tilghman, 

1998). A 2kb-long region positioned approximately 2kb 5’ of the H19 gene is thought to play a 

role in establishing the parent of origin-specific expression patterns of both Igf2 and H19 

(Thorvaldsen, Duran, & Bartolomei, 1998). This region was shown to be methylated on the 

paternal allele and unmethylated on the maternal allele, therefore it is often called the H19 

differentially methylated region (DMR). In rodents, the H19 DMR contains four binding sites 

for a CCTC-binding factor (CTCF), known for its insulator function (Ohlsson, Renkawitz, & 

Lobanenkov, 2001).  

According to the classical model of regulation of the Igf2 and H19 genes, the CTCF protein 

binds to unmethylated CTCF-binding sites on the maternal H19 DMR preventing access of the 

maternal Igf2 promoter to enhancers downstream of the H19 gene, and abolishing Igf2 

expression (Sasaki, Ishihara, & Kato, 2000). On the paternal allele, methylated H19 DMR 

inactivates the downstream H19 promoter, thus blocking its expression (Sasaki et al., 2000). In a 

mouse, the Igf2 gene also contains differentially meth-ylated regions. DMR0 is maternally 

methylated and specific for the placenta, DMR1 is a paternally methylated repressor element 

located in the upstream region of the promoter 1, and DMR2 is a paternally methylated activator 

of Igf2 located in exon 6 (Constancia et al., 2000; Eden et al., 2001; Feil, Walter, Allen, & Reik, 
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1994; T. Moore et al., 1997; Murrell et al., 2001). Igf2 DMR2 and H19 DMR are CpG islands, 

which means that they are more than 500bp long, have a GC content more than 55% and 

observed to expected ratio of GC dinucleotides of more than 0.65 (Takai & Jones, 2002). In rat, 

Igf2 DMR1 has not been described yet, but the core region of DMR2 is found in exon 5 of the 

Igf2 gene, which is homologous to mouse Igf2 exon 6.  

Higher order chromatin folding in this imprinted region appears to prevent enhancer promoter 

interactions. An updated model of imprinting of Igf2/H19 genes suggests that, on the maternal 

allele, the Igf2 promoter becomes confined to a transcriptionally inactive chromatin loop and is 

moved away from H19 enhancers via interaction of unmethylated H19 DMR with unmethylated 

Igf2 DMR1 in a presence of CTCF and other unknown proteins ((Kurukuti et al., 2006), figure 

4.1). At the same time another regulatory sequence, matrix attachment region 3 (MAR3), on the 

3’ of the Igf2 gene was shown to bind to maternal H19 DMR, possibly also playing an insulator 

function (Kurukuti et al., 2006). On the paternal allele Igf2 DMR2 interacts with the H19 DMR, 

thus placing the Igf2 promoter outside of the insulated chromatin loop, and allowing the 

promoter to reach transcription activating factors (Murrell, Heeson, & Reik, 2004). 

 

Figure 4.1 A hypothetical model of regulation of imprinting of the Igf2 and H19 genes on the maternal allele in 

the liver.  

Figure modified from Kurukuti et al. (2006) (see text for explanation).  DMR – differentially methylated region, 

MAR3 – matrix attachment region 3, CTCF – CCTC-binding factor, En – endodermal H19 enhancer. 
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The Igf2 gene encodes a growth factor, which plays a role in the control of embryonic and early 

postnatal growth by regulating cell proliferation. In mice, transmission of targeted disruption of 

the Igf2 gene through the paternal germline resulted in growth restriction of the offspring 

(DeChiara et al., 1991). The H19 gene encodes a non-coding RNA of unknown function, but 

some experiments demonstrated that it is important for normal development as well. Thus, 

inheritance of maternal deletions of H19 transcript sequence alone or with the its upstream 

sequences lead to increased size of the offspring, possibly due to activation of expression of 

maternal Igf2 gene (Leighton, Ingram, Eggenschwiler, Efstratiadis, & Tilghman, 1995; Ripoche, 

Kress, Poirier, & Dandolo, 1997). However, it is unknown how deletion of the H19 transcript 

only could affect expression of Igf2; therefore, it is possible that H19 mRNA could have a 

developmental function on its own. The recent finding that H19 mRNA encodes microRNA 

could be indicative of this unknown function (Cai & Cullen, 2007).  

It was shown that Igf2 and H19 are expressed during embryonic development and early postnatal 

period at high levels in mouse tissues with mesodermal component (e.g. kidney and lung), as 

well as tissues from endodermal lineage (e.g. liver) (Ainscough, Dandolo, & Surani, 2000; 

Gabory, Ripoche, Yoshimizu, & Dandolo, 2006; Lui, Finkielstain, Barnes, & Baron, 2008; 

Pachnis, Belayew, & Tilghman, 1984; Retsch-Bogart, Moats-Staats, Howard, D'Ercole, & Stiles, 

1996; Weber et al., 2001). After birth Igf2 and H19 levels decline, and in adults, the expression 

of these genes is very low (Lui et al., 2008; Stewart & Rotwein, 1996; Weber et al., 2001).  

The tight regulation of Igf2 and H19 is important not only for embryonic development, but also 

for normal functioning of the adult organism. Thus, in a mouse model increased expression of 

Igf2 in smooth muscle cells was shown to contribute to the growth of atherosclerotic lesions 

(Zaina et al., 2002). Reduced levels of Igf2 were associated with increased deposition of fat and 

sporadic obesity in an adult mouse (B. K. Jones, Levorse, & Tilghman, 2001). Increased Igf2 

expression has been associated with such liver pathologies as cirrhosis and chronic active 

hepatitis in humans (Nardone et al., 1996). Another aspect of the abnormal expression of Igf2 

and H19 in adults is relaxation of imprinting or loss of imprinting of Igf2 in some types of 

tumors such as adult renal tumor (Nonomura et al., 1997), cervical carcinomas (S. J. Kim et al., 

2002), hepatoblastoma (X. Li et al., 1995), glioma (Uyeno et al., 1996), lung cancer (Kondo et 

al., 1995), ovarian cancer (C. L. Chen, Ip, Cheng, Wong, & Ngan, 2000) and colon cancer 

(Nakagawa et al., 2001).    
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The above data indicate that abnormal regulation of the Igf2 and H19 genes may be involved in 

prenatal growth restriction as well as health conditions that develop later in adult life. In this 

study, it was hypothesized that deficiency of methyl donors choline, folate and methionine in the 

maternal diet during prenatal period may affect the normal regulation of Igf2 and H19, leading to 

changes which persist into adulthood. Even though the regulation and expression of the Igf2 and 

H19 genes in developing and adult tissues have been extensively studied in a mouse, 

considerably less information is available to date on regulation of these genes in a rat. Given that 

a large number of animal models studying the effect of an adverse maternal environment on 

development of the adult pathologies are established in a rat, it is important to gain a better 

understanding of the functioning of Igf2 and H19 in this animal. In this experiment, two tissues 

of primarily mesodermal origin (kidney and lung) and two tissues of endodermal origin (liver 

and pancreas) were chosen to investigate patterns of methylation of the Igf2 DMRs and H19 

DMR in the rat offspring at five stages of life: embryonic day 20, newborn, post-weaning stage 

(33 day old), young adults (110 day old) and old rats (365 day old). The persistence of abnormal 

imprinting into adulthood would implicate the prenatal deficiency of methyl donors in 

mechanisms of development of adult pathologies. Moreover, since DNA methylation has been 

implicated in silencing of Igf2 expression from the maternal allele, and H19 gene expression 

form the paternal allele, this study also investigated patterns of expression of Igf2 and H19 genes 

from the paternal and maternal alleles.  

The specific aims of this chapter were: 

 To identify rat Igf2 DMR1.  

 To investigate patterns of methylation of Igf2 and H19 DMRs in normal tissues of 

different origins at five different stages of life.  

 To investigate allelic and total expression of the Igf2 and H19 genes in normal tissues of 

different origins at five different stages of life. 

 To determine whether the offspring of methyl donor deficient mothers had disrupted 

imprinting of the Igf2 and/or H19 genes at five different stages of life.  
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4.2. Material and Methods 

4.2.1. Animals 

Liver, pancreas, kidney and lung tissues were collected from CON and MD offspring as 

described in Chapter 2 Section 2.2.3.1. Tissues were collected at the embryonic day 20 (e20), 

newborn stage (d1), postweaned offspring (d33), young adult offspring (d110) and old offspring 

(d365). At the e20 and d1 stages tissues were pooled together from several pups, which included 

females and males. At other stages female and male tissues were used separately to perform 

genomic DNA and RNA extractions. 

4.2.2. Genomic DNA extraction 

Genomic DNA was extracted from the liver, pancreas, kidney and lung of the CON and MD 

offspring of different ages (see Section 4.2.1) as described in Chapter 3 Section 3.2.2. 

4.2.3. Sequence alignment and sequencing of rat Igf2 DMR1 

 The rat Igf2 genomic DNA sequence (GeneBank accession number X17012) was aligned with 

the known mouse Igf2 DMR1 sequence (GeneBank accession number AY849919). The 

alignment detected a homologous rat sequence starting from nucleotide position 13355 to 

nucleotide position 14750. This sequence was used to design three pairs of primers to span the 

entire region (Table 4.1) (Invitrogen).  

 
Table 4.1 Information about primers used for amplification of the rat Igf2 DMR1 gDNA.  

Primer design was based on GeneBank locus X17012. 

Fragment# 
 

Oligo sequence Amplicon length, nt 

1 F GGGACCCTTGGAGAGAAGTT 490 

 
R TCTAAGGCCCTCTCCTTTCC 

 
2 F GCCCTGCCTAGAAGAAACAA 555 

 
R TCTCTGCTTTCTGCATACGA 

 
3 F TCGTATGCAGAAAGCAGAGA 645 

 
R GGTGTTAGATAGGGGAGCAG 

 
 

In order to sequence the region, gDNA extracted from liver tissue of Wistar rats was amplified 

using following PCR conditions: 0.5units of AmpliTaq Gold® DNA polymerase (applied 

Biosystems), 5μl of 10xPCR Gold buffer (Applied Biosystems), MgCl2 at the end concentration 

2mM, dNTPs at the end concentration 200μM each, forward and reverse gene specific primers at 
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the end concentration 400nM each, ~100ng of gDNA template and nucleases free water up to 

50μl. Cycling PCR conditions are presented in Table 4.2. 

 

Table 4.2 PCR cycling conditions used for amplification of the rat Igf2 DMR1 gDNA. 

Step Time Temperature Number of cycles 

Hold 10 min 95°C N/A 

Cycling    
Denaturation 40 s 95°C  

35 Annealing 1 min 570C 

Extension 1 min  72°C 

    

Hold (extension) 5 min 72°C N/A 

Hold forever 4°C N/A 

Amplified PCR products were purified using QIAquick PCR purification kit (Qiagen) following 

manufacturer’s instructions. Briefly, 250μl of buffer PB were added to 50μl of the PCR product 

and applied onto QIAquick spin column. Samples were centrifuges at 10000xg for 1min at room 

temperature (RT). The flow-through was discarded and the PCR products were washed with 

0.75ml of buffer PE by centrifugation at 10000xg for 1min at RT. After discarding the flow-

through the columns were dried by centrifugation at 10000xg for 1 min. The PCR products were 

eluted with 30μl of nucleases free water by centrifugation at 10000xg for 1min. The PCR 

products concentration were measured using NanoDrop ND-100 (NanoDrop Technologies, US). 

Approximately 10ng of the purified PCR product were used in sequencing reaction, which also 

included 4μl of BigDye Terminator v3.1 (Applied Biosystems), 2μl of 5xSequencing Buffer 

(Applied Biosystems), 3.2pmol of forward or reverse primers (the same primers as used for PCR 

amplification) and water up to 20μl. The sequencing reaction was run in a 9700 thermal cycler 

PCR machine (Applied Biosystems) using cycling conditions as indicated in Table 4.3. 

Table 4.3 Sequencing reaction cycling conditions. 

Step Time Temperature Number of cycles 

Hold 1 min 96°C N/A 

Cycling 
   

Denaturaition 10 s 96°C 

35 Annealing 1 min 50°C 

Extension 4 min 60°C 

    
Hold forever 4°C N/A 

 

The sequenced products were purified using Agencourt® CleanSEQ® magnetic beads 

(Beckman Coulter, Beverly, MA) following the manufacturer’s protocol. Briefly, 10μl of 
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Agencourt® CleanSEQ® magnetic particle solution were transferred to 20μl of the sequencing  

reaction on 96-well PCR plate (Applied Biosystems), then 62μl of 85% ethanol were added to 

each well and mixed by pipetting up and down more than 10 times.  The reaction plate was 

placed on the Agencourt SPRIPlate® 96R magnetic plate for 5min to separate beads with bound 

sequencing product from solution. After separation the supernatant was discarded and particles 

were washed by incubation with 100μl of 85% ethanol for 30sec at RT, followed by aspiration. 

This step was done twice with the PCR plate placed on the Agencourt SPRIPlate 96R magnetic 

plate at all times. After washing plates were air-dried for 10min at RT in a dark place. The 

sequenced products were eluted by incubation with 40μl of nuclease free water for 5min at RT, 

followed by separation of beads from solution containing the sequenced products on the 

Agencourt SPRIPlate® 96R magnetic plate. The solution containing the sequenced products was 

collected and analyzed using the 3130XL capillary sequencer (Applied Biosystems). The 

obtained sequence was viewed using Chromas 1.45 sequence viewing freeware 

(www.technelysim.co.au/chromas.html), and sequences were exported in FASTA format.  

4.2.4. Sodium bisulfite DNA conversion 

Sodium bisulfite genomic DNA treatment was performed as described in Chapter 3 Section 

3.2.4. Genomic DNA, extracted from the liver, pancreas, kidney and lung of the offspring at e20, 

d1, d33, d110 and d365 life stages, as indicated above, was used for the bisulfite conversion 

reactions. 

4.2.5. Quantitative DNA methylation analysis using base-specific cleavage and 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 

Spectrometry (MALDI-TOF MS) 

Quantitative DNA methylation analysis on the bisulfite converted DNA (Section 4.2.4) was 

performed as described in Chapter 3, Section 3.2.5. The PCR cycling conditions were the same 

as indicated in Chapter 3, Table 3.1, except the first and second cycling steps annealing 

temperatures for specific primers were as follows: Igf2 DMR1 – 56
0
C, 60

0
C; Igf2 DMR2 – 57

0
C, 

61
0
C; H19 DMR1-2 – 57

0
C, 60

0
C; H19 DMR4 57

0
C, 60

0
C. Information about primers used in 

this assay can be found in Table 4.4, H19 DMR1-2 – the name indicates that this fragment of the 

H19 DMR contains CTCF-binding sites 1 and 2, the H19 DMR4 name indicates that this 

fragment of the H19 DMR contains CTCF-binding site 4. 
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4.2.6. Total RNA extraction from tissues  

Total RNA was extracted from the liver, pancreas, kidney and lung of the CON and MD 

offspring of different ages (see Section 4.2.1) as described in Chapter 3 Section 3.2.6. 

4.2.7. cDNA synthesis 

Total RNA extracted, as indicated in Section 4.2.6 was used to synthesize cDNA as described in 

Chapter 3 Section 3.2.7. 
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Table 4.4 Information about primers used for quantitative methylation analysis of the Igf2 and H19 DMRs.  

Blue font – T7 promoter sequence, red font – forward primer tag.  

Gene name 

 

Oligo sequence 

GeneBank  

accession number 

Amplicon length,  

nt 

Igf2 DMR1 F AGGAAGAGAGGGTTAGATGTTTTTGGAATGGGATA X17012 230 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTACAAAAAAAACTCTCAAAAACTAACTCTCT 

  

Igf2DMR2 F AGGAAGAGAGTATTGATATTTGGATGGGAGTTTAG X17012 322 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTCCACATAATTTAATTCACTAATAATTACTA 

  

H19 DMR1-2 F AGGAAGAGAGTTGGGTATGAGTGTGTAGGGATTAAG AF043428 441 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTTCAATCTCAATTACAATCTATTTCAACAAA 

  

H19 DMR4 F AGGAAGAGAGTTTTGGAGTGGTTGTATATTGAAATTAGAG AF043428 429 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTAAATCCAAATACCTAACCCCTTTATTAAAC 
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4.2.8. Real Time PCR analysis 

Real Time PCR analysis was performed on cDNA samples derived from pancreas and lung 

tissues at all five stages. The analysis was carried out as described in Chapter 3 Section 3.2.8. 

Rat H19 mRNA sequence was unavailable at the time of analysis. Therefore, mouse H19 DNA 

sequence (Ensembl accession number ENSMUSG00000000031) was aligned with rat DNA 

sequence using Ensembl Genomic alignment feature. The alignment detected a rat homologous 

sequence located on chromosome 1 (nucleotide position 202822336:202826192). Positions of 

mouse exons were used to design primers for amplification of the rat H19 sequence across exon-

exon boundaries. Primer design and PCR efficiencies for those primers information are provided 

in Table 4.5 and Table 4.6 respectively. Forward and reverse primer sequences for amplification 

of the housekeeping gene β-actin were the same as described in Chapter 3 Table 3.3. 

Table 4.5 Information about primers used for Igf2 and H19 expression analysis in real time PCR. 

Gene name 
 

Oligo sequence Ensembl Accession number Amplicon length, nt 

Igf2 F GCGGCTTCTACTTCAGCA ENSRNOT00000027602 58 

 
R GGGGTGGCACAGTATGTCTC 

  
H19 F GATGACAGGTGTGGTCAACG Ch1 202822336:202826192 92 

 
R GTGTTCAGGAAGGCTGGATG 

  
 

Table 4.6 PCR amplification efficiency of the internal control and target genes.  
PCR efficiency was calculated using REST384©v.1 software (Pfaffl et al., 2002). Four dilutions of mixed cDNA 

(20, 5, 2 and 0.5ng per reaction) were used to run with each pair of primers, the obtained Ct values were entered into 

REST©-384 software to adjust calculations; correlation – Pearson’s correlation between cDNA dilutions and Ct 

values corresponding to those dilutions. 

 
beta-actin Igf2 H19 

Slope -3.2 -3.1 -3.2 

Efficiency 2.05 2.08 2.06 

Correlation -1.00 -1.00 -1.00 

 

4.2.9. Allelic discrimination assay 

An allelic discrimination (AD) assay, normally used for genotyping on genomic DNA, was 

utilized in this study to determine allelic expression of imprinted genes. The assay was carried 

out as described previously (Suda et al., 2003) with some modifications. In this study, the allelic 

discrimination assay employed two allele-specific probes that bind to a DNA fragment 

containing a single nucleotide polymorphism. The offspring, used in the present study were a 

cross between Wistar (maternal) and Lewis (paternal) strains. Our lab has found that these two 

strains contained polymorphic sites in the transcribed sequences of the Igf2 and H19 genes 
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(unpublished data). Each probe was labeled with a fluorescent reporter dye. For each sample, 

both probes were used in a single multiplex reaction to detect allelic expression of the target 

gene in real time as well as to detect post-PCR end-point fluorescent readings. A standard curve 

made of different proportions of Wistar (maternal) and Lewis (paternal) genomic DNA was run 

to create reference points for the assay and to calculate allelic expression of unknown samples.  

4.2.9.1. Allelic discrimination assay design information 

All AD assays were custom designed using Assay-by-Design Service for SNP genotyping assays 

(Applied Biosystems) to detect both genomic DNA and cDNA. The assay consisted of a 40X 

mix of unlabeled forward and reverse PCR primers and a TaqMan® minor groove binder 

(MGB) probes labelled 5’ with FAM
TM

 and Vic® dyes, therefore each assay permitted detection 

of both alleles in one well (Table 4.7). 

Table 4.7 Igf2 and H19 Allelic discrimination assay primer and probe information. 

 Nucleotides highlighted in blue or red font indicate polymorphic sites.  

Igf2 gene Sequence Reporter dye Stock conc. (μM) 

Forward primer ACAAATGTCACCCATGTCACCAA N/A 36 

Reverse primer AGTTTTCATGTTCTGTTCCTCTCCTT N/A 36 

Probe (maternal allele) TGGGTGAAGGAACC VIC 8 

Probe (paternal allele) CTGGGTAAAGGAACC FAM 8 

H19 gene Sequence Reporter dye Stock conc. (μM) 

Forward primer ACTTCTGTCTGAGGGCAACTG N/A 36 

Reverse primer GCGTTGAACACTTTATGATGGAACT N/A 36 

Probe (paternal allele) CCTCAAGCGCACGGC VIC 8 

Probe (maternal allele) CTCAAGCACACGGC FAM 8 

 

4.2.9.2. Allelic discrimination assay PCR run 

The total volume of a single reaction was 5ul, where 1ul of DNA template was mixed with 4ul 

of real time PCR master mix (Table 4.8); each sample was assayed in triplicates.  
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Table 4.8 PCR conditions for the Igf2 and H19 Allelic discrimination assays. 

 

Samples, where DNA template was substituted for water were used as a negative control. 

Different ratios of Wistar and Lewis genomic DNA samples were run to create points of 

reference for AD analysis (Table 4.9). All AD assays were run in ABI Prism
TM

 384-well clear 

optical reaction plates (Applied Biosystems), and sealed with ABI Prism
TM

 optical adhesive 

cover (Applied Biosystems).  

Table 4.9 Lewis to Wistar gDNA ratio for the Igf2 AD assay and Wistar to Lewis gDNA ratio for H19 AD assay. 

Igf2 AD assay                                     

Allelic ratio  9 4 2.3 1.5 1 0.66 0.43  

Lewis gDNA (30ng/ul) 100% 90% 80% 70% 60% 50% 40% 30% 0% 

Wistar gDNA (30ng/ul) 0% 10% 20% 30% 40% 50% 60% v70% 100% 

                                 H19 AD assay 

                                                  

Allelic ratio  9 4 2.3 1.5 1 0.66 0.43 

 

Wistar gDNA (30ng/ul) 100% 90% 80% 70% 60% 50% 40% 30% 0% 

Lewis gDNA (30ng/ul) 0% 10% 20% 30% 40% 50% 60% 70% 100% 

 

The Applied Biosystems 7900HT Fast Sequence Detection System was used to run experimental 

plates under the default thermal cycling conditions (Table 4.10). The raw fluorescent data was 

collected in real time by the Sequence Detection System 2.2.2 software (Applied Biosystems). 

Reaction component 1x Volume (μl) Final concentration 

2XTaqMan® Universal PCR Master Mix, No AmpErase® 

UNG 

2.5 1x 

Water 1.375  

40X SNP assay mix 0.125 900nM primers, 200nM probes 

cDNA template (~24ng) 

or gDNA template (30ng) 

 

1 

 

Total 5  
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After the real time PCR run, the end-point assay was conducted on the same Applied Biosystems 

7900HT Fast Sequence Detection System using Allelic discrimination function of the system 

with the post-read run, which performed a 2min-read of the plate at 60
0
C. 

Table 4.10 Applied Biosystems 7900HT Fast Real Time PCR system cycling conditions for the Allelic 

discrimination assay. 

Step Time Temp Number of cycles 

Hold 10min 950C N/A 

Cycle    

Denature 15sec 950C 40 

 
Anneal/Extend 1min 600C 

 

4.2.9.3. Allelic discrimination assay data processing and analysis  

Detection of a fluorescent signal above the threshold cycle for both probes indicated a biallelic 

expression of the target gene. When biallelic expression was detected, the threshold cycle (Ct) 

values were used to perform a semi-quantitative analysis of expression of the maternal and 

paternal alleles. In order to do the analysis, first, a standard curve was constructed using the 

differences in mean Ct (ΔCt) between the paternal and maternal alleles for the Igf2 gene (ΔCt 

Igf2=Ct paternal – Ct maternal) and maternal and paternal alleles for the H19 gene (ΔCt H19=Ct maternal – 

Ct paternal) plotted against corresponding allelic ratios (as indicated in Table 4.9). Linear trendlines 

were fit to the data points, and the obtained linear equations were used to determine the extent of 

relaxation of imprinting of the Igf2 and H19 genes (proportion of maternal or paternal allele 

expression respectively). Relaxation of imprinting was estimated by obtaining average ΔC t value 

for each unknown sample, which was used in linear equation derived from standard curve to find 

a ratio of paternal/maternal allele for Igf2 and maternal/paternal alleles for H19. Next, a 

proportion of the maternal Igf2 allele or paternal H19 allele expression was determined using 

equations 1 and 2 respectively: 

 

                                             𝑊 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =
1

(1+
𝐿

𝑊
)
                                                             (1)  
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W proportion – proportion of the expression of the maternal Igf2 allele, L/W – ratio of the 

paternal and maternal alleles as estimated using the standard curve. 

 

                                             𝐿 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =
1

(1+
𝑊

𝐿
)
                                                               (2) 

 

L proportion – proportion of the expression of the paternal H19 allele, W/L – ratio of the 

maternal and paternal alleles as estimated using the standard curve. 

Data were presented as a proportion of expression of the maternal or paternal alleles relative to 

the total pool (100%) of Igf2 or H19 mRNA respectively for each individual sample. 

The end-point assay fluorescent data were averaged for each group and plotted as mean ± SD to 

demonstrate allelic expression qualitatively.  

4.2.10. Statistical analysis 

A multivariate analysis of variance PERMANOVA test was used to estimate tissue-specific 

overall methylation of target genes as was described in Chapter 3 Section 3.2.9. The design of 

the analysis was one-factorial (age) with four levels (tissues). A post-hoc pair-wise comparison 

of overall methylation between each pair of tissues was done using the same program. Another 

similar test called Distance-based multivariate analysis for a linear model (DISTLM v5, 

(Anderson, 2004)) was used for one-factor multivariate analysis of the effect of age (five levels) 

and the effect of the maternal diet (two levels) on overall methylation of the studied regions. 

This test, unlike PERMANOVA, can handle an asymmetric design, thus allowing to do a 

comparison between groups with unequal sample size (Anderson, 2005). Similar to the 

PERMANOVA analysis, Bray-Curtis dissimilarity was used for distance measurements. This 

test was used to estimate age-specific changes in methylation across all five stages of life 

investigated in this study. SPSS v15.0 software package was used to conduct a Kruskal-Wallis 

test to determine age-specific changes in methylation of individual CpG units across the same 

five stages of life. This test was also used for determining changes in the maternal Igf2 allele 

expression across different ages. The Mann-Whitney U test was utilized to compare methylation 

of individual CpG units between individual age groups and between CON and MD groups. The 

Mann-Whitney U test was also used for comparison of the maternal Igf2 allele expression 

between different age groups and between the CON and MD groups.  
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REST©-384 software was used to expression of the Igf2 and H19 genes between CON and MD 

groups at all ages. Comparative Ct method as described in Chapter 3 Section 3.2.8 was used to 

estimate age-specific changes. However, it has to be indicated that the endogenous control gene 

β-actin expression was significantly different between different age-groups. Nevertheless, the 

differences in expression of Igf2 and H19 genes between the perinatal and adult stages were of 

much higher magnitude that differences in expression of the β-actin gene.  

 

4.3. Results 

4.3.1. Description of rat Igf2 DMR1 

Alignment of the mouse Igf2 DMR1 sequence with the rat Igf2 genomic sequence (NCBI access 

# X17012) revealed a homologous sequence between positions 13355 and 14750. Similar to the 

mouse Igf2 DMR1, the homologous rat sequence was not a CpG island by definition. Direct 

sequencing of this region revealed that the rat Igf2 DMR1 contained 17 CpG sites spread over 

more than 1kb, similar to 18 CpG sites located in the mouse Igf2 DMR1 (full rat Igf2 DMR1 

sequence can be found in Appendix III Figure AIII.1). Despite having a similar number of CpG 

sites, only 9 CpG sites had the same position in both the rat Igf2 DMR1 and the mouse Igf2 

DMR1. DNA methylation of approximately 200bp fragment of the rat Igf2 DMR1 containing 5 

CpG sites, proximal to the Igf2 promoter was investigated in this study (figure 4.2, C). 

4.3.2. Patterns of methylation of Igf2 DMR1 in normal tissues of different origins at 

five different ages.  

Methylation patterns of Igf2 DMR1 and DMR2 were investigated in the liver, pancreas, lung, 

and kidney on embryonic day 20, in newborn, in post-weaned offspring at day 33, in young adult 

offspring at day 110 and in 1 year old offspring.  

4.3.2.1. Tissue-specific Igf2 DMR1 methylation patterns  

Figure 4.2 (A) demonstrates levels of methylation in four tissues in the CON offspring at 

embryonic day 20.  The figure suggests and multivariate test PERMANOVA confirms that, at 

the e20 stage, overall methylation of Igf2 DMR1 CpG units was not significantly different 

between all four tissues. Methylation of the individual CpG unit 3 was significantly different 
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across all tissues (p=0.035). A pair-wise comparison of methylation of individual CpG units 

between tissues demonstrated significant differences in methylation of the CpG unit 3 between 

the liver and the pancreas and the lung, and the CpG unit 4 between the liver and the kidney and 

the lung (p<0.05). The highest methylation level was in the pancreas for the CpG unit 2 

(0.18±0.03) and the lowest level was for the CpG unit 5 in the liver (0.1±0.02).  

Figure 4.2 (B) displays levels of methylation in four tissues in 365 day old CON offspring. 

Methylation levels varied between the highest ratio (0.35±0.04) in the kidney for the CpG unit 4, 

and the lowest ratio in the pancreas (0.16±0.01) for CpG unit 5. Statistical analysis demonstrated 

significant differences in methylation of CpG units between the liver, the pancreas, the kidney 

and the lung (p=0.0002), with pair-wise comparisons confirming differences between each pair 

of tissues (p-values between 0.0002 and 0.0068). Comparison of methylation of individual CpG 

units between each pair of tissues (Figure 4.2, B) revealed that in the liver methylation of the 

CpG units 1 and 5 were higher (p<0.001) and methylation of the CpG unit 4 was lower than in 

the pancreas. Methylation of the CpG unit 2 was higher (p=0.12) and the CpG units 3 and 4 were 

lower (p=0.02 and p=0.005 respectively) in the liver in comparison with the kidney. The liver 

demonstrated significantly lower methylation levels of the CpG units 3, 4 and 5 when compared 

with the lung (p<0.01). Methylation of the CpG unit 2 (p=0.003) was higher and the CpG units 4 

and 5 were lower (p<0.01) in the pancreas in comparison with the kidney. The CpG units 1, 3 

and 5 were significantly hypomethylated in the pancreas as compared with the lung (p<0.01). In 

the kidney, methylation of the CpG units 2, 3 and 5 was significantly lower in comparison with 

the lung (p=0.0001, 0.004 and 0.02 respectively). 
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                                                  1(1)                                   2(2)                                                                                  3(3)                                

GGCCAGATGTTCTTGGAATGGGACACGGGGGTGATTGATGCGGACTGGAATTTGAAAGGGGAACATTCCCCACGTGCTTCATGCT 

  4(4)                                                                                                                                                                    5(5) 

CCGGGTGGAAAATGGGTGGGGTGGGGGCTCTCTCAGTCCTGCCAAGATAATATGGAGATGCCTCGCCCTGTCTAGGTCCCCACAC 

 

CTGTCCACTGACTTTAACTCCTGCCTTCCCAGAGAGTCAGCCTTTGAGAGTCCTCCCTGC 

 

Figure 4.2 Representation of the Igf2 DMR1 average methylation of individual CpG units in four different tissues 
of the CON e20 and d365 offspring.  

A – CON e20, B – CON d365, female and male data combined. Sequence (C) corresponds to Igf2 DMR1 amplicon, 

data are mean ± SD, e20 liver n=3, lung n=3, kidney n=3, pancreas n=3; d365 liver n=8, pancreas n=8, kidney n=8, 

lung n=8; *p<0.05, **p<0.01, ***p<0.001. Sequences: CpG sites highlighted in green were investigated in this 

study; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion. 

4.3.2.2. Age-specific Igf2 DMR1 methylation patterns  

All tissues demonstrated an increase in methylation levels of Igf2 DMR1 CpG units from 

embryonic day 20 until adult stages.  
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Figure 4.3 reveals changes in methylation levels between 5 different ages starting from 

embryonic day 20 until d365 in liver tissue of females (A) and males (B). Methylation data for 

e20 and d1 represents a combination of male and female samples, and both older female and 

male groups data sets are compared against the same perinatal methylation data set. Female and 

males samples for the perinatal stages were combined because at the embryonic day 20 it was 

difficult to distinguish between genders. Besides, at both e20 and d1 stages quantity of tissue 

samples like the pancreas were insufficient to extract required amounts of RNA and DNA 

separately for each gender, therefore male and female samples were pooled together.  

Statistical analysis demonstrated a significant increase in overall levels of methylation in both 

female and male groups (p=0.0002 for both genders) from e20 to d365 stages. Similarly 

methylation of individual CpG units across all five ages was also significantly different in both 

females and males (p<0.001 and p<0.05 respectively).  

A pair-wise comparison between ages for each CpG unit revealed a significant increase in 

methylation levels of the CpG units 3 and 5 (p=0.012 for both comparisons) between e20 and d1 

(Figure 4.3, Table 4.11). In the female CON group here was an increase in methylation from d1 

to d33 (p=0.006 for all CpG units) (Figure 4.3 A, Table 4.11, A). No changes in methylation 

were observed between d33 and d110, and d110 and d365 female groups. In the d33 male group, 

there was a significant increase in methylation in the liver from the d1 stage only in the CpG 

units 1 and 2 (p=0.03 and 0.01 respectively), but these differences did not reach statistical 

significance for other CpG units (p=0.1) (Figure 4.3 B, Table 4.11, B) A significant increase in 

methylation levels of the CpG unit 4 was observed from d33 to d110 (p=0.004). 
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Figure 4.3 Levels of methylation of individual CpG units of the Igf2 DMR1 in the liver of the CON female and 

male groups.  

A – females, B – males; data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=3; *p<0.05, **p<0.01. 

 

 

Table 4.11 Changes in methylation of individual CpG units of the Igf2 DMR1 in the liver of the CON offspring. 
 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8; CON females d33 n=4, d110 n=8, d365 n=5; CON males d33 n=4, d110 n=8, 

d365 n=3.  

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 0 39 45* 8 61* 

d1/d33 106** 83** 55** 78** 49** 

d33/d110 2 -12 -1 4 6 

d110/d365 9 -19 -2 12 -3 

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 0 39 45* 8 61* 

d1/d33 79* 44* 35 48 24 

d33/d110 30 -9 10 30** 9 

d110/d365 -10 1 4 0 1 
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In the pancreas the overall methylation levels were also significantly increased from e20 until 

adult stages in both female and male groups (p=0.0028 and 0.03 respectively; Figure 4.4 and 

Table 4.12). Methylation of individual CpG units 2, 3, 4 and 5 were significantly changed in the 

CON females and males across all five ages (p<0.05). 

A pair-wise comparison of individual CpG units between each life stage demonstrated an 

increase of methylation levels from e20 to d1 in the CpG units 4 and 5 (p=0.02 and 0.03 

respectively; Figure 4.4 and Table 4.12). An increase in methylation from d1 to d33 was 

detected for the CpG units 1, 2, 3 and 4 in the female group (p=0.046, 0.018, 0.008 and 0.01 

respectively; Figure 4.4, A, Table 4.12, A). A decrease in methylation levels of the CpG units 1, 

2, 3 and 5 was observed from d33 to d110 in females, but the differences did not reach statistical 

significance (p=0.06, 0.09, 0.07 and 0.09 respectively). A comparison between data from d110 

to d365 in the female group demonstrated an increase in methylation of all CpG units, although 

statistical significance was obtained only for the CpG unit 4 (p=0.03). In the male group, an 

increase in methylation from d1 to d33 was observed for all CpG units, but it was not 

statistically significant (p=0.51, 0.45, 0.22, 0.07 and 0.16 respectively; Figure 4.4, B, Table 4.12, 

B). Methylation of the CpG unit 5 was significantly lower in the d110 CON males in comparison 

with d33 males (p=0.005), but no differences in methylation were observed between d110 and 

d365 males. 
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Figure 4.4 Levels of methylation of individual CpG units of the Igf2 DMR1 in the pancreas of the CON female 

and male group.  

A – females, B – males; data are mean ± SD. E20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 

n=4, d110 n=8, d365 n=4. 

 
Table 4.12 Changes in methylation of individual CpG units of the Igf2 DMR1 in the pancreas of the CON 

offspring.  

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=7, d33 females n=4, d110 females  n=8, d365 females n=4, d33 males n=4, d110 

males  n=8, d365 females n=4.  
 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 -6 42 29 32* 29* 

d1/d33 54* 58* 31** 30** 2 

d33/d110 -39 -24 -12 0 -25 

d110/d365 38 30 12 17* 25 

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 -6 42 29 32* 29* 

d1/d33 38 25 10 23 17 

d33/d110 6 10 8 12 -21** 

d110/d365 -8 -9 -1 -2 -1 
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An increase in overall methylation from e20 until d365 was demonstrated in kidney tissue of the 

CON offspring (p=0.008 for females and 0.0038 for males, Figure 4.5). Methylation of all CpG 

units individually was also significantly changed across all five stages of life in both CON 

female and male groups (p<0.05). 

A pair-wise comparison between ages demonstrated an increase in methylation of the individual 

CpG units 2, 3 and 5 from e20 to d1 stages (p=0.024, 0.014 and 0.012 respectively) (Figure 4.5, 

Table 4.13). From d1 to d33 methylation levels of the CpG units 1, 3, 4 and 5 increased 

(p=0.006 for all units) while methylation of the CpG unit 5 significantly decreased from d33 to 

d110 (p=0.02) in the female group (Figure 4.5 A, Table 4.13 A). The females also demonstrated 

a significant decrease in methylation of the CpG units 2 and 3 from d110 to d365 (p=0.003 and 

0.02 respectively). Changes in methylation from d1 to d33 in males were the same as in the 

female group (Figure 4.5 B, Table 4.13, B,). No methylation differences were observed between 

d33 and d110 stage, while a decrease in methylation was detected from d110 to d365 in the CpG 

units 2 and 3 (p=0.02 and 0.03 respectively) in the male group. 
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Figure 4.5 Levels of methylation of individual CpG units of the Igf2 DMR1 in the kidney of the CON female and 

male group.  

A – females, B – males; data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 

 

Table 4.13 Changes in methylation of individual CpG units of the Igf2 DMR1 in the kidney of the CON 

offspring.  
A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=4. 

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 6 46* 52* 6 31* 

d1/d33 75** 19 80** 72** 69** 

d33/d110 -31 34 -8 -3 -8* 

d110/d365 -14 -51** -12* 14 -1 

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 6 46* 52* 6 31* 

d1/d33 75** 8 72** 73** 57** 

d33/d110 0 18 0 5 2 

d110/d365 -3 -36* -11* 0 -4 
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In the lung, there was a significant increase in overall methylation (p=0.0002 for both females 

and males, Figure 4.6). Methylation of all individual CpG units across five ages was 

significantly different in both female and male CON groups (p<0.01) as well. 

A pair-wise comparison of individual CpG units between age groups demonstrated significantly 

increased methylation of the CpG units 2, 3 and 5 from e20 to d1 (p=0.04, 0.05 and 0.02) 

(Figure 4.6, Table 4.14). The newborn (d1) offspring demonstrated lower methylation of the 

CpG units 1, 3, 4 and 5 compared with the d33 female offspring (p<0.01, Figure 4.6, A, Table 

4.14, A). There was a slight increase in methylation of the CpG units 4 and 5 from d33 to d110 

(p=0.04 and 0.09 respectively) in the CON female group. The male group showed the same 

pattern as the female group, with an increase in CpG units methylation from d1 to d33 (Figure 

4.6 B, Table 4.14, B). The males also demonstrated a slight increase in methylation of the CpG 

units 3, 4 and 5 between d33 and d110 (p=0.045, 0.07 and 0.02 respectively).  
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Figure 4.6 Levels of methylation of individual CpG units of the Igf2 DMR1 in the lung of the CON female and 

male group. 

 A – females, B – males; data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 

 

Table 4.14 Changes in methylation of individual CpG units of the Igf2 DMR1 in the lung of the CON offspring. 

 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 
designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8, CON females d33 n=4, d110 n=8, d365 n=5; CON males d33 n=4, d110 n=8, 

d365 n=4.  

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 -8 38* 28* 8 23* 

d1/d33 99** 13 45** 74** 66** 

d33/d110 15 1 -1 13* 10 

d110/d365 -6 30 7 1 1 

 

age interval CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

e20/d1 -8 38* 28* 8 23* 

d1/d33 102** 28 16* 36** 60** 

d33/d110 5 3 15* 13 14* 

d110/d365 12 19 7 5 0 
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4.3.3. Patterns of methylation of Igf2 DMR2 in normal tissues of different origins at 

five different ages. 

4.3.3.1. Tissue-specific Igf2 DMR2 methylation patterns  

For the Igf2 DMR2 it was possible to perform the analysis of 13 out of 20 CpG sites (11 CpG 

units). Unlike the Igf2 DMR1, methylation level differences between individual CpG units were 

more variable for the Igf2 DMR2 for both e20 and d365 stages (Figure 4.7).  

A comparison of methylation of CpG units in the Igf2 DMR2 between tissues at the embryonic 

day 20 stage showed statistically significant higher methylation levels in the liver compared with 

the pancreas (p=0.0078), kidney (p=0.0016) and lung (p=0.015). There also was statistically 

significant lower methylation of the Igf2 DMR2 CpG units in the kidney when compared with 

the lung (p=0.044). A pair-wise comparison between each pair of tissues demonstrated 

statistically significant higher methylation of all Igf2 DMR2 CpG units, except the CpG unit 1 in 

the liver in comparison with the pancreas and the kidney (p<0.05), and all CpG units, except the 

CpG units 1 and 8 in comparison with the lung (p<0.05) (Figure 4.7, A). The CpG unit 15 had 

significantly higher methylation in the pancreas in comparison with the kidney (p=0.05). The 

CpG units 3, 14 and 15 were significantly hypomethylated in the pancreas relative to the lung 

(p<0.05). Methylation of the CpG units 3, 6, 9, 11, 14 and 15 was significantly lower in the 

kidney in comparison with the lung (p<0.05). 

In old adults at d365 methylation pattern of studied tissues was different from what was 

observed in e20 offspring. Overall, Igf2 DMR2 CpG unit methylation levels in the liver did not 

differ from levels in the kidney and the lung. However, methylation levels in the liver were 

significantly higher when compared with the pancreas (p=0.002). In the pancreas CpG units 

methylation was overall significantly lower compared with the kidney and the lung (p=0.0004 

and 0.0048 respectively). Igf2 DMR2 methylation in the lung was higher compared with the 

kidney (p=0.0026). Methylation of the individual CG unit 1 was lower and CpG units 3, 5, 6, 

and 13 was higher in the liver in comparison with the pancreas (p<0.05) (Figure 4.7, B). 

Similarly, in the liver, methylation of the CpG unit 1 was higher than in the kidney (P=0.011) 

and the CpG unit 11 was lower than in the lung (p=0.012). In the pancreas, methylation of the 

CpG unit 1 was higher (p=0.0001) and the CpG units 6 and 13 was lower than in the kidney 

(p=0.007 and p=0.03 respectively). Methylation of the CpG units 5, 11, 12, 13 and 14 was 

significantly lower in the pancreas compared with the lung (p<0.05). In the kidney, methylation 
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of the CpG units 1 and 14 was lower (p=0.0003 and p=0.012 respectively) in comparison with 

the lung. 

 

 

                                                                 1(1)                                                                                                         2(2)                                     

TATTGACACCTGGATGGGAGCTCAGGCTAACTCGATACCCTGAAACCTGCTGACTAGCACCTCCTCTCCAGGACGACTTCCCC 

                       3(3)                                                   4(4)                                            [5   6](5)     [7            8](6) 

AGATACCCCGTGGGCAAGTTCTTCAAATTCGACACCTGGAGACAGTCCGCGGGACGCCTGCGCAGAGGCCTGCCTGCCCTCC 

       [9             10   11           12](7)                                             13(8)     14(9)                                         15(10)     16(11)                   17(12) 

 TGCGTGCCCGCCGGGGTCGCATGCTTGCCAAAGAGCTCGAAGCGTTCAGAGAGGCCAAGCGCCACCGTCCCCTGATCGTGTT 

                                          18(13)     19(14)                         20(15) 

ACCACCCAAAGACCCCGCCCACGGGGGAGCCTCTTCGGAGATGTCCAGCAACCATCAGTGAACCAAATTATGTGG   

                                                    

Figure 4.7 Representation of the Igf2 DMR2 average methylation of individual CpG units in the liver, pancreas, 

kidney and lung of the CON e20 and d365 offspring.  

A – CON e20, B – CON d365; female and male data combined. Sequence (C) corresponds to Igf2 DMR2 amplicon 

sequences studied in this experiment. Data are mean ± SD, e20 liver n=3, pancreas n=3, kidney n=3, lung n=3; d365 

liver n=8, pancreas n=8, kidney n=8, lung n=8; *p<0.05, **p<0.01, ***p<0.001. Sequences: CpG sites highlighted 

in green were investigated in this study, red – unable to detect due to technique limitations; all CpG sites are 

numbered, numbers in round brackets indicate CpG units obtained after RNaseA digestion, square brackets define 

CpG sites that compose one CpG unit.  
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4.3.3.2. Age-specific Igf2 DMR2 methylation patterns  

Figure 4.7 shows that there were considerable differences in methylation between embryonic 

day 20 and d365 stages in the CON offspring.  

In the liver, Igf2 DMR2 methylation changes across different ages were quite distinctive and 

different from other tissues. Although multivariate statistical analysis of changes in overall 

methylation levels between ages did not show significant differences in the liver (p=0.14 for 

females and p=0.1 for males), the analysis of individual CpG units revealed several differences. 

Kruskal Wallis test was done on each individual CpG unit, it showed that there were significant 

changes across all five ages in females in DNA methylation of the CpG units 3, 5, 6, 9, 11, 13, 

14 and 15 (p=0.0005, 0.0005, 0.0002, 0.04, 0.0028, 0.0019, 0.009 and 0.02 respectively). 

Similarly, in males changes in methylation of the CpG units 3, 5, 6, 9, 11, 12, 13, and 14 

methylation in the liver across five stages were statistically significant (p=0.002, 0.006, 0.0001, 

0.008, 0.005, 0.02, 0.02 and 0.02 respectively). The CpG unit 15 in males showed a tendency for 

changes of DNA methylation across ages (p=0.064). 

A pair-wise comparison between each age for individual CpG units demonstrated significant 

decrease in methylation of the CpG units 3, 5, 6, 9, 11, 13, 14 and 15 (p<0.05, CpG unit 14 

p=0.06) from e20 stage to d1 in the CON group (Figure 4.8, Table 4.15). An increase in 

methylation of the CpG units 3, 5, 6 and 13 from d1 to d33 was detected in the CON female 

group (p<0.05) (Figure 4.8, A, Table 4.15, A). In contrast, there was a decrease in methylation 

between the same ages in the CpG unit 11 (p=0.05). An increase in methylation of the CpG unit 

1 was detected from d33 to d110, and the CpG unit 6 from d110 to d365 in the CON female 

group (p=0.01 and 0.03 respectively). In males, a significant increase in methylation was 

observed from the newborn (d1) to the postweaning stage (d33) the CpG unit 6 (p=0.03) (Figure 

4.8, B, Table 4.15, B). A tendency for increased methylation of the CpG units 1 and 3, and 

decreased methylation of the CpG units 12, 14 and 15 (p=0.1) was observed from d1 to d33 

stages. No differences in methylation of all CpG units were detected between d33 and d110 

ages. A statistically significant decrease in methylation of the CpG units 1 and 8 (p=0.02 and 

0.04 respectively) was found between d110 and d365 CON males in the liver. In general, in both 

male and female groups CpG units 1 and 8 demonstrated higher variability of methylation levels 

compared with other CpG units in this region.  
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Figure 4.8 Levels of methylation of individual CpG units in the Igf2 DMR2 in the CON female and male groups 

in the liver.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=3; *p<0.05. 
 

Table 4.15 Changes in methylation of individual CpG units of the Igf2 DMR2 in the liver of the CON offspring. 
 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

CON e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=3.  

 
age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 -23 -36* -26* -29* -29 -41* -32* -28 -30* -34 -30* 

d1/d33 -19 39* 26* 20* 23 0 -14* -23 12* -24 -3 

d33/d110 88* -3 -3 4 12 -2 3 14 4 -10 2 

d110/d365 4 -6 1 10* 0 -4 4 11 3 58 9 

 

age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 -23 -36* -26* -29* -29 -41* -32* -28 -30* -34 -30* 

d1/d33 17 15 4 12* 34 -6 -13 -22 8 -30 -8 

d33/d110 25 7 -3 6 -6 -6 -8 -14 -1 -13 6 

d110/d365 -56* 8 15 4 -41* -15 11 22 3 19 2 
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In other tissues of the CON offspring the pattern of changes in methylation of CpG units of the 

Igf2 DMR2 was similar to the pattern observed for the Igf2 DMR1. Thus, in the pancreas (Figure 

4.9) although multivariate analysis did not show statistically significant changes in methylation 

across different ages for the region as a whole (p=0.15 for female CON group and 0.25 for male 

CON group), differences in methylation of individual CpG units between perinatal and adult 

stages were observed. Analysis of individual CpG units across all five ages in the pancreas of 

CON females and males demonstrated significant differences in methylation of the CpG units 1, 

3, 5, 6, 8, 9, 11, 13, 14 and 15 (p<0.05). In the CON females methylation levels of the CpG unit 

1 and 8 were more variable than other units. Methylation levels of the CpG unit 12 were very 

similar in d1, d33, d110 and d365 CON female offspring. A pair-wise comparison between ages 

showed a significant increase in methylation of all CpG units in this region (p<0.05) except the 

CpG unit 12 (p=0.13) from e20 to d1 stage (Figure, 4.9, Table 4.16). CON female offspring 

demonstrated a significant increase in methylation of CpG units 3, 5, 11 and 15 from d1 to d33 

(p<0.01) (Figure, 4.9, A, Table 4.16 A). An increase in methylation of the CpG units 6 and 14 

did not reach statistical significance (p=0.052 and 0.068 respectively) in pancreas tissue of d33 

CON females when compared to d1 stage. A statistically significant decrease in methylation of 

the CpG units 3 (p=0.01), 5 (p=0.04), 6 (p=0.02), 11 (p=0.04), 13 (p=0.02), 14 (p=0.04) was 

observed from d33 to d110 stage in the CON female offspring. There was a significant increase 

in methylation of the CpG unit 1 from d110 to d365 in the CON females (p=0.006). Male CON 

offspring also demonstrated an increase in methylation of the CpG units 5, 11 and 15 (p=0.05, 

0.007 and 0.01 respectively) from d1 to d33 (Figure 4.9, B, Table 4.16, B). A decrease in 

methylation of the CpG units 5 (p=0.05), 6 (p=0.02), 11 (p=0.03), 12 (p=0.05), 13 (p=0.01), 14 

(p=0.03), 15 (p=0.03) was observed from d33 to 110 in the CON males. Methylation of the 

single CpG unit 6 was significantly increased from stage d110 to stage d365 (p=0.006). 
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Figure 4.9 Levels of methylation of individual CpG units in the Igf2 DMR2 in the pancreas of the CON female 

and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 

n=4, d110 n=8, d365 n=4. 
 

Table 4.16 Changes in methylation of individual CpG units of the Igf2 DMR2 in the pancreas of the CON 

offspring. 

 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 
designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates increase in methylation, *p<0.05, 

**p<0.01, e20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 n=4, d110 n=8, d365 n=4.  

 
age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 224* 126* 43* 42* 108* 142* 31* 26 59* 126* 18* 

d1/d33 26 36* 15* 14 25 23 26** 9 4 17 47* 

d33/d110 -33 -15** -12* -15* -23 -21 -16* -9 -26* -34* -8 

d110/d365 69* 4 -2 7 15 5 3 7 6 31 -3 

 

age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 224* 126* 43* 42* 108* 142* 31* 26 59* 126* 18* 

d1/d33 21 39 19* 13 24 26 50** 52 18 37 72** 

d33/d110 -21 -18 -21* -18* -21 -29 -30* -42* -41** -44* -28* 

d110/d365 20 8 8 16** -2 8 10 17 5 11 13 
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In the kidney, both female and male CON groups demonstrated a significant increase in overall 

methylation levels of the Igf2 DMR2 (p=0.0024 and 0.001 respectively), as well as methylation 

of individual CpG units (Figure 4.10, Table 4.17) across different ages. In general, the 

methylation pattern was similar to the one observed in the Igf2 DMR1 region, where female and 

male offspring demonstrated considerably lower methylation levels at the embryonic day 20 and 

newborn stage than at older stages. Analysis of the data for each individual CpG unit across all 

five stages showed that the female offspring had statistically significant increase in methylation 

of the CpG units 1 (p=0.008), 3 (p=0.001), 5 (p=0.0005), 6 (p=0.0004), 9 (p=0.0004), 11 

(p=0.0006), 12 (p=0.02), 13 (p=0.0005), 14 (p=0.0006) and 15 (p=0.0001). The CON male 

offspring also had a significant increase in methylation of individual CpG units 1, 3, 5, 6, 8, 9, 

11, 12, 13, 14 and 15 (p=0.04, 0.0005, 0.0003, 0.0005, 0.04, 0.0003, 0.001, 0.0007, 0.006, 0.004, 

0.0005 and 0.0005 respectively) across all five ages. 

A pair-wise comparison between each age for individual CpG units demonstrated a significant 

increase in methylation of the CpG units 1, 6, 11 and 15 from e20 to d1 stage (p=0.014, 0.04, 

0.01 and 0.01 respectively) in the CON offspring (Figure 4.10, Table 4.17). From d1 to d33 the 

CON females had an increase in methylation of 8 out of 11 CpG units, namely the CpG unit 3, 5, 

6, 9, 11, 12, 13 and 15 (p<0.01) (Figure 4.10, A, Table 4.17, A). No statistically significant 

differences in methylation were detected between d33 and d110 CON females. A decrease in 

methylation of the CpG units 1 and 5 was observed from d110 stage to d365 stage in the CON 

female group (p<0.05). A pair-wise comparison between ages in the male group demonstrated a 

significant increase in methylation of the CpG units 3, 5, 6, 9, 11, 12, 13, 14 and 15 (p<0.01) 

from d1 to d33 (Figure 4.10, B, Table 4.17, B). Only methylation of CpG unit 15 was increased 

from d33 to d110 in CON males (p=0.006). Similar to the female group, there was a decrease in 

methylation of the CpG units 5, 8 and 9 from d110 to d365 in the CON male group (p=0.04, 0.01 

and 0.03). The CpG unit 1 also had a tendency for decreased methylation levels (p=0.1). 
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Figure 4.10 Levels of methylation of individual CpG units in the Igf2 DMR2 in the kidney of the CON female and 

male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 

 
Table 4.17 Changes in methylation of individual CpG units of the Igf2 DMR2 in the kidney of the CON 

offspring.  

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; females d33 n=4, d110 n=8, d365 n=4.  

 
age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 118* 22 16 30* 49 27 54* -1 7 13 42* 

d1/d33 27 88* 45* 65* 10 89* 56* 44* 49* 29 83* 

d33/d110 -12 8 9 3 -9 13 -4 15 -1 35 -6 

d110/d365 -65* -1 -19* 1 17 4 1 3 5 23 -5 

 

age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 118* 22 16 30* 49 27 54* -1 7 13 42* 

d1/d33 16 88** 47** 69** -6 108** 56** 71** 37** 71** 55** 

d33/d110 -14 3 5 0 1 1 1 -6 5 -6 23** 

d110/d365 -42 11 -7* -2 -41** -14* -5 18 -17 29 -23 
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In the lung, similar to other tissues, the overall methylation changes for the Igf2 DMR2 across 

different ages were significant for both CON females and males (p=0.014 and 0.011 

respectively). When methylation of individual CpG units across all five ages was analyzed in 

females, the test showed statistically significant increase in methylation of the CpG unit 1 

(p=0.0006), 3 (p=0.0008), 5 (p=0.0005), 6 (p=0.0008), 8 (p=0.014), 9 (p=0.022) and 14 

(p=0.0025). For the CpG units 12, 13 and 15 there was a tendency for an increase in methylation 

across stages (p=0.054, 0.08 and 0.08 respectively). In the CON males, a similar pattern of 

increase in methylation was observed for the CpG unit 3 (p=0.0003), 5 (p=0.0002), 6 

(p=0.0009), 9 (0.026), 11 (p=0.0027), 12 (p=0.016), 13 (p=0.04) and 15 (p=0.0014). The CpG 

unit 1 and 8 did not demonstrate differences in methylation between ages in the CON males; the 

CpG unit 14 had a tendency for an increase in methylation levels (p=0.09).  

A pair-wise comparison of methylation of individual CpG units between e20 and d1 CON 

offspring demonstrated a significant increase in methylation of the CpG units 3 (p=0.02), 5 

(p=0.03), 6 (p=0.03), 9 (p=0.04) and 15 (p=0.04) (Figure 4.11, Table 4.18). The CpG units 1 and 

8 had a tendency for an increase in methylation (p=0.1). The CON female offspring had an 

increase in methylation of all CpG units from d1 to d33, but for CpG units 1, 8, 9 and 13 it did 

not reach statistical significance (p=0.1) (Figure 4.11, A, Table 4.18, A). There was a significant 

decrease in methylation of the CpG units 1 and 8 in the CON females from d33 to d110 

(p=0.01). In adult females, the CpG unit 1 methylation was significantly increased at d365 when 

compared with d110 offspring (p=0.008). In contrast to CON females, CON males had a 

significant increase from d1 to d33 only in two CpG units 6 and 15 (p=0.02) (Figure 4.11, B, 

Table 4.18, B). There were no significant changes in methylation between d33 and d110 or 

between d110 and d365 CON males. 

 

 



_____________________________________________________________________  Chapter 4 

171 

 

 

 

Figure 4.11 Levels of methylation of individual CpG units in Igf2 DMR2 in the lung of the CON female and male 

group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 
 

Table 4.18 Changes in methylation of individual CpG units of the Igf2 DMR2 in the lung of the CON offspring. 
 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8; females d33 n=4, d110 n=,8 d365 n=5; males d33 n=4, d110 n=,8 d365 n=4.  

 
age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 159 24* 20* 18* 64 44* 26 13 19 13 14* 

d1/d33 40 34* 29** 23** 24 28 31* 44* 14 50** 25* 

d33/d110 -52** -10 -6 -6 -39** -11 -6 -12 -5 -11 1 

d110/d365 100** 26 -3 10 23 -1 10 -1 10 3 5 

 

age interval CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

e20/d1 159 24* 20* 18* 64 44* 26 13 19 13 14* 

d1/d33 -6 23 10 15* -2 13 12 22 6 10 26* 

d33/d110 -1 12 9 2 -16 4 18 12 8 19 7 

d110/d365 9 6 -3 -2 23 -1 -9 5 -10 11 2 
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4.3.4. Patterns of methylation of H19 DMR CTCF binding sites 1 and 2 in normal 

tissues of different origins at five different ages.  

4.3.4.1.  Tissue-specific H19 DMR 1-2 methylation patterns  

For the H19 DMR, containing CTCF binding sites 1 and 2, it was possible to investigate 9 out of 

16 CpG units (Figure 4.12, C). Figure 4.12 A demonstrates a comparison of H19 DMR fragment 

containing CTCF binding sites 1-2 (DMR 1-2) methylation levels between 4 tissues at the 

embryonic day 20. The overall methylation in this region was not significantly different between 

tissues; a pair-wise comparison did not show any differences between each pair of tissues as 

well. Methylation of the CpG unit 16 in the liver and the kidney was significantly higher than in 

the pancreas (p=0.05) (Figure 4.12, A). Methylation levels of the individual CpG unit 4 were 

lower in the lung compared with the pancreas and kidney (p<0.05).  

In contrast, overall methylation levels were significantly different between tissues in 365 day old 

female and male offspring (p=0.0036). A pair-wise comparison revealed that overall methylation 

in the liver was significantly higher than in the lung (p=0.047), and overall methylation in the 

pancreas was significantly higher than in the kidney and lung (p=0.0048 and 0.0001 

respectively). A between tissues pair-wise comparison of methylation of individual CpG units 

demonstrated that methylation of the CpG unit 12 was higher in the liver than in the kidney 

(p=0.013) (Figure 4.12, B), and methylation of the CpG units 5, 12, 14 and 16 was higher in the 

liver than the lung (p<0.05). Methylation of the CpG units 2, 5, 12 and 16 was significantly 

higher in the pancreas in comparison with the kidney (p<0.05). All CpG units, except 2 and 8, 

demonstrated higher levels of methylation in pancreas tissue as compared with lung tissue 

(p<0.05). Methylation of the CpG unit 4 was significantly higher in the kidney in comparison 

with the lung (p=0.02) 
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  C 

                                                                                                             

                                                                                                                             1(1) 

CTGGGTATGAGTGTGCAGGGACCAAGGGGAAACCCTACATTCATACGAGCTACCAAGAGGCATGGAGGACCATGTTTTATTGGA 

         2(2)     [3   4](3)                   [5   6] (4)                                                             7(5)                                                                             

TGTTCGCTGAATTTGTTGTGTGGTTTAAAACGCGGAAGTTGCCGCGTGGTGGCAGCAAAAATCACTTGCGCCAAACTTAA 

                                                   8(6)          9(7) 

AAAAAACCCCCAACCCCCCGAGCCCGGATTGGAATCCACACAAGGCAATACTGTGGGTACCCCAAGTTCAGTACCTCAGAGGG 

                                                                                                                         [10  11](8)                      12(9)                   13(10)  14(11)            

TCTCAAACTTCACTAGGAGGGCAGGACACATGCATTTCTAGGCTGGTCCGTGGCGGTCTCAGACACCGAAATCAACGAGTTCGGC  

                 [15    16](12)                           [17  18](13)                                       [19  20       21](14)                          [22  23](15)     24(16) 

ATACTATCGGCGAAGAATCCTTTGCGCGTAAAAACCAGGCCTGCCGCGTGGCGGCAGTGAAGTCGCGTACATCGCATCCC 

                       

TGCTGAAACAGATTGCAACTGAGATTGA 

 

Figure 4.12 Methylation levels of the H19 DMR containing CTCF binding sites 1 and 2 in four different tissues of 

the CON offspring at e20 and d365 stages  

A – CON e20, B – CON d365, female and male data combined. Sequence (C) shows amplicon studied in this 

experiment. Data are mean ± SD. E20 liver n=3, pancreas n=3, kidney n=3, lung n=3; d365 liver n=8, pancreas n=8, 

kidney n=8, lung n=8; *p<0.05, **p<0.01, ***p<0.001. Sequences: CpG sites highlighted in green were 

investigated in this study, red – unable to detect due to technique limitations; all CpG sites are numbered, numbers 
in round brackets indicate CpG units obtained after RNaseA digestion, square brackets define CpG sites that 

compose one CpG unit. Underlined sequences in bold indicate CTCF-binding sites 1 and 2 respectively. 
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4.3.4.2. Age-specific methylation patterns of H19 DMR fragment containing CTCF 

binding sites 1 and 2 

In contrast to methylation of Igf2 DMRs, methylation of the H19 DMR containing CTCF 

binding sites 1 and 2 did not have clear changes across different ages in all studied tissues.  

Analysis using DISTLM method demonstrated no statistically significant differences in overall 

methylation between different ages in the CON females (p=0.09) and males (p=0.9) in the liver 

(Figure 4.13). However, analysis of individual CpG units across all five ages in females revealed 

statistically significant differences in methylation of CpG units 4, 5, 6 and 8 (p=0.03, 0.02, 0.007 

and 0.0008). In males the same analysis showed statistically significant changes in methylation 

of CpG units 5, 6, 8 and 13 had (p=0.013, 0.003, 0.01 and 0.014 respectively).  

A pair-wise comparison of methylation of individual CpG units between ages demonstrated a 

statistically significant increase in methylation of the CpG units 8 and 13 from e20 to d1 in the 

CON offspring (p=0.02 and 0.05), CpG units 4, 5, 6 and 14 demonstrated a tendency for 

increased methylation between these two stages (p=0.1) (Figure 4.13, Table 4.19). No changes 

in methylation were detected between d1 and d33 stages in the CON female group (Figure 4.13, 

A, Table 4.19, A). The CON females demonstrated an increase in methylation of the CpG unit 4 

from d33 to d110 (p=0.04). A decrease in methylation of the CpG units 5, 6 and 8 occurred from 

day 110 to day 365 in CON females (p=0.006, 0.0003 and 0.0016 respectively). The CpG units 

2, 4, 12, 13 and 14 demonstrated a tendency for decreased methylation between d110 and d365 

stages in the CON female group (p=0.1, 0.055, 0.057, 0.14 and 0.1 respectively). Similar to the 

female group, no changes in methylation of individual CpG units were detected between d1 and 

d33 stages in the CON male group (Figure 4.13, B, Table 4.19, B). A significant decrease in 

methylation of the CpG units 6 and 13 (p=0.02 and 0.041 respectively) was observed in the 

CON males from day 33 of age to day 110. The CpG units 2, 5, 8 and 14 had a tendency for 

decreased methylation as well between d33 and d110 stages (p=0.1). There also was an increase 

in methylation of the CpG units 5 (0.04), 6 (p=0.02), 12 (p=0.02) and 16 (p=0.05) from d110 to 

d365 in the male CON offspring. Methylation of the CpG units 4, 8 and 14 also was increased, 

but the difference did not reach statistical significance (p=0.1, 0.066 and 0.065 respectively). 
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Figure 4.13 Levels of methylation of individual CpG units in the H19 DMR CTCF binding sites 1-2 in the liver of 

the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=3; *p<0.05. 
 

Table 4.19 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 
sites 1 and 2 in the liver of the CON offspring. 

 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates decrease in methylation, no sign indicates increase in methylation, *p<0.05, CON 

females e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5; CON males e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 

n=3.  
 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 5 25 39 26 25* 35 16* 15 15 

d1/d33 -8 -7 -8 5 6 -19 -2 4 -7 

d33/d110 5 18* 20 3 4 8 5 0 2 

d110/d365 -32 -30 -32* -34* -35* -38 -26 -26 -24 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 5 25 39 26 25* 35 16* 15 15 

d1/d33 -5 0 1 4 0 -3 -3 3 -3 

d33/d110 -23 -27 -29 -35* -24 -39 -32* -29 -30 

d110/d365 26 46 53* 49* 44 118* 47 39 73* 
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In the pancreas of the CON female and male group no significant changes in overall methylation 

of the H19 DMR fragment containing CTCF binding sites 1 and 2 across five ages were detected 

(p=0.057 and 0.1 respectively). However, analysis of individual CpG units across five ages in 

females showed that the CpG units 5, 6, 12 and 16 had statistically significant changes 

(p=0.0045, 0.002, 0.009 and 0.01 respectively). In the CON males, the same analysis 

demonstrated that three CpG units (5, 6 and 16) had statistically significant changes across five 

ages (p=0.05, 0.02 and 0.03 respectively). 

A pair-wise comparison between ages demonstrated a significant decrease in methylation from 

e20 to d1 at the CpG unit 5 (p=0.03) (Figure 4.14, Table 4.20). The CpG units 4 and 14 also had 

a tendency for decreased methylation between these two ages (p=0.09 and 0.1 respectively). In 

contrast, there was a tendency for a decrease in methylation of the CpG units 12 and 16 from e20 

to d1 stage (p=0.066 and 0.1 respectively).  An increase in DNA methylation levels from d1 to 

d33 in CpG units 5, 6, and 16 (p=0.04, 0.02 and 0.04 respectively) was observed in the CON 

females (Figure 4.14, A, Table 4.20, A). All other CpG units at this age interval demonstrated a 

tendency for an increase in methylation (p=0.1). The CON females showed a decrease in 

methylation of the CpG units 6, 12 and 14 from day 33 to day 110 of age (p=0.05, 0.03 and 0.05 

respectively), whereas the CpG units 2 and 16 had a tendency for decreased methylation (p=0.1 

and 0.09 respectively). An increase in methylation was observed from d110 to d365 for the CpG 

units 5, 6 and 14 (p=0.02, 0.004 and p=0.05 respectively). In males, a significant increase in 

methylation of the single CpG unit 6 was observed (p=0.02) from the newborn stage (d1) to 

postweaning stage (d33) (figure 4.14, A, table 4.20, A). However, methylation of the CpG units 

4, 5, and 14 also had a tendency to be increased (p=0.1, 0.1, 0.08 and 0.057 respectively) at the 

same age. There were no significant changes in methylation between other ages in the CON 

male group. 
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Figure 4.14 Levels of methylation of individual CpG units in the H19 DMR CTCF binding sites 1-2 in the 

pancreas of the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 
 

Table 4.20 Changes in methylation of individual CpG units of H19 DMR fragment containing CTCF binding 
sites 1 and 2 in the pancreas of the CON offspring.  

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 n=4, d110 n=8, d365 n=4. 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 5 -25 -32* 5 -14 132 -10 -19 61 

d1/d33 10 29 34* 28* 23 53 21 19 37* 

d33/d110 -20 -2 -10 -18* -12 -36* -13 -16* -15 

d110/d365 28 10 27* 28** 10 46 15 20* 6 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 5 -25 -32* 5 -14 132 -10 -19 61 

d1/d33 0 23 22 21* 13 1 9 15 22 

d33/d110 -5 2 -4 -1 1 -1 5 -2 -5 

d110/d365 10 6 11 2 4 0 1 2 14 
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In the kidney of the CON females a tendency for differences in methylation of the H19 DMR 1-

2 region were observed across all five ages (p=0.06). In contrast, CON males demonstrated a 

statistically significant difference in overall methylation of the region across ages (p=0.04). At 

the level of individual CpG units, analysis demonstrated changes in methylation of the CpG 

units 2, 5, 6, 12 and 16 (p=0.01, 0.03, 0.005, 0.003 and 0.002 respectively) in the CON females 

across five ages. Similarly, in the CON males analysis of individual CpG units showed that the 

CpG units 2 (p=0.001), 6 (p=0.004), 12 (p=0.002) and 16 (0.0005) had significant changes 

across five stages of life. 

A pair-wise comparison demonstrated no statistically significant decrease in methylation of any 

CpG units from e20 to d1 stages (Figure 4.15, Table 4.21). The newborn (d1) CON offspring 

demonstrated significantly higher methylation levels of the CpG units 2 (p=0.04), 5 (p=0.03) and 

16 (p=0.05) in comparison with d33 CON females (Figure 4.15, A, Table 4.21, A), whereas the 

CpG units 4, 6 and 13 demonstrated a tendency for decreased methylation from d1 to d33 stages 

(p=0.1). Methylation at the postweaning and adult stages remained stable, although there was a 

tendency for decreased methylation of the CpG unit 6 from d110 to d365 (p=0.064). The 

newborn offspring (d1) demonstrated higher methylation levels in comparison with d33 CON 

males in CpG units 2 (p=0.001), 5 (p=0.04), 6 (p=0.008), 12 (p=0.007) and 16 (p=0.007) (Figure 

4.15, B, Table 4.21, B). No differences in methylation were observed between d33 and d110 

stages in the CON male group. Methylation of the CpG unit 6 was decreased in d365 compared 

with d110 CON males (p=0.04). Otherwise, similar to the female group methylation levels at 

adult stages did not have much variation. 
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Figure 4.15 Levels of methylation of individual CpG units in the H19 DMR CTCF binding sites 1-2 in the kidney 

of the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4. 

 
 

Table 4.21 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

sites 1 and 2 in the kidney of the CON offspring. 

 A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=,3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=4. 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 8 -5 -11 2 -6 24 -6 0 8 

d1/d33 -27* -13 -20* -13 -13 -44 -12 -15 -33* 

d33/d110 -15 4 -4 -17 5 -45 3 1 -21 

d110/d365 3 30 10 55 25 0 3 9 -8 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 8 -5 -11 2 -6 24 -6 0 8 

d1/d33 -38** -22 -26* -23** -10 -61** -16 -18 -46** 

d33/d110 17 10 18 18 14 15 12 11 9 

d110/d365 -27 5 -14 -20* 4 -33 -9 -4 -28 
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In the lung of the CON females only tendency for differences in overall methylation of the H19 

DMR 1-2 region across different ages were detected (p=0.06). In contrast, CON males 

demonstrated significant changes in overall methylation of the H19 DMR 1-2 region (p=0.02). 

An analysis of methylation of individual CpG units in the CON female group across different 

ages demonstrated differences in methylation of the CpG units 4 (p=0.05), 8 (p=0.002), 12 

(p=0.007) and 14 (p=0.004). Similarly, methylation of the CpG units 2, 12 and 16 was 

significantly different in males across five ages (p=0.02, 0.0009 and 0.0002 respectively).  

There were no significant differences in methylation of individual CpG units between the e20 

and d1 stages; however, methylation of the CpG unit 12 considerably increased (98%, p=0.08) 

(Figure 4.16, Table 4.22). A pair-wise comparison between different ages in the CON females 

demonstrated an increase in methylation of the CpG unit 8 and 14 from d1 to d33 (p=0.03 and 

0.04 respectively (Figure 4.16, A, Table 4.22, A). In contrast, a significant decrease in 

methylation of the CpG units 12 and 16 was detected in the CON females from d1 to d33 

(p=0.004 and 0.03 respectively). The CON females demonstrated a significant decrease in 

methylation of the CpG units 8 and 14 from d33 to d110 (p=0.008 and 0.007 respectively). No 

significant differences in methylation were observed between d110 and d365 stages in the CON 

female group. In the male CON group, methylation levels of the CpG units 2, 6, 8, 12 and 16 

significantly decreased (p=0.01, 0.04, 0.05, 0.006 and 0.006 respectively) from the newborn 

stage (d1) to d33 (Figure 4.16, B, Table 4.22, B). An increase in methylation of the CpG unit 16 

(p=0.04) from d33 to d110 and a decrease from d110 to d365 (p=0.03) were detected in the male 

group. All other differences in methylation of individual CpG units between d33 and d110, and 

d110 and d365 stages did not show any statistically significant differences. 
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Figure 4.16 Levels of methylation of individual CpG units in the H19 DMR CTCF binding sites 1-2 in the lung of 

the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4. 

 
Table 4.22 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

sites 1 and 2 in the lung of the CON offspring. 

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=4.  

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 4 23 12 2 3 98 5 15 32 

d1/d33 -8 9 3 -5 29* -85** -8 21* -44* 

d33/d110 -20 -13 -19 -20 -33** 106 -8 -39** 3 

d110/d365 28 -18 -12 0 -19 27 -7 -8 27 

 

age interval CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

e20/d1 4 23 12 2 3 98 5 15 32 

d1/d33 -56** 2 -7 -36* -25* -82** 19 -22 -62** 

d33/d110 43 -17 13 67 19 125 -31 10 76* 

d110/d365 21 -25 -46 -7 10 -56 -4 -21 -55* 
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4.3.5. Patterns of methylation of H19 DMR fragment containing CTCF binding site 

4 in normal tissues of different origins at five different ages.  

4.3.5.1. Tissue-specific H19 DMR 4 methylation patterns  

Methylation of another H19 DMR section, which contains CTCF binding site 4 (Figure 4.17, C) 

was investigated in this study. This region includes 20 CpG sites in 16 CpG units, however, due 

to technique limitations (small or interfering peaks), only 8 CpG units containing 9 CpG sites 

were investigated in this experiment. The methylation pattern between the liver, pancreas, 

kidney and lung was very consistent. Methylation levels varied between less than 20% for the 

CpG unit 12 and 100% for the CpG unit 2 (Figure 4.17, A and B). The statistical analysis 

demonstrated no difference of overall methylation of this region between 4 tissues (p=0.1) at e20 

stage. A pair-wise comparison of overall methylation between each pair of tissues demonstrated 

that the lung had significantly higher methylation than the liver and the kidney (p=0.038 and 

0.046). Analysis of individual CpG units demonstrated a significant difference in methylation of 

the CpG unit 2 (p=0.007). A pair-wise analysis showed that methylation levels of the CpG unit 2 

in liver tissue were significantly lower than in the pancreas and the lung (p=0.05 and 0.04 

respectively, Figure 4.17, A). Methylation of the CpG unit 12 in the liver was higher compared 

with the kidney and the lung (p=0.05 for both comparisons). Methylation of the CpG unit 13 in 

the liver was significantly higher than in the lung (p=0.05). Methylation of the CpG unit 2 in the 

pancreas was significantly higher than in kidney (p=0.046).  In the kidney, methylation of the 

CpG unit 2 was lower compared with the lung (p=0.05), but methylation of the CpG units 7 and 

13 was higher than in the lung (p=0.05 for both comparisons). 

In d365 offspring, no significant differences for tested tissues were observed in overall 

methylation of the region. The pair-wise comparison between individual tissues showed 

significant difference in methylation between the pancreas and the lung (p=0.038). Investigation 

of methylation of individual CpG units demonstrated significant differences in methylation of 

the CpG units 12 and 13 (p=0.005 and 0.038 respectively, Figure 4.17, B). When a comparison 

of methylation of individual CpG units between each pair of tissues was done, it showed that 

methylation of the CpG unit 12 in the liver was significantly higher than in the kidney (p=0.01), 

and methylation of the CpG units 12 and 16 was significantly higher in the liver compared with 

the lung (p=0.018 and 0.02 respectively). Methylation of the CpG unit 12 was also significantly 

higher in the pancreas compared with the kidney and lung (p=0.01 for both comparisons). 
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                                                                                                                                                    1(1)             2(2)                                      [3      4](3)               

CTCTGGAGTGGTTGCACATTGAAACCAGAGAACTGGACTCATTCCTTACACAGCCGGAGATCGTCAATGGCTGGTATCGCCGAAA          

          5(4)     6(5) 

TTGCCGAGCGATGACCAGTTCAATCCCACATACTTTAACACAAGATGACCAAAGTTGGGGTTCACCTATGGCAAACTCATAGG 

                                       7(6)                                                                                                       8(7)                           [9                10](8)              11(9) 

TCACTCAGGCCTAGCGATTCACAAGGGTCATGGGGTGGTAGGACACACATTTCTCGGGTAACTCCTTCGGTCTTGCGCCCTTCACG 

    12(10)                    13(11)            [14 15](12)                                                                                [16 17](13)                                               18(14) 

ATCGGTACACTCCCGACACAGCGCGGATTTGACTATAGCTAGATGGACAAATATGCCGCGTGGTGGCAGTACAACCCTACGTA 

                                19(15)                                          20(16) 

TTGCTGGGCTGACGTGGCATAGATTTGGGGTTCGCCTGTGACAAAGCTTCAAGTCACCCAGGTTCAACAAAGGGGTCAGGCATTT 

 

GGATTT  

Figure 4.17 Methylation of the H19 DMR CTCF binding site 4 in the liver, pancreas, kidney and lung at e20 stage 

and at d365 in the CON offspring. 
 A – CON e20, B – CON d365, female and male data combined. Sequence (C) shows amplicon studied in this 

experiment. Data are mean ± SD. E20 liver n=3, pancreas n=3, kidney n=3, lung n=3; d365 liver n=8, pancreas n=8, 

kidney n=8, lung n=8; *p<0.05. Sequences: CpG sites highlighted in green were investigated in this study, red – 

unable to detect due to technique limitations; all CpG sites are numbered, numbers in round brackets indicate CpG 

units obtained after RNaseA digestion, square brackets define CpG sites that compose one CpG unit. Bold fonts 

highlight an H19 DMR sequence conserved between rat, mouse and human. Bold, underlined fonts highlight CTCF-

binding site 4. 
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4.3.5.2. Age-specific methylation patterns of H19 DMR fragment containing CTCF 

binding site 4 

Figure 4.17 (A and B) and Figures 4.18, 4.19, 4.20 and 4.21 demonstrate that unlike Igf2 DMRs, 

methylation of all CpG units in the H19 DMR containing CTCF binding site 4 did not change 

across ages, and remained very similar at the perinatal and adult stages. Statistical analysis 

confirmed absence of differences in overall methylation across all 5 ages for both female and 

male groups in the liver, the pancreas, the kidney and the lung.  

Analysis of individual CpG units at the same 5 ages in the liver also demonstrated no changes in 

methylation across ages in the CON female group (Figure 4.18, A, Table 4.23, A). The male 

CON group showed a significant change in methylation of the CpG unit 12 across 5 ages 

(p=0.043). Particularly, methylation of this CpG unit in the CON newborn offspring was 

significantly higher compared with the CON d110 male offspring (p=0.027) (Figure 4.18). 

 

 

 

 

 

 

 

 

 



_____________________________________________________________________  Chapter 4 

185 

 

 

 

Figure 4.18 Levels of methylation of individual CpG units in the H19 DMR CTCF binding site 4 in the liver of 

the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=3; *p<0.05. 
 

Table 4.23 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

site 4 in the liver of the CON offspring. 

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 
designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, CON e20 

n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=3.  

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 22 7 1 53 13 3 9 6 

d1/d33 -5 -2 -11 0 -2 -5 -2 1 

d33/d110 -9 -2 2 1 -9 1 4 1 

d110/d365 7 9 2 -24 -21 12 14 17 

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 22 7 1 53 13 3 9 6 

d1/d33 -1 -4 -13 3 3 -6 -3 -3 

d33/d110 2 -7 12 -11 -36 0 -9 -9 

d110/d365 -6 12 13 -7 2 5 15 20 
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A comparison between individual CpG units across all five ages in the pancreas of the CON 

female and male offspring revealed no significant changes in methylation. However, a pair-wise 

comparison between each age demonstrated significantly lower methylation of the CpG unit 7 in 

d1 CON offspring compared with d33 female CON group (p=0.01) (Figure 4.19, A, Table 4.24, 

A). In the male CON group, methylation of CpG units 12 and 15 was significantly lower in the 

d1 CON group in comparison to d33 CON group (p=0.042 for both comparisons) (Figure 4.19, 

B, Table 4.24, B). 

In the kidney, no differences in methylation of individual CpG units across all five ages were 

detected in the CON female group. However, CON male group demonstrated difference in 

methylation of CpG units 12 and 15 (p=0.024 and 0.015 respectively).  

An increase in methylation from d1 to d33 was observed in kidney tissue of the female CON 

group for CpG units 10 and 13 (p=0.006 and 0.025 respectively) (Figure 4.20, A, Table 4.25, A). 

A decrease in methylation of CpG unit 12 from d1 to d33 in the CON female group did not reach 

statistical significance (p=0.08). There was a decrease in methylation levels of the CpG units 10 

and 13 from d33 to d110 stage in the CON female group (p=0.02 and 0.05 respectively). No 

significant differences in methylation of individual CpG units were detected in the CON female 

group at other stages. A pair-wise comparison demonstrated decreased methylation of CpG units 

7, 12, 13, 15 and 16 in male CON offspring from the newborn stage (d1) to d33 (p=0.011, 0.013, 

0.006, 0.013 and 0.005) (Figure 4.20, B, Table 4.25, B). A comparison between d33 and d110 

CON male offspring demonstrated that methylation of CpG units 7, 13, 15 and 16 increased 

from postweaning to young adult stage (p=0.026, 0.04, 0.033 and 0.02 respectively). CON males 

had a tendency for decreased methylation of the CpG unit 7 from d110 to d365 (p=0.06). No any 

other differences in methylation of individual CpG units between different ages reached 

statistical significance.  

 

 

 

 

 

 



_____________________________________________________________________  Chapter 4 

187 

 

 

Figure 4.19  Levels of methylation of individual CpG units in the H19 DMR CTCF binding site  4  in the pancreas 
of the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 

 

Table 4.24 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

site 4 in the pancreas of the CON offspring.  

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=7; females d33 n=4, d110 n=8, d365 n=4; males d33 n=4, d110 n=8, d365 n=4. 

 
age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 -3 24 7 -22 9 -5 37 -1 

d1/d33 -4 16** -16 -21 19 7 9 6 

d33/d110 0 -14 6 5 -24 -8 -12 -8 

d110/d365 7 8 10 -8 29 6 20 8 

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 -3 24 7 -22 9 -5 37 -1 

d1/d33 3 18 4 -7 91* 7 14* 7 

d33/d110 -6 -4 -4 -2 -35 -1 0 4 

d110/d365 1 -2 3 -17 -10 -4 3 -5 
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Figure 4.20 Levels of methylation of individual CpG units in the H19 DMR CTCF binding site 4 in the kidney of 
the CON female and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4; *p<0.05, **p<0.01. 

 

Table 4.25 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

site 4 in the kidney of the CON offspring. 

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

**p<0.01, CON e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=4. 

 
age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 7 3 1 20 10 -4 -6 1 

d1/d33 9 -5 56** 42 -40 11* 0 -1 

d33/d110 -15 -3 -25* -20 -22 -11* -6 -8 

d110/d365 11 8 -40 -11 3 0 -3 9 

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 7 3 1 20 10 -4 -6 1 

d1/d33 8 -14* 26 29 -53* -14** -15* -14** 

d33/d110 -3 24* 8 -21 48 22* 33* 22* 

d110/d365 4 -13 -41 24 -12 -2 -24 -8 
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In the lung tissue, a comparison of methylation of individual CpG units across all 5 ages showed 

no significant differences in CON female and male groups for all units. Comparison between 

each age group individually demonstrated significant decrease in methylation of the CpG unit 12 

from day 33 of age to day 110 of age in the CON female group (p=0.03) (Figure 4.21, A, Table 

4.26, A). CON males did not show any significant differences in methylation of individual CpG 

units for all 4 age comparisons (Figure 4.21, B, Table 4.26, B), although methylation of the CpG 

unit 10 considerably decreased from e20 stage to d365 stage in the CON male group. 
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Figure 4.21 Levels of methylation of individual CpG units in the H19 DMR CTCF binding site 4 in the lung of the 

CON female  and male group.  

A – females, B – males, data are mean ± SD. E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 

n=4, d110 n=8, d365 n=4, *p<0.05. 

 
 

Table 4.26 Changes in methylation of individual CpG units of the H19 DMR fragment containing CTCF binding 

site 4 in the lung of the CON offspring.  

A – females, B – males, data are expressed as average percentage change between ages, where younger age is 

designated as 100%, ‘-‘ indicates a decrease in methylation, no sign indicates an increase in methylation, *p<0.05, 

CON e20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5; males d33 n=4, d110 n=8, d365 n=4.  

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 1 6 -6 -5 31 0 -13 0 

d1/d33 -5 5 -35 5 11 10 5 13 

d33/d110 5 4 68 51 -59* 11 -13 6 

d110/d365 0 -1 -28 -32 54 -9 31 -3 

 

age interval CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

e20/d1 1 6 -6 -5 31 0 -13 0 

d1/d33 0 1 -5 -10 -30 7 -2 6 

d33/d110 -1 7 -20 26 18 11 20 22 

d110/d365 -5 -17 -35 -14 -12 -8 -29 -16 
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4.3.6. Maternal diet effects on methylation of Igf2 and H19 DMRs 

4.3.6.1. Maternal diet effects on methylation of Igf2 DMR1 

Table 4.27 demonstrates a summary of differences in Igf2 DMR1 methylation of individual CpG 

units found in different tissues between the CON and MD groups. Figures 4.22, 4.23, 4.24 and 

4.25 represent methylation of individual CpG units in the liver, pancreas, kidney and lung at five 

different ages in the CON and MD groups.  

The maternal diet did not lead to any statistically significant immediate or delayed effects on 

overall methylation of Igf2 DMR1 CpG units in any of the studied tissues. There were minor 

differences in methylation of individual CpG units, with a statistically significant decrease in 

methylation of CpG unit 5 in d1 offspring in liver when compared to the CON group (p=0.02, 

Table 4.27).  

Female MD offspring at 33 days of age demonstrated a statistically significant decrease in 

methylation of CpG unit 3 (p=0.029) in the pancreas (Table 4.27). There was a statistically 

significant increase in methylation of CpG units 2 and 3 in 365 day old female MD offspring in 

the kidney (p=0.01 and 0.03 respectively).  

In the lung, 33 day old male MD offspring demonstrated a significant increase in methylation of 

the CpG unit 2 (p=0.029), while 365 day-old male offspring demonstrated a statistically 

significant decrease in methylation of CpG unit 2 (p=0.01).  

Table 4.27 Summary of significant differences in methylation of individual CpG units of the Igf2 DMR1 between 

the CON and MD offspring in the liver, pancreas, kidney and lung at different stages of life.  

Data are expressed as percentage methylation difference in the MD group relative to the CON group, where CON 

methylation is defined as 100%. Signs ‘+’ or ‘-‘ indicate increase or decrease of methylation in the MD group 
relative to the CON group.  

Tissue/Age CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

Liver d1     -11%* 

Pancreas d33F   -13%*   

Kidney d365 F  +46%** +15%*   

Lung d33 M  +46%*    

Lung d365 M  -31%**    
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Figure 4.22 Methylation patterns of the Igf2 DMR1 in the liver tissue of the CON and MD offspring at five different ages. 

 A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; data are mean ± SD, *p<0.05. 
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Figure 4.23 Methylation patterns of the Igf2 DMR1 in the pancreas of the CON and MD offspring at five different ages.  
A – females, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=6; B – males, CON e20 n=3, d1 n=7, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=7; data are mean ± SD, *p<0.05. 
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Figure 4.24 Methylation patterns of the Igf2 DMR1 in the kidney of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05, **p<0.01. 
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Figure 4.25 Methylation patterns of the Igf2 DMR1 in the lung of the CON and MD offspring at five different ages.  
A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05. 
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4.3.6.2. Maternal diet effects on methylation of Igf2 DMR2 

Table 4.28 demonstrates a summary of differences in Igf2 DMR2 methylation of individual CpG 

units found in different tissues between the CON and MD groups. Figures 4.26, 4.27, 4.28 and 

4.29 represent methylation of individual CpG units in the liver, pancreas, kidney and lung at five 

different ages in the CON and MD groups.  

In the liver tissue of the e20 MD offspring, overall methylation levels were reduced when 

compared to those seen in CON offspring of the same age, but the result did not reach statistical 

significance (p=0.09). Although there was a trend towards methylation of CpG unit 3, 5 and 9 

tending to be lower in the MD offspring compared to the CON group (p=0.094, 0.09 and 0.1 

respectively), the results did not reach statistical significance.  

No significant differences of the Igf2 DMR2 methylation in the pancreatic tissue between e20 

CON and MD group were detected, either for overall data or for individual CpG units. At the d1 

stage, there was a significant decrease in overall methylation of CpG units in the MD offspring 

as compared to the CON offspring (p=0.0012), while analysis of individual CpG units revealed a 

statistically significant decrease in methylation of CpG units 5 (p=0.004), 6 (p=0.001), 9 

(p=0.011) and 14 (p=0.008). Female d33 MD offspring also demonstrated an overall decrease in 

methylation levels (p=0.023), while individual CpG units 3, 5, 8, 11, 13, 14 and 15 had 

statistically significant decreases in methylation (p=0.028, 0.043, 0.043, 0.02, 0.042, 0.019 and 

0.028 respectively). No differences were observed in the same age male group. However, MD 

males demonstrated a significant decrease in methylation of individual CpG units 1 and 6 at the 

365 days stage (p=0.012 and 0.024 respectively). 

In the kidney, no differences in methylation levels were observed at any ages except for an 

increase of methylation of CpG unit 5 in d365 MD females (p=0.008) (Table 4.28). 

In the lung tissue, d33 MD females had a decrease in overall methylation (p=0.013), and in 

methylation of CpG units 3, 5, 8, 9, 12, 13 and 14 as compared with CON d33 females (p=0.043, 

0.02, 0.038, 0.028, 0.029, 0.046 and 0.029 respectively). No methylation differences were 

observed in males at this age, or any other ages.  
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Table 4.28 Summary of significant differences in methylation of the Igf2 DMR2 between the CON and the MD 

groups at five different stages of life in four tissues. 

 Data are expressed as percentage methylation difference in the MD group relative to the CON group, where CON 

methylation is defined as 100%. Signs ‘+’ or ‘-‘ indicate an increase or a decrease of methylation in the MD group 

relative to the CON group. 

Tissue/Age CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

Pancreas d1   -10%** -15%***  -30%*    -44%**  

Pancreas d33 F  -18%* -16%*  -23%*  -21%*  -28%* -30%* -16%* 

Pancreas d365 M -27%*   -11%*        

Kidney d365 F   +24%*         

Lung d33 F  -17%* -10%*  -31%* -29%*  -21%* -17%* -29%*  
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Figure 4.26 Methylation patterns of the Igf2 DMR2 in the liver of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; data are mean ± SD. 
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Figure 4.27 Methylation patterns of the Igf2 DMR2 in the pancreas of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=6; B – males, CON e20 n=3, d1 n=7, d33 n=4, d110 
n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=7; data are mean ± SD, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.28 Methylation of individual CpG units of the Igf2 DMR2 in the kidney of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05, **p<0.01. 
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Figure 4.29 Methylation of individual CpG units of the Igf2 DMR2 in the lung of the CON and MD offspring at five different ages.  
A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05. 
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4.3.6.3. Maternal diet effects on methylation of H19 DMR CTCF binding sites 1 and 2 

Table 4.29 demonstrates a summary of differences in H19 DMR 1-2 methylation of individual 

CpG units found in different tissues between the CON and MD groups. Figures 4.30, 4.31, 4.32 

and 4.33 represent methylation of individual CpG units in the liver, pancreas, kidney and lung at 

five different ages in the CON and MD groups. In the liver, no significant overall methylation 

differences between CON and MD offspring at e20 and d1 stages were observed (p=0.1 and 

p=0.8). Similarly, no differences were observed in d33 females. However there was a 

statistically significant decrease in overall methylation of the H19 DMR 1-2 in the MD d110 

females when compared with CON females of the same age (p=0.0002). Analysis of individual 

CpG units demonstrated that methylation of each CpG unit was significantly decreased in the 

MD d110 females relative to CON d110 females (p<0.01). MD males at the d365 stage 

demonstrated a significant decrease in methylation of the CpG unit 12 (p=0.01).  

No differences in methylation between CON and MD e20 groups were observed in pancreatic 

tissue, except for CpG unit 12, where a significant decrease in methylation was detected in the 

MD groups (p=0.01, Table 4.29). Neither newborn offspring nor d33 females showed any 

differences in methylation between the CON and MD groups. Overall methylation of the H19 

DMR 1-2 in the pancreas of d110 MD females was significantly lower than in the CON female 

group (p=0.001), with analysis of individual CpG units demonstrating a significant decrease of 

methylation from the CpG unit 4 to CpG unit 16 (p<0.05). No differences, except a decrease in 

methylation of the CpG unit 5 in MD females (p=0.03), were observed at the d365 stage. No 

differences in methylation of any of CpG units were observed between CON and MD males at 

d33 or d110 of age. However, at d365 MD males had significantly lower methylation of CpG 

units 2 (p=0.034), 6 (p=0.046) and 16 (p=0.01). 

In the kidney, no differences were detected for any of the age groups, either female or male, 

between CON and MD offspring in DNA methylation of this region. 

Methylation of the H19 DMR 1-2 in the lung did not differ between the CON and MD offspring 

at e20 and d1 stages. Overall methylation in the MD female offspring at d33 was not different 

from that of the CON female group of the same age, although methylation of individual CpG 

units 2, 8 and 14 was significantly lower (p=0.02 for all three CpG units, Table 4.29). Higher 

levels of methylation of the CpG unit 14 were observed in the MD d365 female group when 

compared to CON females of the same age. MD males did not demonstrate any differences in 
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methylation compared with the CON male group at d33 and d110 stage. At 365 days of age MD 

males had a statistically significant increase in methylation of CpG units 4 (p=0.03) and 16 

(p=0.01) compared with the CON male group of the same age. 

Table 4.29 Summary of significant differences in methylation of individual CpG units in the H19 DMR 

containing CTCF binding sites 1 and 2 between the CON and the MD groups at five different stages of life in four 

tissues.  

Data are expressed as percentage methylation difference in the MD group relative to the CON group, where CON 

methylation is defined as 100%. Signs ‘+’ or ‘-‘ indicate increase or decrease of methylation in the MD group 

relative to the CON group, *p<0.05, **p<0.01. 

Tissue/Age CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

Liver d110 F -35%** -47%** -51%** -56%** -54%** -44%** -57%** -60%** -39%** 

Liver d365 M      -46%**    

Pancreas e20      -59%**    

Pancreas d110 F  -30%* -22%* -26%* -49%* -49%* -28%* -17%* -37%* 

Pancreas d365M -82%*   -84%*     -64%** 

Lung d33 F -48%*    -52%**   -43%**  

Lung d365 M  +48%*       +95%** 
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Figure 4.30 Methylation pattern of the H19 DMR containing CTCF binding sites 1 and 2 in the liver tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; data are mean ± SD, *p<0.05, **p<0.01. 
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Figure 4.31 Methylation pattern of the H19 DMR containing CTCF binding sites 1 and 2 in the pancreas tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=6; B – males, CON e20 n=3, d1 n=7, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=7; data are mean ± SD, *p<0.05. 

 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

2 4 5 6 8 12 13 14 16

m
e

th
yl

a
ti

o
n

 r
a

ti
o

CpG unit

CON e20

MD e20

CON d1

MD d1

CON F d33

MD F d33

CON F d110

MD F d110

CON F d364

MD F d364

A

*

*

**

*

***
*

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

2 4 5 6 8 12 13 14 16

m
et

h
yl

at
io

n
 ra

ti
o

CpG unit

CON e20

MD e20

CON d1

MD d1

CON M d33

MD M d33

CON M d110

MD M d110

CON M d364

MD M d364

B

**

*

*



____________________________________________________________________________________________________________ Chapter 4 

206 

 

 

 

Figure 4.32 Methylation pattern of the H19 DMR containing CTCF binding sites 1 and 2 in the kidney tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD. 
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Figure 4.33 Methylation pattern of the H19 DMR containing CTCF binding sites 1 and 2 in the lung tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05, **p<0.01. 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

2 4 5 6 8 12 13 14 16

m
e

th
yl

a
ti

o
n

 r
a

ti
o

CpG unit

CON e20

MD e20

CON d1

MD d1

CON F d33

MD F d33

CON F d110

MD F d110

CON F d364

MD F d364

A

* **

*

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

2 4 5 6 8 12 13 14 16

m
et

h
yl

at
io

n
 ra

ti
o

CpG unit

CON e20

MD e20

CON d1

MD d1

CON M d33

MD M d33

CON M d110

MD M d110

CON M d364

MD M d364

B

*

**



_____________________________________________________________________  Chapter 4 

208 

 

4.3.6.4. Maternal diet effects on methylation patterns of H19 DMR CTCF binding site 4 

Table 4.30 demonstrates a summary of differences in H19 DMR 4 methylation of individual 

CpG units found in different tissues between the CON and MD groups. Figures 4.34, 4.35, 4.36 

and 4.37 represent methylation of individual CpG units in the liver, pancreas, kidney and lung at 

five different ages in the CON and MD groups. In liver tissue, overall methylation of this site did 

not show any differences between the CON and MD offspring at e20 and d1. Similarly, there 

were no differences, in either female or male offspring, at d33, d110 and d365, in overall 

methylation of this region, or in methylation of individual CpG units between the CON and MD 

groups. Data for the pancreas also showed no statistically significant differences according to the 

maternal diet. 

In the kidney tissue, no overall differences were observed in H19 DMR 4 methylation between 

the CON and the MD groups at any stage. Comparison of individual CpG units methylation 

demonstrated that the e20 MD offspring had a statistically significant increase in methylation of 

the CpG unit 2 (p=0.046) and decrease in methylation of the CpG unit 16 (p=0.043). At d1, the 

MD offspring had significantly higher methylation of CpG unit 10 compared with CON 

offspring (p=0.018). The MD females at d33 demonstrated significantly lower methylation of 

the CpG unit 10 (p=0.021) and CpG unit 13 (0.019). At d110, the female MD offspring had 

higher methylation of CpG unit 12 compared with the CON female group (p=0.04), and the male 

MD group showed decreased methylation of the CpG units 7, 15 and 16 in comparison with 

CON males (p=0.04, 0.003 and 0.023 respectively). The MD male offspring at d365 had 

significantly lower methylation of CpG unit 12 relative to the CON male group (p=0.02). 

In the lung, no overall changes in methylation were observed between the CON and the MD 

groups at any ages. However, there was a significant decrease in methylation of the CpG unit 10 

at the e20 stage (p=0.05), and a significant decrease in methylation of CpG units 13, 15 and 16 

in d33 MD females compared to the CON female group of the same age (p=0.02 for each 

comparison). No differences between the CON and MD group were detected in other groups for 

lung tissue. 
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Table 4.30 Summary of significant differences in methylation of individual CpG units in the H19 DMR 

containing CTCF binding site 4 between the CON and the MD groups at five different stages of life in four tissues 

Data are expressed as percentage methylation difference in the MD group relative to the CON group, where CON 

methylation is defined as 100%. Signs ‘+’ or ‘-‘ indicate increase or decrease of methylation in the MD group 

relative to the CON group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tissue CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

Kidney e20 +18%*       -10%* 

Kidney d1   +27%*      

Kidney d33 F   -41%*   -17%*   

Kidney d110 F     +80%*    

Kidney d110 M  -21%*     -29%** -16%* 

Kidney d365M     -75%    

Lung e20    -40%*      

Lung d33 F      -22%* -49%* -28%* 
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Figure 4.34 Methylation pattern of the H19 DMR containing CTCF binding site 4 in the liver tissue of the CON and MD offspring at five different ages.  
A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8; data are mean ± SD. 
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Figure 4.35 Methylation pattern of the H19 DMR containing CTCF binding site 4 in the pancreas tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=6; B – males, CON e20 n=3, d1 n=7, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=7; data are mean ± SD. 
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Figure 4.36 Methylation pattern of the H19 DMR containing CTCF binding site 4 in the kidney tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05, **p<0.01. 
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Figure 4.37 Methylation pattern of the H19 DMR containing CTCF binding site 4 in the lung tissue of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 

n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; data are mean ± SD, *p<0.05. 
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4.3.7. Expression of Igf2 paternal and maternal alleles in normal tissues of 

different origins at five different ages. 

4.3.7.1. Tissue-specific expression of Igf2 paternal and maternal alleles 

Figure 4.38 illustrates the pattern of allelic expression of the Igf2 gene in the liver, pancreas, 

kidney and lung in the CON offspring at e20, d1 and d365 stages. At the perinatal stage (e20 and 

1), the CON offspring showed very similar patterns of monoallelic expression of Igf2 in the 

liver, kidney and lung. In the pancreatic tissue at the embryonic stage, there appeared to be some 

expression of the maternal allele of Igf2. However, expression levels were very low, and 

undetectable by real time PCR. There was a more variable pattern of allelic expression in 365 

day-old offspring. In the liver, relaxation of imprinting was between approximately 10% and 

20%. In the pancreas, relaxation of imprinting was higher than in other tissues at around 30%. 

Old d365 CON offspring demonstrated around 20% relaxation of imprinting in the kidney. In 

lung tissues, d365 offspring had approximately between 10 and 20% relaxation of imprinting.  

Results below describe changes in allelic expression of the Igf2 gene in more details. 
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Figure 4.38 Representation of patterns of allelic expression of the Igf2 gene in the liver, pancreas, kidney and lung 

of the CON offspring at the perinatal stages (e20 and d1) and adult stage (d365).  

Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains; NTC – no template control. Liver e20 n=3, d1 n=8, d365 n=8; pancreas e20 n=3, d1 n=7, d365 n=8; kidney 

e20 n=3, d1 n=8, d365 n=9; lung e20 n=3, d1 n=8, d365 n=9; e20, d1 and d365 – combined female and male data.. 

 

4.3.7.2. Age-specific expression of Igf2 paternal and maternal alleles 

Liver 

In normal liver tissue biallelic expression of Igf2 mRNA was detected by the time the female and 

male offspring reached the d33 stage. Figure 4.39 demonstrates the pattern of expression of the 

maternal Igf2 allele in the liver of the CON offspring across three ages. At 33 days of age in the 

female group one offspring developed relaxation of imprinting. In the CON d110 female group 3 

out of 8 offspring had maternal expression of Igf2 mRNA (relaxation of imprinting), whereas in 

the d365 group all females had biallelic expression. The increase in average proportion of the 

maternal allele expression of the Igf2 mRNA from d110 until day 365 was significant 

(p=0.0005). 

 By 33 days of age all four CON male offspring developed relaxation of imprinting, and Igf2 
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group one out of three offspring had monoallelic expression. Males did not show any significant 

changes in the average proportion of the maternal allele expression across all three ages. 

 

Figure 4.39 Proportion of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 mRNA 

in liver tissue of the CON female and male group.  

Data are shown for individual samples (filled triangles, circles and squares). Bars show average proportion for each 

age and gender group. CON females d33 n=4, d110 n=8, d365 n=5; CON males d33 n=4, d110 n=8, d365 n=3; 
***p=0.0005 female group age differences. 
 

Pancreas 

There was slight relaxation of Igf2 imprinting in e20 and d1 offspring (Figure 4.40), but 

amplification of the maternal allele did not reach the threshold when cDNA was amplified in the 

real time PCR prior running allelic discrimination assay. By the time the female offspring 

reached d33, average expression of the maternal allele was approximately 20% of the total pool 

of Igf2 mRNA (Figure 4.40). One out of four d33 females demonstrated monoallelic expression. 

At all other ages all females demonstrated biallelic expression of the Igf2 gene. All d33, d110 

and d365 male offspring had biallelic expression of the gene with approximately 30% expression 

of the maternal allele. Figure 4.40 shows that in both the female and male groups, there was a 

progressive increase in the expression of the maternal allele as animals aged. However, only in 

the female group an increase in the maternal allele expression was statistically significant 

(p=0.046). A pair-wise comparison between each age in the female group showed that the 

increase from d33 to d365 was statistically significant (p=0.02). 
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Figure 4.40 Proportion of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 mRNA 

in pancreas tissue of the CON female and male group.  

Data are shown for individual samples (filled triangles, circles and squares). Bars show average proportion for each 

age and gender group. CON females d33 n=4, d110 n=8, d365 n=4; CON males d33 n=4, d110 n=8, d365 n=4; 

*p=0.02 – an increase in expression of the maternal allele from d33 to d 365 in the female CON offspring. 

 

Kidney 

CON offspring at e20 and d1 showed monoallelic expression of the Igf2 gene in the kidney 

(Figure 4.38). Expression of both the paternal and maternal alleles was detected in the offspring 

starting from d33 (Figure 4.41). Both female and male CON offspring had an expression of the 

maternal Igf2 allele at approximately 20%, which remained stable across all three ages.

 

Figure 4.41 Proportion of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 mRNA 

in kidney tissue of the CON female and male group.  

Data are shown for individual samples (filled triangles, circles and squares). Bars show average proportion for each 
age and gender group. CON females d33 n=4, d110 n=8, d365 n=5; CON males d33 n=4, d110 n=8, d365 n=4. 
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In comparison to e20 offspring, the newborn offspring demonstrated a tendency for slight 

relaxation of imprinting (Figure 4.38), although expression of the maternal allele was not 

detected with the real time PCR assay. At d33 of age, relaxation of imprinting was detected in all 

except one female offspring (Figure 4.42). Figure 4.42 also demonstrates that five out of eight 

d110 CON females had monoallelic expression of the Igf2 gene. At d365, only one CON female 

showed Igf2 monoallelic expression. There were very little changes in the proportion of 

expression of the maternal Igf2 allele between different ages in the female group. All four males 

showed biallelic expression of the Igf2 gene at d33, whereas at d110, one out of eight males 

demonstrated mono-allelic expression. Similarly, at d365 one out of four males showed 

monoallelic expression of Igf2. As male offspring aged, proportion of the maternal allele 

decreased (p=0.034, Figure 4.42). A pair-wise comparison between ages in males demonstrated 

that the decrease in expression of the maternal Igf2 allele from approximately 30% to 20% 

occurred between d33 and d110 (p=0.04).  

 

 

Figure 4.42 Proportion of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 mRNA 

in lung tissue of the CON female and male group.  

Data are shown for individual samples (filled triangles, circles and squares). Bars show average proportion for each 

age and gender group. CON females d33 n=4, d110 n=8, d365 n=5; CON males d33 n=4, d110 n=8, d365 n=4., 

*p=0.04, a decrease in expression of the maternal allele from d33 to d110 in males. 
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4.3.8. Expression of H19 paternal and maternal alleles in normal tissues of 

different origins at five different ages. 

4.3.8.1. Tissue-specific expression of H19 paternal and maternal alleles 

Data plotted in Figure 4.43 demonstrates the pattern of expression of the maternal and paternal 

H19 alleles in the liver, pancreas, kidney and lung at the e20 and d365 stages of combined data 

for female and male offspring. H19 expression in the pancreas, kidney and lung was monoallelic 

at the embryonic day 20 stage, whereas liver demonstrated around 5% expression of the paternal 

H19 allele (Lewis). The slight relaxation of imprinting was confirmed by real time PCR analysis 

run prior to the allelic discrimination assay (Figure 4.44, B). In 365 day-old offspring, H19 

expression in the liver was monoallelic, as was expression in the pancreas for both genders. In 

the kidney, the offspring gave a slight indication of relaxation of H19 expression; however, this 

was not detected by real time PCR. In contrast to other tissues, the average intensity of the signal 

in lung tissues of 365 day-old animals was close to the no template control (NTC) readings, 

indicating very low expression of H19, rather than relaxation of imprinting. 

 

Figure 4.43 Representation of patterns of allelic expression of the H19 gene in the liver, pancreas, kidney and lung 

of the CON offspring at the perinatal stages (e20 and d1) and adult stage (d365).  

Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains; NTC – no template control. Liver e20 n=3, d1 n=8, d365 n=8; pancreas e20 n=3, d1 n=7, d365 n=8; kidney 

e20 n=3, d1 n=8, d365 n=9; lung e20 n=3, d1 n=8, d365 n=9; e20, d1 and d365 – combined female and male data. 
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4.3.8.2. Age-specific expression of H19 paternal and maternal alleles 

Liver 

Similar to the e20 offspring, the d1 offspring demonstrated a slight relaxation of imprinting, 

which was detected with the real time PCR technique. The proportion of expression of the 

maternal (Wistar) level is shown in Figure 4.44 B. At all other stages, the expression of the H19 

gene was strictly monoallelic in both the CON female and male group (Figure 4.44, A).  
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Figure 4.44 Expression of maternal and paternal alleles of H19 in the liver of the CON females and males at five 

different ages.  

A - data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles  ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains , NTC – no template control. B – proportion of expression of the maternal allele in e20 and d1 offspring 

(based on real time PCR). E20 n=3, d1 n=8; females d33 n=4, d110 n=8, d365 n=5, males d33 n=4, d110 n=3, d365 

n=3. 
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Pancreas 

Only maternal allele expression of the H19 gene was detected in the offspring at all ages (Figure 

4.45).  

 

Figure 4.45 Expression of maternal and paternal alleles of H19 in the pancreas of the CON females and males at 

five different ages.  

Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles  ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains, NTC – no template control. CON e20 n=3, d1 n=7, females d33 n=4, d110 n=8, d365 n=4, males d33 n=4, 

d110 n=8, d365 n=4. 

 

Kidney 

In kidney tissues, a monoallelic expression of H19 was observed in the e20 and d1 offspring 

(Figure 4.46). At d33, d110 and d365 in females, H19 expression was also monoallelic. Male 

groups demonstrated monoallelic expression at d33 and d365, while at d110 they tended to have 

slight, less than 10%, relaxation of imprinting. However this was not verified by real time PCR 

run prior to the allelic discrimination assay.  
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Figure 4.46 Expression of maternal and paternal alleles of H19 in the kidney of the CON females and males at 

five different ages.  

Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles  ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains, NTC – no template control. CON e20 n=3, d1 n=8, females d33 n=4, d110 n=8, d365 n=5, males d33 n=4, 

d110 n=8, d365 n=4. 

 

Lung 

Figure 4.47 demonstrated that in the lung, expression of H19 was strictly monoallelic at e20 and 

d1 stages. Both CON males and females at d33 also showed monoallelic expression. At d110 

and d365 stages the H19 gene expression in the CON groups was very low, close to NTC allelic 

discrimination assay signal readings. This could explain the observed detection of the paternal 

allele signal. Amplification of the paternal allele during real time PCR assay did not reach the 

threshold, so the level of relaxation could not be detected. Expression of the maternal allele in 

d365 groups was very low, thus Ct values for the maternal allele in the female group were 

between 38 and 39 cycles, for the CON male group they were between 36 and 38 cycles, in two 

samples maternal allele amplification did not reach threshold.  
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Figure 4.47 Expression of maternal and paternal alleles of H19 in the lung of the CON females and males at five 

different ages.  

Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of 

maternal and paternal alleles  ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains, NTC – no template control. CON e20 n=3, d1 n=8, females d33 n=4, d110 n=8, d365 n=5, males d33 n=4, 

d110 n=8, d365 n=4. 

 

4.3.9. Effects of the maternal methyl donor deficient diet on expression of Igf2 and 

H19 paternal and maternal alleles in tissues of different origins at five 

different ages. 

4.3.9.1. Effects of the maternal diet on allelic expression of the Igf2 gene  

Similar to the CON group, MD offspring had strictly monoallelic Igf2 expression in livers of e20 

and d1 offspring (Appendix III, Figure AIII.2). At d33 the female MD offspring had 1 sample 

with biallelic expression, the same result as in the CON d33 female group (figure 4.48, A). By 

d110 stage in the MD female group only one out of eight female had monoallelic expression as 

compared to five out of eight in the CON female group. At d365 three out of seven MD females 

still had monoallelic expression of the Igf2 gene. Comparison between the CON and the MD 

groups showed a significantly lower proportion of expression of the Igf2 maternal allele in d365 

MD females relative to CON d365 female offspring (p=0.001, Figure 4.48, A). The difference 

between the d110 CON and MD female groups did not reach statistical significance (p=0.16). In 
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general, the pattern of expression of the proportion of the maternal allele in the MD male 

offspring was very similar to the CON male offspring (figure 4.48, B). Except, one male in MD 

group showed monoallelic expression at d33, and all MD males at d365 had biallelic expression.  

 

 

Figure 4.48 A comparison of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 
mRNA in liver tissue between the CON and MD offspring.  

A – females, B – males. Data are shown for individual samples (filled triangles, circles and squares). Bars show 

average proportion for each age group. CON females d33 n=4, d110 n=8, d365 n=5; MD females d33 n=4, d110 

n=8, d365 n=5; CON males d33 n=4, d110 n=8, d365 n=3; MD males d33 n=4, d110 n=8, d365 n=8; ***p=0.001. 

 

In the pancreas, the analysis demonstrated monoallelic expression of the Igf2 gene in e20 and d1 

MD offspring, the same as in the CON group (Appendix III Figure AIII.3). Similar to the CON 

group the MD offspring showed a relaxation of imprinting starting from d33 of age (Figure 4.49, 

A and B). There were no differences in the pattern of expression of Igf2 parental alleles between 

the MD and the CON offspring. The same as the CON females, the MD female group 

demonstrated a statistically significant increase in the proportion of expression of the maternal 

allele (p=0.043), whereas pattern of the maternal Igf2 allele in the MD male group did not have 

much variation across ages. 
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Figure 4.49 A comparison of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 

mRNA in pancreas tissue between the CON and MD offspring.  

A – females, B – males. Data are shown for individual samples (filled triangles, circles and squares). Bars show 

average proportion for each age group. CON females d33 n=4, d110 n=8, d365 n=4; MD females d33 n=4, d110 

n=7, d365 n=5; CON males d33 n=4, d110 n=8, d365 n=4; MD males d33 n=4, d110 n=8, d365 n=6. 
 

 

In the kidney, the expression pattern of the maternal allele in the MD group was the same as in 

the CON group at all ages. The e20 and d1 MD offspring demonstrated monoallelic expression 

(Appendix III Figure AIII.4). Relaxation of imprinting in both female and male MD offspring 

was observed by 33 days of age (Figure 4.50, A and B)  
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Figure 4.50 A comparison of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 

mRNA in kidney tissue between the CON and MD offspring. 

A – females, B – males. Data are shown for individual samples (filled triangles, circles and squares). Bars show 

average proportion for each age group. CON females d33 n=4, d110 n=8, d365 n=5; MD females d33 n=4, d110 

n=8, d365 n=7; CON males d33 n=4, d110 n=8, d365 n=4; MD males d33 n=4, d110 n=8, d365 n=7. 

 

In the lung, there were no differences between the CON and the MD offspring in allelic 

expression of the Igf2 gene at e20 and d1 stages, MD offspring showed monoallelic Igf2 

expression at both stages (Appendix III Figure AIII.5). At d33 all MD females demonstrated 

biallelic expression, and the pattern of expression was very similar to the CON females of this 

age (Figure 4.51, A). On average, expression of the maternal allele at d110 in the CON and MD 

female group was very similar. MD females demonstrated slight decrease in the proportion of 

expressed maternal allele, however the difference did not reach statistical significance (p=0.07). 

As it was reported above, the CON female group had three out of eight animals with biallelic 

expression, whereas seven out of eight d110 MD females had biallelic expression, indicating 

higher proportion of animals with biallelic expression in the MD female group. At d365 MD 
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females demonstrated a pattern of Igf2 allelic expression very similar to the CON females of the 

same age, with one out of seven MD females having monoallelic expression of the Igf2 gene. 

MD males also showed very similar to the CON male group average levels of expression of the 

maternal Igf2 allele at d33, d110 and d365 stages and a slight non-significant tendency for a 

decrease in proportion of its expression with age (Figure 4.51, B). At d33 one MD male out of 

four had a monoallelic expression, whereas at d110 all MD males had relaxation of imprinting. 

At d365 two out of eight MD males demonstrated monoallelic expression.  

 

 

Figure 4.51 A comparison of the maternal allele expression (relaxation of imprinting) in the total pool of Igf2 
mRNA in lung tissue between the CON and MD offspring.  

A – females, B – males. Data are shown for individual samples (filled triangles, circles and squares). Bars show 

average proportion for each age group. CON females d33 n=4, d110 n=8, d365 n=5; MD females d33 n=4, d110 

n=8, d365 n=7; CON males d33 n=4, d110 n=8, d365 n=4; MD males d33 n=4, d110 n=8, d365 n=8. 
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4.3.9.2. Effects of the maternal diet on allelic expression of the H19 gene  

The pattern of allelic expression of the H19 gene was very similar for females and males. 

Therefore, Figure 4.52, A, B, C and D demonstrate allelic expression of H19 in the CON and 

MD females, Figures AIII.6, AIII.7, AIII.8, and AIII.9 in Appendix III demonstrate allelic 

expression of H19 in the CON and MD males.  

In the liver, the MD group did not show any differences in allelic expression when compared 

with the CON group at all stages. The MD offspring at e20 and d1 stage had slight relaxation of 

H19 imprinting in the liver, very similar to the CON groups of the same age (Figure 4.52, A). 

The MD female and male offspring did not demonstrate any relaxation of imprinting at d33, 

d110 and d365 stages and had strictly monoallelic expression like the CON group. (Figure 4.52, 

A and Figure AIII.6 in Appendix III). 

In the pancreas, the MD female and male offspring also demonstrated strictly monoallelic 

expression of H19 the same as the CON group in both female (Figure 4.52, B) and male (Figure 

AIII.7 in Appendix III) groups. 

In the kidney, a comparison between the CON and MD groups at e20 and d1 stages 

demonstrated the same monoallelic pattern of H19 expression in the MD offspring (Figure 4.52, 

C). Similarly, at d33 no relaxation of imprinting was observed in both female and male MD 

offspring. MD females and males at d110 and d365 also tended to have slight relaxation of 

imprinting (Figure 4.52, C and Figure AIII.8 in Appendix III); however, it was not detected 

during real time PCR run.  

In the lung, the same pattern of allelic expression of the H19 gene was observed in the MD 

group as in the CON group. At e20, d1 the MD offspring demonstrated strictly monoallelic 

expression (Figure 4.52, D). Both MD females and males showed only maternal H19 expression 

at d33, the same as the d33 CON groups (Figure 4.52, D and Figure AIII.9 in Appendix III). 

Again, similarly to the CON group, MD offspring at d110 and d365 had allelic discrimination 

assay readings close to NTC.  Analysis of real time data revealed that two samples in the d365 

female MD group and two samples in the d365 MD male group did not have any amplification 

of the maternal allele. Two samples in the MD females group at d365 had amplification of the 

paternal allele only. 
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Figure 4.52 Expression of maternal and paternal alleles of H19 in four tissues of the CON and MD females at five different ages.  

A – liver, B – pancreas, C – kidney, D – lung.  Data are average endpoint fluorescent reading Rn (normalized reporter signal) corresponding to amplification of maternal and 

paternal alleles  ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second number) gDNA, WxL – gDNA extracted from a 

F1 cross between Wistar and Lewis rat strains, NTC – no template control. Liver CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8,d33 n=4, d110 n=8, 
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d365 n=5; pancreas CON e20 n=3, d1 n=7,d33 n=4, d110 n=8, d365 n=4; MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=5; kidney CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5; 
MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7; lung CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5; MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7. 
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4.3.10. Age effects and maternal diet effects on expression of Igf2 and H19 mRNA 

in pancreas and lung tissues of CON and MD offspring  

Two tissues – pancreas and lung were arbitrary chosen to test total expression of the Igf2 and 

H19 genes. Real time PCR using SYBR Green chemistry was employed to measure expression 

levels of these genes in the CON and MD offspring at different ages. Figure 4.53 shows 

expression of these genes across different ages. Comparative Ct method was used to determine 

fold change in expression of the genes. Raw data was first normalized to β-actin, which was 

used as an endogenous control. Then fold changes in expression were calculated relative to 

arbitrary chosen first e20 sample. These data were used to construct the graphs for Figure 4.53. 

The analysis showed that expression of both genes was considerably higher in the e20 and d1 

CON offspring when compared to female and male d33, d110 and d365 age groups, where 

expression was decreased down to hundred-fold in d365 groups. However, it has to be 

mentioned that expression of the housekeeping gene β-actin between different age groups was 

significantly different; nevertheless the magnitude of differences in expression of the Igf2 and 

H19 genes between ages was considerably higher than age differences in expression of β-actin. 

In order to examine differences in expression between individual CON and MD groups of the 

same age and gender a more robust method, which is based on Pair-Wise Fixed Reallocation 

Randomisation Test© (Pfaffl et al., 2002) was used. Figure 4.54 demonstrates expression of Igf2 

(A) and H19 (B) in the pancreas, and Igf2 (C) and H19 (D) in the lung of the MD group at 

different ages relative to the CON group of the respective age. None of the MD age and gender 

groups had significant changes in expression these genes. In the pancreas, all groups 

demonstrated high variability in expression of the Igf2 and H19 genes. MD females at d33 of age 

had approximately 60% decrease in expression of the Igf2 gene compared to the CON females of 

the same age, which however, did not reach statistical significance (p=0.13). Igf2 expression was 

increased by 60% and H19 expression was decreased by 40% in the pancreas of 365 days old 

MD males, although not significantly (p=0.49 and 0.55 respectively). 

Igf2 expression in the lung was the highest in the MD d110 males, where it was up-regulated by 

the factor 1.6 (p=0.5). The lowest 50% decrease in expression was observed in e20 MD group 

(p=0.1), there is a possibility that it was not statistically significant because only three animals 

per group were available. MD males at d33 had almost 1.7-fold increase in H19 expression 

(p=0.64). A 65% decrease in expression of the H19 gene was observed in lung tissue of d110 

MD males, which however did not reach statistical significance (p=0.09). 
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Figure 4.53 Expression of the H19 and Igf2 genes in the CON and MD groups across different ages in lung and pancreas tissues.  
A – expression of Igf2 in the pancreas, B – expression of H19 in the pancreas, C – expression of Igf2 in the lung, D – expression of H19 in the lung. Data are mean ± SD, 

pancreas: CON e20 n=3, d1 n=7, d33F n=4, d33M n=4, d110F n=8, d110M n=8, d365F n=4, d365M n=4 MD e20 n=3, d1 n=8, d33F n=4, d33M n=4, d110F n=8, d110M 

n=8, d365F n=5, d365M n=6;  lung: e20 n=3, d1 n=8, d33F n=4, d33M n=4, d110F n=8, d110M n=8, d365F n=5, d365M n=4 MD e20 n=3, d1 n=8, d33F n=4, d33M n=4, 

d110F n=7, d110M n=8, d365F n=7, d365M n=8; F – females, M – males. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

e20 d1

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

CON MD

A

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

d33 d110 d365

CON F MD F CON M MD M

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

e20 d1

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

CON MD

C

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

d33 d110 d365

CON F MD F CON M MD M

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

e20 d1

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

CON MD

B

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

d33 d110 d365

CON F MD F CON M MD M

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

e20 d1

re
la

ti
ve

 m
R

N
A

 e
xp

re
ss

io
n

 

CON MD

D

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

d33 d110 d365

CON F MD F CON M MD M



____________________________________________________________________________________________________________ Chapter 4 

234 

 

  

  

Figure 4.54 Fold-change in expression of Igf2and H19 mRNA in the pancreas and in the lung of the MD group relative to the CON group at five different ages.  
A, B – pancreas, C, D – lung; CON group is defined as 1; data are mean ± SEM, pancreas: CON e20 n=3, d1 n=7, d33F n=4, d33M n=4, d110F n=8, d110M n=8, d365F n=4, 

d365M n=4 MD e20 n=3, d1 n=8, d33F n=4, d33M n=4, d110F n=8, d110M n=8, d365F n=5, d365M n=6;  lung: e20 n=3, d1 n=8, d33F n=4, d33M n=4, d110F n=8, d110M 

n=8, d365F n=5, d365M n=4 MD e20 n=3, d1 n=8, d33F n=4, d33M n=4, d110F n=7, d110M n=8, d365F n=7, d365M n=8; F – females, M – males. 
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4.3.11. Correlations of expression of the Igf2 and H19 genes with methylation of 

individual CpG units in the pancreas 

Correlation coefficient 0-30 was defined as weak, 30-70 – moderate, 70-100 – strong. 

Igf2 DMR1  

No correlations were observed in all male and female different age groups for the Igf2 DMR1 

CpG unit 1 methylation and expression of the Igf2 or H19 genes (Table 4.31 A and B). There 

were significantly moderate negative correlations between CpG unit 2 methylation and 

expression levels of the Igf2 and H19 genes in CON and MD females and CON and MD males 

in the pancreas. There were significantly moderate to large negative correlations between 

expression of the Igf2 and H19 genes and methylation of the CpG units 3 and 4 in both male and 

female groups independent of prenatal treatment. There were no significant correlations for the 

CpG unit 5, except for Igf2 gene in the MD female group.  

 
Table 4.31 Correlations between methylation levels of each CpG unit in the Igf2 DMR1 and expression of the 

Igf2 and H19 genes in the pancreas.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=26, MD females n=27, CON males n=26, MD males n=29, rS 

– Spearman’s correlation coefficient; p<0.05, **p<0.01, ***p<0.001. 

 
 

 

 

A   CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

CON F rS -0.06 -0.46* -0.64*** -0.72*** 0.05 

  p-value 0.76 0.02 0.0005 0.00004 0.81 

MD F rS -0.18 -0.48* -0.60*** -0.56** -0.49* 

  p-value 0.38 0.01 0.001 0.003 0.01 

CON M rS -0.36 -0.42* -0.61*** -0.75*** -0.21 

  p-value 0.07 0.03 0.001 0.00001 0.30 

MD M rS -0.14 -0.60*** -0.63*** -0.63*** -0.34 

  p-value 0.49 0.0006 0.0002 0.0004 0.08 

B   CpG 1 CpG 2 CpG 3  CpG 4 CpG 5 

CON F rS -0.19 -0.50** -0.67*** -0.86*** -0.01 

  p-value 0.34 0.009 0.0002 0.00000001 0.98 

MD F rS -0.29 -0.61*** -0.76*** -0.73*** -0.35 

  p-value 0.15 0.001 0.000004 0.00002 0.08 

CON M rS -0.32 -0.64*** -0.73** -0.81*** 0.06 

  p-value 0.11 0.0005 0.00002 0.000001 0.77 

MD M rS -0.08 -0.37* -0.53** -0.74*** -0.27 

  p-value 0.69 0.047 0.003 0.00001 0.16 
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Igf2 DMR2  

Only MD males demonstrated significant moderate negative correlation between expression of 

the Igf2 gene and methylation of the CpG unit 1, in the CON males this correlation did not reach 

statistical significance (p=0.052) (Table 4.32, A). In contrast, only CON and MD females 

demonstrated moderate negative correlations between expression of the H19 gene and 

methylation of the CpG unit 1 (Table 4.32, B). All groups displayed moderate to strong negative 

correlations between expression of both Igf2 and H19 and methylation of the CpG unit 3. 

Methylation of the CpG unit 5 had negative correlations with expression of the Igf2 gene in all 

groups, whereas only MD F (p=0.004) and MD M (p=0.056) demonstrated negative moderated 

correlations between methylation of the CpG unit 5 and expression of the H19 gene. Again only 

MD F and MD M had statistically significant moderate to strong negative correlations between 

expression of both Igf2 and H19 genes and methylation of the CpG unit 6. Moderate negative 

correlations between expression of both genes and methylation of the CpG unit 8 were observed 

in the CON F, MD F and MD M. In the MD F group they did not reach statistical significance 

for the Igf2 gene (p=0.07), and in the MD M correlations did not reach statistical significance for 

the H19 gene (p=0.056). There were moderate negative correlations between expression of the 

Igf2 gene and methylation of the CpG unit 9 in all groups, except CON M (p=0.1). For the H19 

gene and the CpG unit 9 moderate negative correlations were observed in the CON F, MD F and 

MD M groups, but only in the MD F group they were statistically significant. Both, Igf2 and 

H19 had moderate to strong negative correlations of their expression and methylation of the CpG 

unit 11, but in the CON F and CON M groups correlations for H19 did not reach statistical 

significance (p=0.054 and p=0.08 respectively). Only MD F and MD M groups demonstrated 

statistically significant moderate correlations between expression of the Igf2 gene and 

methylation of the CpG unit 12, and only MD F had moderate negative correlations between 

expression of the H19 gene and methylation of the same CpG unit. MD F had significant 

positive correlations between expression of the Igf2 gene and methylation of the CpG units 13. 

CON and MD males had statistically significant moderate correlations between expression of the 

H19 gene and methylation of the CpG unit 13. Only MD M demonstrated statistically significant 

moderate negative correlations between expression of Igf2 and methylation of the CpG unit 14. 

All groups had moderate to strong negative correlations between expression of the Igf2 and H19 

genes and methylation of the CpG unit 15 
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Table 4.32 Correlations between methylation levels of each CpG unit in the Igf2 DMR2 and expression of the Igf2 and H19 genes in the pancreas.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples were tested separately across all ages. CON females 

n=26, MD females n=27, CON males n=26, MD males n=29, rS – Spearman’s correlation coefficient; p<0.05, **p<0.01, ***p<0.001. 

 A   CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

CON F rS -0.29 -0.44* -0.43* -0.23 -0.40* -0.47* -0.51** -0.27 0.13 -0.15 -0.64*** 

  p-value 0.17 0.03 0.03 0.25 0.04 0.02 0.008 0.18 0.53 0.45 0.0005 

MD F rS -0.25 -0.60*** -0.42* -0.75*** -0.36 -0.45* -0.45* -0.53** 0.42* -0.24 -0.57** 

  p-value 0.23 0.001 0.03 0.00001 0.07 0.03 0.02 0.01 0.03 0.23 0.003 

CON M rS -0.39 -0.52** -0.36 -0.31 -0.29 -0.33 -0.65*** -0.26 0.13 -0.15 -0.64*** 

  p-value 0.052 0.01 0.07 0.13 0.15 0.10 0.0003 0.21 0.53 0.45 0.0004 

MD M rS -0.50** -0.65*** -0.55** -0.74*** -0.66*** -0.67*** -0.74*** -0.45* 0.15 -0.44* -0.68*** 

  p-value 0.007 0.0002 0.0023 0.00001 0.0001 0.0003 0.00001 0.02 0.46 0.02 0.0001 

 

B   CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

CON F rS -0.41* -0.45* -0.24 -0.31 -0.40* -0.33 -0.38 -0.21 0.18 -0.16 -0.54** 

  p-value 0.043 0.022 0.23 0.13 0.046 0.11 0.054 0.31 0.39 0.44 0.005 

MD F rS -0.46* -0.77*** -0.55** -0.73*** -0.46* -0.61** -0.53** -0.48* 0.23 -0.37 -0.79*** 

  p-value 0.019 0.000003 0.004 0.00002 0.02 0.003 0.005 0.013 0.26 0.06 0.000001 

CON M rS -0.22 -0.46* -0.13 -0.06 -0.22 -0.19 -0.35 0.07 0.39* 0.12 -0.48** 

  p-value 0.28 0.018 0.54 0.78 0.27 0.34 0.08 0.74 0.046 0.55 0.01 

MD M rS -0.28 -0.58*** -0.37 -0.61*** -0.37 -0.35 -0.53** -0.23 0.41* -0.16 -0.62*** 

  p-value 0.15 0.001 0.056 0.001 0.056 0.10 0.004 0.24 0.03 0.40 0.0004 
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H19 DMR CTCF binding sites 1, 2 and 4 

Moderate negative correlations between expression of the Igf2 and H19 genes and methylation 

of H19 DMR 1-2 CpG units 6 and 16 were observed in MD females and males, but not in the 

CON females and males (Table 4.33 A and B). 

CON F demonstrated moderate positive correlations between expression of the Igf2 gene and 

methylation of H19 DMR 4 CpG unit 2, and CON M demonstrated moderate negative 

correlations between expression of Igf2 and methylation of CpG unit 7 (Table 4.34 A).For the 

H19 gene expression, there were moderate negative correlations between methylation of the 

CpG units 7 and 15 in the CON male group (Table 4.34 B). MD females demonstrated moderate 

negative correlation between expression of H19 and methylation of the CpG unit 11 of H19 

DMR 4. 

 

Table 4.33 Correlations between methylation levels of each CpG unit in the H19 DMR CTCF binding sites 1 and 

2 region and expression of the Igf2 and H19 genes in the pancreas.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=26, MD females n=27, CON males n=26, MD males n=29, rS 

– Spearman’s correlation coefficient; p<0.05, **p<0.01. 

A   CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

CON F rS -0.18 -0.27 -0.15 -0.38 -0.11 -0.31 -0.16 0.01 -0.43* 

 p-value 0.39 0.18 0.45 0.054 0.61 0.12 0.44 0.97 0.03 

MD F rS 0.03 0.09 -0.02 -0.14 0.03 -0.08 0.057 0.12 -0.19 

 p-value 0.90 0.64 0.94 0.50 0.88 0.71 0.78 0.57 0.33 

CON M rS -0.35 -0.36 -0.14 -0.68* -0.37 -0.32 -0.37 -0.31 -0.55** 

 p-value 0.08 0.07 0.50 0.0002 0.07 0.12 0.06 0.12 0.004 

MD M rS -0.04 -0.14 -0.33 -0.17 -0.36 -0.27 -0.15 -0.11 -0.26 

 p-value 0.84 0.46 0.08 0.40 0.055 0.16 0.44 0.57 0.18 

 

 B   CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

CON F rS -0.35 -0.37 -0.36 -0.55** -0.22 -0.39* -0.31 -0.17 -0.49* 

  p-value 0.08 0.07 0.07 0.003 0.29 0.05 0.12 0.41 0.01 

MD F rS 0.03 0.02 0.03 -0.14 -0.04 -0.10 -0.01 0.06 -0.22 

  p-value 0.87 0.93 0.89 0.49 0.84 0.63 0.95 0.77 0.26 

CON M rS -0.21 -0.31 -0.02 -0.57** -0.23 -0.27 -0.32 -0.18 -0.43* 

  p-value 0.29 0.12 0.94 0.003 0.26 0.19 0.11 0.38 0.03 

MD M rS 0.15 0.05 -0.01 0.03 -0.24 -0.03 -0.08 0.11 -0.07 

  p-value 0.44 0.79 0.95 0.87 0.22 0.89 0.70 0.58 0.73 
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Table 4.34 Correlations between methylation levels of each CpG unit in the H19 DMR CTCF binding site 4 

region and expression of the Igf2 and H19 genes in the pancreas.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=26, MD females n=27, CON males n=26, MD males n=29, rS 

– Spearman’s correlation coefficient; p<0.05, **p<001. 

 

 

B   CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

CON F rS 0.16 -0.27 -0.13 0.31 -0.20 -0.10 -0.14 0.04 

  p-value 0.44 0.19 0.52 0.13 0.32 0.63 0.56 0.84 

MD F rS 0.27 -0.09 0.35 0.42* -0.13 0.04 -0.03 0.06 

  p-value 0.18 0.64 0.07 0.05 0.53 0.83 0.89 0.76 

CON M rS 0.27 -0.44* -0.11 0.13 -0.17 -0.10 -0.43* -0.19 

  p-value 0.18 0.02 0.59 0.55 0.42 0.63 0.05 0.36 

MD M rS 0.26 -0.14 0.27 -0.05 0.09 -0.13 0.08 -0.10 

  p-value 0.19 0.48 0.16 0.82 0.65 0.52 0.72 0.63 

 
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A   CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

CON F rS   0.43* -0.21 0.06 0.21 -0.02 -0.01 -0.14 0.12 

  p-value 0.03 0.30 0.77 0.32 0.92 0.96 0.55 0.55 

MD F rS 0.23 -0.07 0.17 0.04 -0.22 -0.04 -0.05 0.15 

  p-value 0.26 0.73 0.38 0.87 0.28 0.85 0.83 0.48 

CON M rS 0.04 -0.59** -0.09 0.09 -0.37 -0.21 -0.45 -0.22 

  p-value 0.83 0.002 0.65 0.69 0.06 0.29 0.04 0.27 

MD M rS 0.14 -0.16 0.36 0.01 -0.09 -0.08 0.00 0.04 

  p-value 0.48 0.41 0.058 0.95 0.64 0.68 1.00 0.85 
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4.3.12. Correlations of expression of the Igf2 and H19 genes with methylation of 

individual CpG units in the lung  

 

Igf2 DMR1  

All groups demonstrated moderate to large, significantly negative from zero correlations 

between expression of both genes Igf2 and H19 and methylation of the CpG units 1, 2, 3, 4 and 5 

in the Igf2 DMR1 (Table 4.35, A and B). Only the MD male group showed no correlation 

between methylation of the CpG unit 2 and expression of the H19 gene.  

 

Table 4.35 Correlations between methylation levels of each CpG unit in the Igf2 DMR1 and expression of the 

Igf2 and H19 genes in the lung.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=27, MD females n=30, CON males n=27, MD males n=31, rS 

– Spearman’s correlation coefficient; *p<0.05, **p<0.01, ***p<0.001. 

 A   CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

CON F rS -0.65*** -0.48** -0.69*** -0.79*** -0.83*** 

  p-value 0.0002 0.01 0.00005 0.000001 0.00000003 

MD F rS -0.76*** -0.43* -0.71*** -0.64*** -0.74*** 

  p-value 0.000001 0.02 0.00001 0.0001 0.000003 

CON M rS -0.72*** -0.47** -0.68*** -0.76*** -0.83*** 

  p-value 0.00002 0.01 0.0001 0.000005 0.0000001 

MD M rS -0.69*** -0.50** -0.80*** -0.57*** -0.77*** 

  p-value 0.00003 0.004 0.0000001 0.001 0.0000004 

 

 B   CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

CON F rS -0.72*** -0.61*** -0.78*** -0.80*** -0.83*** 

  p-value 0.00003 0.0008 0.0000018 0.0000006 0.0000001 

MD F rS -0.69*** -0.58*** -0.83*** -0.89*** -0.84*** 

  p-value 0.00002 0.0008 0.00000001 0.0000000001 0.00000001 

CON M rS -0.81*** -0.64*** -0.83*** -0.86*** -0.86*** 

  p-value 0.0000004 0.0003 0.0000001 0.00000001 0.00000001 

MD M rS -0.60*** -0.03 -0.57*** -0.88*** -0.76*** 

  p-value 0.001 0.854 0.001 0.0000000001 0.0000008 

 

Igf2 DMR2 

Both the CON and MD female and male groups did not show any correlations between 

expression of the Igf2 or H19 genes and methylation of the CpG units 1 and 8 in the Igf2 DMR2 

(Table 4.36, A and B). In contrast, all groups demonstrated moderate to large negative 

correlations between expression of the Igf2 or H19 genes and methylation of the CpG units 3, 5, 

6, 11, 12, 13 and 15. However, correlations between expression of Igf2 and methylation of the 
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CpG unit 13 in the MD F group did not reach statistical significance (p=0.08); in the CON male 

group, correlations between the same CpG unit and expression of the H19 gene also did not 

reach statistical significance (p=0.06). Only CON F and M had moderate negative correlations 

between expression of the Igf2 or H19 genes and methylation of the CpG unit 14 (non-

significant in males for Igf2, p=0.06). 
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Table 4.36 Correlations between methylation levels of each CpG unit in the Igf2 DMR2 and expression of the Igf2 and H19 genes in the lung.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples were tested separately across all ages. CON females 

n=27, MD females n=30, CON males n=27, MD males n=31 rS – Spearman’s correlation coefficient; *p<0.05, **p<0.01, ***p<0.001. 

 

A  CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

CON F rS 0.00 -0.62*** -0.64*** -0.50** 0.07 -0.49** -0.53** -0.44* -0.38* -0.56** -0.49** 

 p-value 0.99 0.0004 0.0003 0.01 0.73 0.01 0.004 0.02 0.05 0.002 0.008 

MD F rS -0.15 -0.55** -0.64*** -0.60*** 0.13 -0.38* -0.77*** -0.59*** -0.32 -0.14 -0.71** 

 p-value 0.43 0.002 0.0001 0.0005 0.50 0.04 0.000001 0.0005 0.08 0.48 0.00001 

CON M rS -0.10 -0.65*** -0.74*** -0.68*** 0.06 -0.59** -0.67*** -0.61*** -0.55** -0.38 -0.72*** 

 p-value 0.62 0.0003 0.00001 0.0001 0.75 0.002 0.0001 0.001 0.003 0.06 0.00003 

MD M rS 0.10 -0.57*** -0.50** -0.53** 0.16 -0.47** -0.80*** -0.71*** -0.43* -0.21 -0.64*** 

  p-value 0.60 0.001 0.004 0.002 0.38 0.01 0.0000001 0.00001 0.02 0.25 0.0001 

 

B  CpG 1 CpG 3 CpG 5 CpG 6 CpG 8 CpG 9 CpG 11 CpG 12 CpG 13 CpG 14 CpG 15 

CON F rS -0.18 -0.71*** -0.49** -0.57** 0.10 -0.44* -0.54** -0.49** -0.56** -0.57** -0.57** 

 p-value 0.39 0.00003 0.009 0.002 0.62 0.03 0.003 0.009 0.003 0.002 0.002 

MD F rS -0.18 -0.71*** -0.84*** -0.78*** 0.25 -0.53** -0.79*** -0.46** -0.43* -0.24 -0.80*** 

 p-value 0.35 0.00001 0.00000001 0.0000004 0.18 0.002 0.0000002 0.01 0.02 0.20 0.0000001 

CON M rS -0.18 -0.74*** -0.68*** -0.67*** -0.07 -0.56** -0.62*** -0.56** -0.36 -0.53** -0.77*** 

 p-value 0.39 0.00002 0.0001 0.0001 0.73 0.005 0.001 0.003 0.06 0.01 0.000003 

MD M rS -0.06 -0.62*** -0.49** -0.58*** 0.30 -0.43* -0.65*** -0.63*** -0.37* -0.14 -0.61*** 

  p-value 0.75 0.0002 0.01 0.001 0.10 0.02 0.0001 0.0001 0.04 0.47 0.0002 
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Table 4.37 Correlations between methylation levels of each CpG unit in the H19 DMR CTCF binding site 1and 2 

and expression of the Igf2 and H19 genes in the lung.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=27, MD females n=30, CON males n=27, MD males n=31, 

rS – Spearman’s correlation coefficient; *p<0.05, **p<0.01, ***p<0.001. 

 

 

 

H19 DMR CTCF binding sites 1 and 2 

CON F, MD F, CON M and MD M groups demonstrated moderate positive correlations between 

expression of the Igf2 gene and methylation of the CpG units 2 and 12 in the H19 DMR CTCF 

1-2 (non-significant in CON F, p=0.06) (Table 4.37, A). Only the CON F and CON M groups 

had moderate positive correlations between methylation of the CpG unit 2 and expression of 

H19 (Table 4.37, B). No significant correlations between the expression of the Igf2 or H19 genes 

and methylation of the CpG units 4, 5 or 6 were found, except moderate positive correlations 

between H19 expression and the CpG unit 8 methylation in the CON F group. There were 

moderate positive correlations between the expression of Igf2 and methylation of the CpG unit 8 

in the CON M group; moderate positive correlations were also detected for the same CpG unit 

and expression of the H19 gene in the CON F group. CON females and males demonstrated 

moderate positive correlations between expression of both Igf2 and H19 and methylation of the 

CpG unit 13 (in the CON F group correlations with Igf2 did not reach statistical significance, 

p=0.13). All groups demonstrated moderate positive correlations between expression of the Igf2 

gene and methylation of the CpG unit 14; however, only in the MD F group these correlations 

 A   CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

CON F rS 0.37 0.00 0.09 0.35 0.21 0.49* 0.30 0.34 0.38* 

  p-value 0.06 0.99 0.65 0.08 0.29 0.01 0.13 0.07 0.047 

MD F rS 0.39* 0.14 0.18 0.14 0.23 0.51** 0.23 0.39* 0.58*** 

  p-value 0.04 0.45 0.33 0.47 0.22 0.004 0.23 0.03 0.001 

CON M rS 0.56** 0.27 -0.08 0.04 0.39* 0.48* 0.44* 0.30 0.42* 

  p-value 0.002 0.21 0.68 0.83 0.049 0.01 0.03 0.14 0.03 

MD M rS 0.52** 0.16 0.16 0.20 0.27 0.43* 0.15 0.35 0.44* 

  p-value 0.003 0.41 0.40 0.29 0.14 0.02 0.43 0.055 0.01 

B  CpG 2 CpG 4 CpG 5 CpG 6 CpG 8 CpG 12 CpG 13 CpG 14 CpG 16 

CON F rS 0.43* 0.26 0.24 0.54** 0.54** 0.49* 0.51* 0.61** 0.34 

 p-value 0.03 0.20 0.23 0.01 0.004 0.01 0.01 0.001 0.08 

MD F rS 0.22 0.02 0.11 0.08 0.11 0.41* 0.24 0.27 0.42* 

 p-value 0.26 0.92 0.57 0.69 0.57 0.02 0.20 0.14 0.02 

CON M rS 0.42* 0.38 0.27 0.14 0.27 0.51** 0.49* 0.51* 0.59*** 

 p-value 0.03 0.07 0.17 0.50 0.18 0.01 0.01 0.01 0.001 

MD M rS 0.26 0.15 0.00 0.32 0.11 0.51** 0.10 0.39* 0.45* 

 p-value 0.16 0.43 0.99 0.09 0.56 0.003 0.61 0.03 0.01 
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were statistically significant.  For the H19 gene only MD males had weak positive correlations 

with methylation of the CpG unit 14; other groups had statistically significant positive 

correlations between H19 expression and the CpG unit 14 methylation. All groups demonstrated 

significant positive correlations between expression of both Igf2 and H19 genes and methylation 

of the CpG unit 16 (correlations did not reach statistical significance in the CON F group, 

p=0.08). 

H19 DMR CTCF binding site 4 

No statistically significant correlations between expression of the Igf2 or H19 genes and 

methylation of the CpG units 2, 7 and 15 were detected (Table 4.38, A and B). The CON M 

group demonstrated statistically significant positive correlations between H19 expression and 

methylation of the CpG unit 10. The CON F group demonstrated statistically significant 

negative correlations between Igf2 expression and methylation of the CpG unit 11. All groups, 

except the CON M group had significant positive correlations between expression of the Igf2 

and H19 genes and methylation of the CpG unit 12 (in the CON F group correlations with H19 

did not reach statistical significance, p=0.1). The CON F group had moderate negative 

correlations between expression of the Igf2 gene and methylation of the CpG unit 13, whereas 

MD females had moderate positive correlations for the same gene and CpG unit. CON females 

and males had moderate negative correlations between expression of the Igf2 gene and 

methylation of the CpG unit 16. Only CON females demonstrated moderate negative 

correlations between methylation of the same CpG unit 16 and H19 expression. 
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Table 4.38 Correlations between methylation levels of each CpG unit in the H19 DMR CTCF binding site 4 and 

expression of the Igf2 and H19 genes in the lung.  

A – Igf2, B – H19; males and females were tested separately, within male and female groups CON and MD samples 

were tested separately across all ages. CON females n=27, MD females n=30, CON males n=27, MD males n=31, 

rS – Spearman’s correlation coefficient; *p<0.05, **p<0.01. 

 
. 

 

 

 

 

 

 

 

 

 

 

 

 A   CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

CON F rS -0.10 -0.28 -0.08 -0.52* 0.41* -0.51* -0.24 -0.47* 

  p-value 0.60 0.15 0.68 0.01 0.03 0.01 0.39 0.01 

MD F rS 0.11 0.30 0.05 0.09 0.61** 0.39* 0.19 0.25 

  p-value 0.57 0.11 0.79 0.68 0.0003 0.03 0.44 0.19 

CON M rS -0.01 -0.14 0.37 -0.10 0.14 -0.24 -0.18 -0.38* 

  p-value 0.97 0.49 0.06 0.64 0.47 0.24 0.51 0.05 

MD M rS 0.19 0.10 -0.15 -0.21 0.56** -0.11 -0.11 -0.12 

  p-value 0.30 0.58 0.42 0.27 0.001 0.56 0.66 0.53 

 B   CpG 2 CpG 7 CpG 10 CpG 11 CpG 12 CpG 13 CpG 15 CpG 16 

CON F rS -0.26 -0.14 0.31 -0.10 0.32 -0.27 -0.20 -0.40* 

  p-value 0.18 0.50 0.11 0.63 0.10 0.17 0.50 0.04 

MD F rS 0.28 0.06 0.07 -0.21 0.51** -0.002 -0.15 -0.05 

  p-value 0.13 0.74 0.72 0.31 0.004 0.99 0.53 0.81 

CON M rS 0.11 0.12 0.60** -0.04 0.17 -0.11 0.09 -0.20 

  p-value 0.59 0.57 0.001 0.84 0.40 0.58 0.75 0.31 

MD M rS 0.14 0.18 -0.25 -0.11 0.54** -0.18 -0.28 -0.16 

  p-value 0.45 0.34 0.18 0.55 0.002 0.33 0.26 0.39 
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4.4. Discussion 

The first part of this section discusses the developmental effects on methylation of Igf2 and H19 

DMRs and on allelic and total expression of the Igf2 and the H19 genes in the normal liver, 

pancreas, kidney and lung tissues of the CON offspring. The second part is focused on 

discussion of the effects of the maternal methyl donor deficient diet on methylation and allelic 

and total expression of these genes, and association of the obtained results with the MD 

phenotype described in Chapter 2 of this thesis.  

4.4.1. Developmental and tissue-specific effects on methylation and expression of 

the Igf2 and H19 genes in normal tissues 

4.4.1.1. Tissue-specific and age-specific methylation and expression of target genes 

Overall tissue-specific methylation levels of the Igf2 DMR1, H19 DMR 1-2 and 4 were not 

different between the liver, pancreas, kidney and lung at the e20 stage. Absence of differences in 

methylation levels of these DMRs was associated with monoallelic expression of Igf2 in all 

tissues, and H19 in the pancreas, kidney and lung. A different picture was observed at d365, 

where all DMR fragments demonstrated differences in methylation between tissues. These 

differences were associated with different extents of relaxation of imprinting of the Igf2 gene. 

No detectable relaxation of H19 imprinting was observed at this stage. These findings may 

indicate that in a rat maintenance of the observed levels of methylation at e20 between tissues 

contributes to monoallelic expression of the Igf2 gene, whereas changes in methylation in 

different tissues of aged animals might be a factor in induction of expression of the maternal Igf2 

allele. This study also demonstrated that tissues of the same origin (mesoderm or endoderm) do 

not necessarily have the same pattern of methylation, and the methylation of individual CpG 

units changes across ages. 

Studies on chromatin functioning in the imprinted regions have suggested that modification of 

histones could be involved in maintenance of methylation of the imprinted regions. Thus, 

trimethylation of lysine 20 of histone H4 and lysine 9 of histone H3 was consistently associated 

with methylated paternal H19 DMR allele, and unmethylated maternal allele was associated with 

dimethylation of lysine 4 of histone H3 and H3 acetylation of lysine 5, 8, 12 and 16, which is 

normally found in promoter regions of the expressed genes (Delaval et al., 2007). Recent studies 

have suggested that Methyl-CpG binding protein 3 may play a role in maintenance of DNA 
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methylation on the paternal allele of the H19 gene (Reese, Lin, Verona, Schultz, & Bartolomei, 

2007). These mechanisms could be involved in maintenance of consistent methylation levels 

observed in this study at e20 stage. 

4.4.1.2. Developmental effects on methylation of the Igf2 DMR2 and expression of 

the H19 gene in the liver  

In this study, the only statistically significant difference in methylation between different tissues 

at the e20 stage was higher overall methylation of the Igf2 DMR2 in e20 offspring in the liver. 

This was associated with a slight relaxation of imprinting of the H19 gene at e20, which was not 

observed in other tissues. It has been shown before that unlike other tissues, methylation levels 

of the Igf2 DMR2 (particularly maternal allele) in the mouse liver become slightly decreased 

from the embryonic day 12.5 to postnatal day 18 (Weber et al., 2001). Relaxation of H19 

imprinting in normal tissues at late embryonic stages has not been described before. It is possible 

that application of a more sensitive technique based on fluorescent dye chemistry in this study 

made it possible to detect such small differences in allelic expression.  

This finding suggests a possible role of the Igf2 DMR2 in regulation of imprinting of H19 in rat 

liver tissue. However, offspring at d1 also demonstrated similar to e20 offspring pattern of 

expression of the paternal H19 allele, even though their methylation levels of most of CpG units 

in the Igf2 DMR2 were decreased compared with the e20 levels. It could be hypothesized that 

increased Igf2 DMR2 methylation at e20 had a prolonged effect on expression of the paternal 

allele of the H19 gene, leading to a biallelic expression at the d1 stage as well, or it is possible 

that these changes in methylation and allelic expression were unrelated. Investigation of H19 

allelic expression and Igf2 DMR2 methylation at earlier stages would help to determine which 

event (methylation or relaxation of imprinting) occurred first. 

Another question could be asked is whether relaxation of H19 imprinting actually caused an 

increase in methylation of the Igf2 DMR2 in the e20 offspring. Theoretically, activity of some 

unknown mechanisms may have triggered expression of the paternal allele of the H19 gene, 

which in turn led to increased methylation of the Igf2 DMR2 in livers of the e20 offspring. 

Based on data derived from plant studies, it could be hypothesized that expression of the H19 

paternal allele was involved in mechanisms that altered methylation of the Igf2 DMR2 during 

perinatal development. Thus in plants, evidence exists of RNA-directed methylation where small 
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interfering RNA promote methylation of regulatory regions by bringing DNA 

methyltransferases and methylated DNA binding proteins in close proximity of these regulatory 

regions (Gabory et al., 2006; Matzke, Kanno, Huettel, Daxinger, & Matzke, 2007). It is possible 

that H19 non-coding RNA (ncRNA), expressed from the paternal allele, is a source of 

microRNA as it was shown in case of other imprinted genes (Schubeler & Elgin, 2005). In this 

scenario, the decrease in methylation at d1 stage would indicate activation of some 

demethylation processes in order to establish Igf2 DMR2 methylation close to adult levels, 

despite biallelic expression of the H19 gene.  

According to previous studies, methylated Igf2 DMR2 on the paternal allele is important for 

normal transcription of the Igf2 gene from the paternal allele, and deletion of this region on the 

paternal allele would result in decreased expression of Igf2 mRNA (Murrell et al., 2001).  

However, in Murrell and colleagues study (2001) an investigation of the effect of deletion of the 

DMR2 on expression of the H19 gene was not done. It could be speculated that this region is 

important for expression of H19 as well. It would of interest to establish in future studies 

whether methylation of the Igf2 DMR2 plays a role in allelic expression of the H19 gene. Since 

no polymorphism was detected in this region, it was not possible to discriminate between 

maternal and paternal alleles. In future investigations it will be important to determine whether 

this increased methylation was a result of hypermethylation of the paternal allele or due to 

methylation of the maternal allele. If the increase in methylation at this stage was linked to the 

observed relaxation of H19 imprinting, then information about which parental allele had 

undergone changes in methylation would help to understand whether it is a trans- or cis-effect of 

methyl3ation. 

It is possible that only a small population of cells had more pronounced relaxation of imprinting, 

which was diluted in the main mass of cells having monoallelic expression. It would be of 

interest to investigate methylation of the Igf2 DMR2 and expression of the H19 gene in 

subpopulations of cells in the liver. 

This study for the first time have suggested a connection between methylation of Igf2 DMR2 

and allelic expression of the H19 gene mRNA in liver tissue of a rat. The biological significance 

of this event has yet to be elucidated.  
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4.4.1.3. A relationship between patterns of methylation of DMRs and allelic 

expression of the Igf2 and H19 genes in liver, pancreas, kidney and lung 

This study found clear differences in age-specific methylation between Igf2 DMRs and H19 

DMR. The general trend was an increase in overall methylation of Igf2 DMRs (except Igf2 

DMR2 in liver) from e20 to d1 stages, with a further increase in methylation from d1 to d33 

stages and mostly unchanged methylation of H19 DMR fragments containing CTCF-binding 

sites 1 and 2, and 4. Different tissues demonstrated slight differences in the dynamics of an age-

related increase in methylation of Igf2 DMRs. In different tissues different combinations of 

individual CpG units underwent an increase in methylation, possibly reflecting tissue-specific 

regulation of imprinting. Similar increase in methylation of the Igf2 DMR2 was observed in 

normal kidney tissue in mice (Waterland, Lin, Smith, & Jirtle, 2006). However, no changes in 

methylation were detected for the Igf2 DMR1 (Waterland et al., 2006), which could be a 

species-specific effect, or due to differences in techniques used to measure methylation levels in 

the present and Waterland and colleagues (2006) experiment. Another study in mice 

demonstrated an increase in methylation of the Igf2 DMR1 in the liver and the kidney, an 

increase of Igf2 DMR2 methylation in the kidney and slight decrease of the Igf2 DMR2 

methylation in the liver from embryonic day 12.5 to postnatal day 18 (Weber et al., 2001). 

Again, similar to this study, experiments conducted by Waterland and colleagues (2006) and 

Weber and colleagues (2001) did not show developmental changes in methylation of H19 DMR. 

Therefore, results of the present study in the rat and studies in the mouse suggest that 

methylation patterns of Igf2 DMRs in general are conserved between these two species.  

The increase in methylation levels of Igf2 DMRs in the present study was associated with 

relaxation of imprinting of the Igf2 gene, which occurred during the same time period, but 

expression of the H19 gene remained monoallelic at all stages in all tissues (except the liver as it 

was discussed above). Proportion of expressed maternal Igf2 allele slightly increased with age in 

liver and pancreas tissues of the CON females. One study in mice also demonstrated a switch 

from monoallelic expression of the Igf2 gene in fetus to biallelic expression (10% of the 

maternal allele) in the kidney of 60 day-old animals (Waterland et al., 2006). Similar to results 

of this study, a relaxation of imprinting was demonstrated in selected samples of normal human 

pancreatic tissue (Micha et al., 1999). In the human liver, Igf2 expression was strictly 

monoallelic during early development, whereas during the second half of the first year of life 

expression of this gene became biallelic, which persisted into adult life (S. M. Davies, 1994; 
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Kalscheuer, Mariman, Schepens, Rehder, & Ropers, 1993). Previous studies of hepatocellular 

carcinoma in humans demonstrated that monoallelic expression of H19 could be associated with 

biallelic expression of Igf2 (X. Li et al., 1995). Results very similar to this study were observed 

in cells derived from mouse hepatic tumors, where they demonstrated monoallelic expression of 

the H19 gene and at the same time loss of imprinting of the Igf2 gene (Ishizaki, Yoshie, 

Yaginuma, Tanaka, & Ogawa, 2003). These changes in expression were not associated with any 

changes in methylation of the H19 DMR. In a rat cell culture derived from a cross between 

Wistar and Fisher strain a monoallelic expression of both genes was observed when cells were 

cultured with frequent transfer (Ungaro et al., 1997). However, biallelic expression of the Igf2 

gene was detected when cells reached confluence and were maintained in growth-inhibitory 

conditions. Expression of the H19 gene remained monoallelic under the same conditions 

(Ungaro et al., 1997). The current view on mechanisms of imprinting of the Igf2/H19 locus 

specifies that these two genes are reciprocally imprinted, and methylation of their DMRs plays a 

direct role in maintenance of their imprinting (Murrell et al., 2004; Sasaki et al., 2000). 

However, the results of this and previous studies suggest that separate mechanisms are involved 

maintenance of imprinting of the Igf2 and H19 genes, or that the same methylation patterns 

observed for Igf2 and H19 DMRs are responsible for biallelic expression of Igf2 and monoallelic 

expression of H19. 

Previous studies have demonstrated that maintenance of differential methylation of the insulator 

region within the H19 DMR is important for monoallelic expression of both the Igf2 and H19 

genes (Srivastava et al., 2000; Thorvaldsen et al., 1998). It could be assumed that in this study a 

conservation of overall methylation of two fragments of the H19 DMR, between tissues and 

between ages played a part in monoallelic expression of the H19 gene. On the other hand, some 

age-related changes in methylation of individual H19 DMR CpG units observed in this study 

could be a contributing factor to the biallelic expression of the Igf2 gene. However, the age-

related changes in methylation pattern of individual CpG units of H19 DMR between d1 and d33 

stages were considerably different between tissues. These included no alterations in methylation 

pattern in the liver or, an increase and/or decrease in methylation of individual CpG units in 

other tissues investigated in this study. The significance of the detected changes is hard to 

estimate since different combinations of CpG units were shown to change methylation and 

differences between genders were often observed. It is possible that involvement of different 

CpG units reflects slight differences in the pattern of relaxation of the Igf2 imprinting, and it 
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would require another systematic study to investigate the significance of the observed changes in 

methylation of individual CpG units of the H19 DMR.  

Changes in methylation of the Igf2 DMR1 could possibly have contributed to relaxation of the 

Igf2 gene imprinting. The unmethylated Igf2 DMR1on the maternal allele is thought to act as a 

silencer in order to prevent expression the maternal Igf2 allele (Constancia et al., 2000). 

Constancia and colleagues (2000) demonstrated that deletion of this region on the maternal allele 

resulted in relaxation of Igf2 imprinting, but expression of the H19 gene remained monoallelic. 

Allelic methylation of this region was not tested in this study, due to the absence of a 

polymorphism in the region. Based on the results of the Constancia and colleagues study (2000) 

the observed relaxation of Igf2 imprinting and monoallelic expression of the H19 gene in this 

study could be explained by increased methylation of the maternal Igf2 allele. However, they 

found that regulation of the Igf2 expression via unmethylated maternal silencer Igf2 DMR1 

works in tissues of mostly mesodermal origin like the kidney or lung, but not in tissues that 

originate from the endoderm (the liver) (Constancia et al., 2000). In this study, very similar 

patterns of methylation and age-related changes in methylation were detected in tissues of both 

mesodermal and endodermal origins, possibly indicating additional mechanisms associated with 

natural changes in methylation as opposite to a deletion produced artificially.  

Another study presented evidence that in contrast to the Igf2 DMR1, methylated Igf2 DMR2 on 

the paternal allele, particularly the 54bp core region within it, acts as a positive regulator of Igf2 

expression from the paternal allele in tissues of mesodermal as well as endodermal origins 

(Murrell et al., 2001). Again, if the increase in methylation of Igf2 DMR2 observed in this study 

was a result of methylation of the maternal allele it could be hypothesized that these changes 

would act in concordance with the methylated Igf2 DMR1 to drive expression of the Igf2 gene 

from the maternal allele.  

Developmental changes in regulation of Igf2 promoters could possibly be a factor in relaxation 

of imprinting of the Igf2 gene. The Igf2 gene has three alternative promoters in rodents (P1, P2 

and P3) and four in human (P1, P2, P3 and P4) (Ikejiri, Endo, & Yamamoto, 1990; Ikejiri et al., 

1991; Sussenbach, Rodenburg, Scheper, & Holthuizen, 1993). The P1 promoter is specific to 

humans, it drives Igf2 expression from both maternal and paternal alleles in liver tissue post-

natally (as it was described above), whereas the other three promoters only regulate expression 

from the paternal allele (Sussenbach, 1989). In rodents, all three promoters drive monoallelic 

expression of Igf2 in different tissues (DeChiara et al., 1991; Hu, Vu, & Hoffman, 1995; Pedone 
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et al., 1994), therefore the observed relaxation of imprinting in this study cannot be explained by 

the same mechanism as in humans. It is possible that the allelic discrimination technique used in 

this study is more sensitive than techniques employed in other studies, which showed that Igf2 

promoters in rodents drive only monoallelic expression. Therefore, they could not detect Igf2 

expression from the maternal allele. However, another possibility is that the relaxation of 

imprinting of the Igf2 gene observed in this study was a result of developmental changes in 

regulation of one or several Igf2 promoters. Thus, it was shown in humans that relaxation of 

imprinting of this gene was associated with biallelic activation of promoters P2-P4, which 

normally drive monoallelic expression (Vu & Hoffman, 1996). Identification of the specific 

promoter that becomes activated on the maternal allele in rats studied in this experiment would 

help to gain a deeper understanding of mechanisms regulating imprinting.  

Hypothetically, mechanisms other than DNA methylation such as histone modification, which 

are specific for the Igf2 gene, could be involved in relaxation of imprinting of the Igf2 gene. An 

earlier study has shown parent-specific differences in histone acetylation in the promoter regions 

of the Igf2 and H19 genes, which points towards differences in regulation of expression of these 

genes (Grandjean, O'Neill, Sado, Turner, & Ferguson-Smith, 2001). Another study did not find 

any variations in acetylation of Igf2 promoters on different alleles in mouse fibroblasts, but they 

did discover that treatment of cell culture with histone deacetylase or DNA demethylating agent 

would result in biallelic expression of the Igf2 gene (Pedone et al., 1999). H19 biallelic 

expression was observed only after combinations of these two treatments (Pedone et al., 1999), 

again indicating that there are differences in regulation of these two imprinted genes. Moreover, 

an earlier study showed that the promoter region of Igf2 on both alleles was unmethylated in 

mouse embryos and the chromatin was ready for transcription (Sasaki et al., 1992). This finding 

indicates that if the imprinting mechanisms responsible for monoallelic Igf2 expression become 

less tightly regulated, then expression of this gene can be more easily initiated from the maternal 

allele. In the same study low level Igf2 maternal allele expression was also detected in a mouse 

cell culture. 

Paternal allele of the H19 gene not only methylated in the DMR, but also in the promoter region 

to inhibit its expression (Srivastava et al., 2000). It is possible that similar mechanism is relevant 

to regulation of the Igf2 promoter, and chromatin structure of the Igf2 promoter region on the 

maternal allele becomes altered as an animal ages leading to biallelic expression of this gene. 

Maintenance of H19 imprinting has been recently shown to involve not only methylation of H19 
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DMR, but also an expression of sense and anti-sense RNA from the DMR, which as it was 

speculated, could silence expression of the paternal H19 allele (Schoenfelder, Smits, Fraser, 

Reik, & Paro, 2007). Similarly, a study in mice has shown expression of at least three antisense 

Igf2 RNA transcripts (T. Moore et al., 1997), which may be involved in regulation of expression 

of the Igf2 gene. If these transcripts are involved in regulation of the Igf2 allelic expression, it is 

possible that alterations in their expression with age could cause relaxation of the Igf2 

imprinting. 

A recent study on chromatin modification in the H19 domain demonstrated that regulation of the 

expression of this gene is complex and involves allele-specific differences in histone 

modification (Verona, Thorvaldsen, Reese, & Bartolomei, 2008). It could be hypothesized that 

in this study the changes in methylation of individual CpG units in the H19 DMR were sufficient 

to cause biallelic expression of the Igf2 gene, but in order for H19 relaxation of imprinting to 

occur other mechanisms such as histone modification or altered non-coding (ncRNA) expression 

would have to come into play. Another recent study showed that the CTCF protein plays an 

active role in silencing of the Igf2 promoter by recruiting polycomb repressive complex 2 and 

thus promoting methylation of lysine 27 of histone H3, which creates an inactive chromatin state 

in this region (T. Li et al., 2008). Based on the results of these and other studies, it may be 

speculated that these mechanisms are affected in older animals leading to relaxation of Igf2 

imprinting without influencing allelic expression of the H19 DMR. Further investigations would 

be required to study CTCF expression and binding to the Igf2 regulatory regions, as well as 

efficiency of recruitment of other factors implicated in regulation of monoallelic expression of 

these two imprinted genes. Indeed, a recent study has demonstrated a relaxation of imprinting of 

Igf2 in normal prostate tissue of aging mouse and human, which was associated with decreased 

expression of the CTCF protein and its lower binding to the H19 DMR (V. X. Fu et al., 2008). 

The results discussed in this section indicate that mechanisms of regulation of Igf2 and H19 

imprinting in a mouse and a rat have common features and future studies are required to 

understand the specifics of independent from each other regulation of allelic expression of these 

genes.  
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4.4.1.4. A relationship between patterns of methylation of DMRs and total expression 

of the Igf2 and H19 genes in the pancreas and lung 

This study determined that at the same time period between the perinatal and postweaning stages 

as increases in methylation of Igf2 DMRs and development of Igf2 biallelic expression were 

observed, total levels of Igf2 and H19 mRNA tested in the pancreas and lung considerably 

decreased. It is thought that downregulation of expression of imprinted genes including Igf2 and 

H19, in different organs, is required for the deceleration of growth observed after birth, the main 

purpose of which is to limit body size (Finkielstain et al., 2009; Lui et al., 2008). Therefore, 

mechanisms that are responsible for this process have to be tightly regulated, and changes in 

DNA methylation could be one of the components of those mechanisms. 

If there is a direct connection between an increase in methylation of Igf2 DMRs and a decrease 

in expression of Igf2 and H19, then this study demonstrated that substantial downregulation of 

gene expression does not require very high levels of methylation of regulatory regions. Thus, an 

increase in methylation of individual CpG units of the Igf2 DMR1, for instance from e20 to d33, 

was on average between 50 and 100%. However, in adults, the absolute level of methylation of 

Igf2 DMR1 and 2 did not reach more than 50% (for the CpG units with the highest methylation 

levels); on average adult methylation levels were around 20%-30%. These levels of methylation 

in adults were associated with up to 100-fold decrease in expression of Igf2 and H19 mRNA.  

This study demonstrated significant negative correlations between methylation of the Igf2 DMRs 

and expression of Igf2 and H19 mRNAs. However, according to Murrell and colleagues 

conclusions (2000), an increase in methylation of Igf2 DMR2 would lead to an increase in 

transcription of the Igf2 gene. It is unlikely that a decrease in expression of these genes and an 

increase in methylation are unrelated events. Most likely, this observation points toward some 

unknown mechanism that regulates age-related expression of these genes. Since relaxation of 

imprinting of the Igf2 gene occurs at the same time period as the decrease in expression of Igf2 

and H19, a question could be asked whether an increase in methylation of Igf2 DMRs serves a 

double function. Another possibility is that relaxation of Igf2 imprinting is a side effect of action 

of mechanisms that regulate the decrease in expression of the Igf2 and H19 genes. 

Correlation analysis showed not only moderate to strong negative correlations between 

methylation of CpG units in the individual Igf2 DMRs and expression of Igf2 and H19 genes, 

but also small number of CpG units in the H19 DMR demonstrated positive or negative 



_____________________________________________________________________  Chapter 4 

 

255 

 

correlations between their methylation and expression of Igf2 and H19 genes. Some of those 

CpG units had a consistent correlation in CON male and female groups and for both Igf2 and 

H19 genes, which could indicate their involvement in regulation of gene expression. For 

example, in the pancreas, methylation of the CpG units 6 and 12 of the H19 DMR fragment 

containing CTCF binding sites 1 and 2 demonstrated significantly negative correlations with the 

expression of both genes. In contrast, in the lung CpG units 2, 12 and 16 had significantly 

negative correlations with the expression of Igf2, whereas CpG units 2, 12, 13, 14 and 16 had 

significant positive correlation with the expression of the H19 gene. These results could indicate 

that different pattern of changes in methylation in different tissues may have the same effect on 

gene expression. In future studies, it would be of interest to investigate the significance of the 

relationship of methylation of these CpG units and expression of Igf2 and H19 genes. In 

addition, it has been proposed before that down-regulation of the H19 gene, at least in adult 

liver, could be driven by binding of a transcription factor EB (TFEB) to a differentially 

methylated sequence approximately 2kb downstream of the forth CTCF binding site 

(Manoharan, Babcock, & Pitot, 2004). It would be relevant to investigate correlations between 

methylation of the TFEB binding site and expression of the Igf2 and H19 genes in future studies. 

The results of this study show that methylation and expression of the Igf2 and H19 genes in 

different tissues are dynamic processes, which continues after birth, suggesting an increased 

vulnerability to the environmental effects during that period of time. 

4.4.2. Effects of prenatal methyl donor deficiency on epigenetic regulation of the 

Igf2 and H19 genes in the offspring 

Two types of differences in methylation levels between the CON and the MD groups were 

detected in this study: one is a difference in overall methylation of some of the studied DMR 

regions, and another is a difference in methylation of individual CpG units.  

4.4.2.1. Effects of the maternal diet on methylation of Igf2 and H19 DMRs and 

expression of Igf2 and H19 genes 

A significant decrease in overall methylation of the Igf2 DMR2 was observed in the pancreas of 

the newborn (d1) MD offspring, which was not associated with any changes in allelic or total 

expression of the Igf2 gene or for that matter H19 gene. Previous studies have demonstrated that 

an increase in methylation of Igf2 DMR2 on the paternal allele (Murrell et al., 2001) or total 
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methylation of this region (Kovacheva et al., 2007) is a positive regulator of expression of the 

Igf2 gene at least in liver tissue. One of the explanations for the absence of any changes in gene 

expression in the d1 MD offspring could be a tighter regulation of expression of the Igf2 gene 

due to its important role in growth during the perinatal stage. 

The MD female offspring at d33 also showed a decrease in overall methylation of the Igf2 

DMR2 in the pancreas and lung. Analysis of individual CpG units demonstrated that 

methylation of 7 out of 11 CpG units were significantly decreased in the pancreas of 33 day old 

MD females. Similarly, 7 out of 11 individual Igf2 DMR2 CpG units were hypomethylated in 

the lung of d33 MD females compared with the CON females of the same age (3 of the affected 

units were different from the ones observed in the pancreas). In the pancreas of MD females, 

total Igf2 mRNA expression was decreased approximately 60% of the level of expression in the 

CON group of the same age; however, the difference did not reach statistical significance. In the 

lung of d33 MD females, there was a non-significant, approximately 40% decrease in expression 

of the Igf2 mRNA compared with the CON female group. In general, expression of Igf2 mRNA 

was highly variable, and it is possible that differences in expression between CON and MD d33 

females did not reach statistical significance due to insufficient number of subjects per group. It 

could be hypothesized that the decrease in methylation of this region and the decrease in total 

expression of the Igf2 gene are related and are a result of long-term effects of the maternal diet 

programming on pancreatic and lung tissues. Allelic discrimination assay demonstrated no 

differences in the proportion of the expressed maternal Igf2 allele in both tissues of d33 MD 

female offspring. This indicates that if there was a decrease in expression of the Igf2 gene, the 

maternal and paternal allele decrease in expression was balanced.  

In addition to overall changes in methylation in the Igf2 DMR2, the female MD offspring at d33 

also showed a significant decrease in methylation of 3 CpG units of the H19 DMR containing 

CTCF-binding sites 1 and 2 in lung tissue, a decrease in two other CpG units did not reach 

statistical significance. A significant decrease in methylation of three CpG units in the H19 

DMR fragment containing CTCF-binding site 4 was also detected in the lung of d33 MD 

females. As discussed above, the CON and the MD d33 female groups demonstrated significant 

decrease in methylation of the Igf2 DMR2 in the lung. This observation makes it more likely that 

the differences in methylation of the H19 DMR fragments in the same group were not a random 

event, but due to true differences between groups. It could be hypothesized that methylation of 
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other regions have to be affected in the MD offspring before they develop overt changes in 

expression of the Igf2 and H19 genes.  

MD females of 110 days of age demonstrated a significant decrease in the overall methylation of 

the H19 DMR containing CTCF-binding sites 1 and 2 in the liver and pancreas. However, no 

changes were observed in other tissues. Previous studies have demonstrated that deletion of the 

paternal copy of H19 DMR resulted in expression of normally silent paternal H19 allele and 

decreased expression of the Igf2 gene; leading to a conclusion that methylation of the paternal 

H19 DMR is required for silencing the H19 paternal copy and normal expression of the Igf2 

gene (Thorvaldsen et al., 1998). Similarly, demethylated H19 DMR was associated with biallelic 

expression of the H19 gene in Dnmt1 null mice (E. Li, Beard, & Jaenisch, 1993). It has been 

demonstrated before that the maternal H19 DMR allele is completely unmethylated (Bartolomei, 

Webber, Brunkow, & Tilghman, 1993; Ferguson-Smith, Sasaki, Cattanach, & Surani, 1993; 

Tremblay, Duran, & Bartolomei, 1997; Tremblay, Saam, Ingram, Tilghman, & Bartolomei, 

1995); therefore it is reasonable to assume that the decrease in methylation in this study occurred 

on the paternal allele. Despite the decrease in methylation of the H19 DMR 1-2, only 

monoallelic expression of H19 was observed in the liver and the pancreas of 110 day old MD 

females (the same as in the CON group), which could indicate that the hypomethylation levels 

were insufficient to cause any detectable alterations in allelic expression. Average proportion of 

the expressed Igf2 maternal allele in liver and pancreas tissues of 110 day old MD females was 

very similar to the CON group, indicating that the decreased methylation of the H19 DMR did 

not affect allelic expression of this gene as well. Of note, the proportion of d110 females with 

biallelic expression of the Igf2 gene in the liver was higher in the MD group compared with the 

CON group. This may lead to suggestion that hypomethylation of the H19 DMR resulted in 

down-regulation of the paternal copy of Igf2, and some unknown mechanisms induced increased 

expression of the maternal copy. However, a correlation analysis between methylation of 

individual CpG units and proportion of the expressed Igf2 maternal allele did not show any 

significant relationships between these two values (data not shown). One year old MD females 

(d365) did demonstrate a slight, but significant increase in proportion of the expressed maternal 

Igf2 allele. This increase in expression could be a delayed effect of the differences in 

methylation; however, a new study would be required to determine a connection between these 

two events. In contrast to results observed in liver tissue of d110 females, in the pancreas only 

one CON female had monoallelic Igf2 expression. The total expression of Igf2 was not 

investigated in liver tissue in this study, but it would be of interest to test it in future studies in 
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order to determine whether H19 DMR hypomethylation had any effects on levels of Igf2. 

Measurements of total levels of expression of Igf2 and H19 mRNA in the pancreas did not show 

any significant differences between the CON and MD d110 females. 

Since methylation of the H19 DMR fragment containing CTCF binding site 4 did not differ 

between the d110 CON and MD female group, it is possible that changes in methylation of only 

a fragment of the H19 DMR was not sufficient to cause considerable alterations in allelic 

expression of Igf2 and H19. Alternatively or in addition, other mechanisms of gene regulation 

may have to come into play in order to affect gene expression. A study of Luteinizing hormone 

receptor (LHR) demonstrated that inhibition of histone acetylation concurrently with the 

promoter demethylation was required to release a repressive complex bound to the LHR 

promoter, which in turn promoted gene expression (Zhang, Fatima, & Dufau, 2005). Previous 

studies demonstrated that H19 DMR imprinting mechanisms involved not only DNA 

methylation, but also histone modification (Grandjean et al., 2001; Pedone et al., 1999), and 

changes in both were required to cause an abnormal gene expression in this locus (T. Li et al., 

2005). It could be hypothesized that triggering changes in histone modification by adverse 

environmental conditions would make the female offspring more susceptible to developing an 

abnormal expression of the Igf2 and/or H19 genes.  

As it was reported in Chapter 3 of this thesis, d110 MD females had decreased global DNA 

methylation in the liver. However, the decrease in global DNA methylation was associated with 

the decrease in methylation of only H19 DMR fragment containing CTCF binding sites 1 and 2, 

which is probably indicative of its vulnerability to changes in global DNA methylation. Previous 

study of a prenatal choline deficient mouse model demonstrated that a decrease in global DNA 

methylation in the brain of malnourished offspring at the embryonic day 17 was associated with 

a selective decrease in methylation of regulatory regions of individual genes (Cdkn3), whereas 

other genes methylation was unchanged (e.g. p15) (Niculescu, Craciunescu, & Zeisel, 2006); 

thus, confirming that changes in global DNA methylation can be associated with changes in 

methylation selected genes. It has to be mentioned that global DNA methylation was not 

measured in other tissues in this study. It would be of interest to investigate global levels of 

methylation in organs that were shown in this study to have a decreased methylation of specific 

gene regions such as the lung and pancreas. 

Differences in individual CpG unit methylation were observed in other groups and other ages. 

However, it is difficult to estimate the significance of those changes, especially considering that 
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no significant differences in allelic or total expression were detected at the studied stages in both 

genders (except in the liver of 365 day-old females). Thus, MD males at d365 demonstrated a 

significant increase in methylation levels of two H19 DMR 1-2 CpG units (48% and 95%) in the 

lung, but these were not associated with any alterations in gene expression. Further 

investigations would be required in order to determine the biological significance of changes in 

methylation of a single CpG unit, and its relevance to regulation of gene expression. Previous 

study of the p53 gene provided evidence that methylation of a single CpG site upstream of the 

promoter region can decrease expression of this gene by 85% (Pogribny, Pogribna, Christman, 

& James, 2000). Another study also demonstrated that hypomethylation of a single CpG site 

upstream of the interleukin-6 promoter can significantly downregulate expression of the gene 

(Nile, Read, Akil, Duff, & Wilson, 2008). The expression of the Igf2 or H19 genes was not 

significantly changed in tissues that demonstrated differences in methylation of single or just a 

few CpG units. However, it could be hypothesized that if adverse factors (e.g. environmental) 

triggered additional regulatory mechanisms (as it was discussed above), these methylation 

changes would make the MD offspring more susceptible to abnormal gene expression.  

It is also possible that the nutritional insult had to be continued after birth in order to program 

long term effects in the adult offspring. In confirmation of this theory, a recent study 

demonstrated that a continuous folate-deficient diet given to rats starting from the postweaning 

period until puberty permanently increased global DNA methylation in the liver of the adults 

(Kotsopoulos, Sohn, & Kim, 2008). The fact that the current study demonstrated changes in 

DNA methylation of specific regulatory regions from the perinatal stage to the postweaning 

stage also indicates increased vulnerability of the methylation processes in the offspring at that 

period of growth. Therefore, a dietary insult at that stage could be a factor that would have a 

permanent mark on epigenetic regulation of gene expression. It would be of interest to 

investigate whether the prenatal methyl-donor deficient diet made the offspring more susceptible 

to such postnatal dietary insults. Susceptibility of methylation of the Igf2 DMR2 to changes in 

postweaning diet were demonstrated in mice, where the offspring subjected to normal maternal 

diet prenatally and during lactation developed hypermethylation Igf2 DMR2 after weaning on 

semi-synthetic normal diet (Waterland et al., 2006). Waterland and colleagues (2006) also 

demonstrated in the same study that the offspring weaned on a methyl donor deficient diet had 

an increased relaxation of imprinting of the Igf2 gene, which persisted into adulthood, even after 

mice were transferred to a natural diet. However, these changes were not associated with altered 
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methylation of Igf2 and H19 DMRs, indicating involvement of other epigenetic mechanisms of 

regulation of allelic expression. 

4.4.2.2. Expression of Igf2 and H19 genes and phenotype of the MD offspring 

Previously it has been shown that mice with a targeted disruption of the Igf2 gene were 40% 

lighter than the control offspring (DeChiara et al., 1990). Moreover, decreased expression of Igf2 

in liver, kidney, gut and lung achieved via targeted mutation of endodermal enhancers on the 

paternal allele, resulted in the offspring that were 20% lighter than the controls (Leighton, Saam 

et al., 1995). The present study demonstrated that abnormal regulation of the Igf2 and H19 genes 

was an unlikely cause of the observed growth retardation in the MD offspring (at least at later 

stages of fetal development), because there were no clear differences in allelic or total 

expression of these genes, or no overall changes in methylation of the imprinted regions in liver, 

pancreas kidney or lung at the e20 stage.  However, since it has been shown that disruption of 

the Igf2 gene had growth retardation effect as early as embryonic day 16 (DeChiara et al., 1990), 

we cannot exclude a possibility that expression of these genes was affected at earlier stages of 

development. It is also possible that the maternal MD diet affected epigenetic mechanisms of 

regulation of expression of Igf2 in placenta. Deletion of the Igf2 gene was shown to affect 

growth of the placenta in mice, which was associated with offspring growth retardation 

(DeChiara et al., 1990). Another study demonstrated that Igf2 is expressed throughout the early 

postimplantation stage in the entire embryo and murine implantation sites (Pringle & Roberts, 

2007), and its activity is most likely important for regulation of nutrient supplies during 

development (Constancia et al., 2005). Future studies could investigate the effect of the maternal 

diet deficient in methyl donors on epigenetic regulation of expression of Igf2 transcripts, 

particularly methylation of placenta-specific DMR0, which is involved in regulation of 

expression of a placenta-specific transcript initiated from the P0 promoter (T. Moore et al., 

1997).  

No changes in Igf2 and H19 expression between the CON and the MD offspring at later stages 

could explain the absence of a complete catch-up growth in the MD offspring. A recent study 

has demonstrated that a decline in Igf2 and H19 expression in the liver, lung and kidney during 

postnatal development is associated with a deceleration in growth during the first 4 weeks of life 

(Lui et al., 2008). The MD offspring were growth retarded at birth, but their postnatal rate of an 

increase in weight was similar to the CON group (Chapter 2). At the same time, they had similar 
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levels of expression of Igf2 and H19 at least in the pancreas and the lung, which possibly means 

that expression levels of these genes were able to promote the MD offspring growth at the same 

rate as the CON offspring. However, these effects were not sufficient to stimulate a catch-up 

growth.  

The smaller size of the endocrine pancreas observed in the MD male offspring in this study also 

cannot be explained by a decreased expression of the Igf2 gene. It has been shown before, that in 

the rat expression of the Igf2 gene in the pancreas is colocalized with insulin and restricted to 

pancreatic islets (Maake & Reinecke, 1993). Another study demonstrated that Igf2 expression is 

important for the growth of pancreatic islets in rat embryo (Calderari et al., 2007). Moreover, 

maternal low protein diet was shown to reduce expression of Igf2 in pancreatic islets of fetuses 

and newborn offspring, which was associated with the decreased size of islets (Petrik, Reusens 

et al., 1999). The MD offspring at the perinatal stage and MD male offspring during postnatal 

development demonstrated no significant differences in expression of Igf2 mRNA in pancreatic 

tissue when compared with the CON group. This finding does not exclude a possibility that Igf2 

expression was affected during earlier stages of development. It has been shown that the size of 

pancreatic islets in a rat can be affected at earlier embryonic stages of development, starting 

from embryonic day 16 (Miralles & Portha, 2001). The 33-day old female MD offspring did 

demonstrate a significant decrease in methylation of the Igf2 DMR2 and non-significant 

decrease in total expression of the Igf2 gene in the pancreas, as was described above. Since this 

study did not investigate pancreatic structure and function in the female, it would be of interest 

to determine in future studies whether these molecular changes were associated with any 

structural or functional abnormalities in the pancreas.  

The immediate and long-term effects of a maternal diet on methylation and expression of the 

Igf2 and H19 genes have not been extensively studied. It was shown that a protein deficient diet 

during the preimplantation period in rats resulted in decreased expression of both genes in liver 

tissue of the male offspring, but not in the female deficient offspring at the embryonic day 20  

(Kwong et al., 2006). Kwong and colleagues (2006) results indicate that the effect of the 

maternal diet on expression of these genes can be gender-specific. In another study, 

administration of a protein-deficient diet in mice from a week before conception until late stages 

of gestation did not affect levels of expression of the Igf2 gene in the liver of 17 days old fetuses 

(Sharif et al., 2007). However, when the same diet was given from the mid until late gestation, 

levels of the Igf2 mRNA transcribed from the promoter P1 was significantly decreased. These 
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changes in Igf2 expression were associated with intrauterine growth restriction in this group of 

offspring. The authors concluded that inadequate diet present at the beginning of the pregnancy 

allowed the fetus to adapt to adverse conditions, whereas administration of this diet during mid-

gestation did not lead to adaptation and affected normal developmental processes (Sharif et al., 

2007). The results of their study may explain the absence of significant changes in expression of 

the Igf2 gene observed in this study since the methyl-donor deficient diet was given to dams two 

weeks before mating and throughout the gestation allowing the offspring to adapt to the diet’s 

adverse effects.  

A choline-deficient diet during mid-gestation was shown to increase methylation of 7 out of 8 

CpG sites in the Igf2 DMR2 investigated in liver tissue at the embryonic day 17, which was 

associated with increased expression of Igf2 mRNA (Kovacheva et al., 2007). These results 

confirm the hypothesis proposed by Sharif and colleagues (2007) that the embryo is unable to 

adapt to an adverse maternal diet when it is administered during mid-gestation. However, the 

effect of the choline-deficient diet was opposite to what was observed in the protein-deficient 

study. These studies indicate that timing and composition of the maternal diet determine the 

presence or absence of its effect on the offspring phenotype and the nature of alterations to be 

observed in response to the diet. The Kovacheva and colleagues study (2007) also demonstrated 

that deficiency of at least one methyl donor could affect epigenetic mechanisms of regulation of 

Igf2. 

4.4.3. Summary 

The findings presented in this chapter demonstrated an increase in methylation of the Igf2 

DMR1 and Igf2 DMR2 from the perinatal stage (e20 and d1) to the old stage (d365). Slight 

differences in methylation patterns were observed between different tissues, which were not 

dependent on tissue’s origin. These developmental changes in methylation were associated with 

a switch from monoallelic expression of the Igf2 gene at e20 and d1 stages to different extents of 

biallelic expression in older animals. In contrast, in liver tissue of the e20 offspring Igf2 DMR2 

methylation was considerably higher compared with other tissues at the same stage and with 

levels of methylation in livers of newborn offspring. Offspring at the embryonic day 20 and 

newborn offspring demonstrated slight but detectable expression of the paternal H19 allele in 

liver tissue, which could possibly be related to hypermethylation of the Igf2 DMR2 in livers of 

e20 offspring. At all other stage the H19 gene expression was strictly monoallelic. This finding 

for the first time implicated methylation of the Igf2 DMR2 in regulation of allelic expression of 
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the H19 gene. The most drastic increase in methylation of the Igf2 DMRs was between the peri-

natal and postweaning stages (d33), which coincided with the development of relaxation of Igf2 

imprinting. A considerable decrease from the perinatal to the d33 life stages in expression of the 

Igf2 and H19 genes in the pancreas and lung had significant negative correlations with 

methylation levels of the Igf2 DMRs. It could be hypothesized that such dynamic changes in 

epigenetic regulation during this period may render the animals more susceptible to 

environmental influences with long-term effects in the adulthood. 

The present study suggests that maternal methyl donor deficient diet has an effect on 

methylation of the Igf2 and H19 regulatory region in the offspring, which are tissue, age and 

region-specific. This study found that the newborn (d1) offspring had decreased overall 

methylation of the Igf2 DMR2 in the pancreas, whereas in d33 females hypomethylation of the 

same region was found in the pancreas and the lung. In contrast, d110 females demonstrated a 

decrease in overall methylation of the H19 DMR fragment containing CTCF binding sites 1 and 

2 in the liver and pancreas. The decrease in methylation was not sufficient to cause any 

abnormalities in allelic or total expression of the H19 or Igf2 genes, except non-significant 

decrease in expression of the Igf2 gene in the pancreas and the lung of d33 females. These 

results lead to a conclusion that abnormal expression of the genes was not a contributing factor 

to the observed growth restriction of the offspring of both genders and a decreased size of the 

endocrine pancreas in the male d110 MD offspring. However, this study suggests that processes 

involved in methylation of the Igf2 DMR2 and H19 DMR fragment containing CTCF binding 

sites 1 and 2 could be vulnerable in the newborn offspring and in postweaned and young adult 

females to the effects of prenatal maternal methyl donor deficiency. Further investigations could 

be done in order to determine whether prenatal methyl donor deficient diet made the offspring 

more susceptible to adverse nutritional or environmental insults in the postnatal diet and whether 

it could lead to abnormal epigenetic regulation of the Igf2 and the H19 genes. It is possible that 

methyl donor deficiency had to continue after birth in order for its effects on DNA methylation 

in all offspring and all imprinted regions to be apparent. Further work is required to determine 

the viability of this hypothesis. 

 

 

 



  ____________________________________________________________________________  

 

 

CHAPTER 5. STUDIES OF BEHAVIOR AND 
EPIGENETIC MECHANISMS IN THE HIPPOCAMPUS IN 
THE CON AND MD OFFSPRING 

5.1. Introduction  

The origins and the mechanisms of development of neuropsychiatric disorders are largely 

unknown. Attempts to find triggering factors for a number of behavioral and neurodegenerative 

illnesses have failed in many instances (K. Inoue & Lupski, 2003). One of the current views is 

that neuropsychiatric disorders are a result of complex interactions between genetic, 

environmental and developmental factors (Bearden, Reus, & Freimer, 2004; Kas, Fernandes, 

Schalkwyk, & Collier, 2007; Lahiri, Maloney, Basha, Ge, & Zawia, 2007). Some evidence has 

emerged implicating adverse environmental conditions during early development in the etiology 

of a number of neuropsychiatric diseases such as Alzheimer’s disease, Parkinson’s disease and 

schizophrenia (Barlow, Richfield, Cory-Slechta, & Thiruchelvam, 2004; Bennet & Gunn, 2006; 

J. Wu et al., 2008). Moreover, low birth weight was also found to be associated with a variety of 

mental conditions including anxiety disorders, depression and phobias (Nomura et al., 2007). It 

has been proposed that abnormal DNA methylation plays a role in the pathogenesis of mental 

disorders (Lahiri et al., 2007). Therefore, it is reasonable to assume that a maternal methyl donor 

deficient diet may have an effect on the molecular pathways in the brain that are responsible for 

normal behavior of the offspring.  

An investigation of the effect of the prenatal MD diet on the mental health of aged offspring 

would provide a great opportunity to detect any behavioral changes, since it has been shown that 

the risk of development of some psychiatric and neurological disorders is increased with aging 

(Erraji-Benchekroun et al., 2005). Thus, prevalence and incidence of the neuropsychiatric 

disorders such as dementia, which include Alzheimer’s disease and Parkinson’s disease, increase 

with advancing age (G. C. Davison, Neale, & Kring, 2004). Moreover, cognitive disorders like 

Alzheimer’s disease often are associated with behavioral and psychological conditions, 

including depression and anxiety (A. Burns, 1991; Garcia-Alberca et al., 2008; Seignourel, 

Kunik, Snow, Wilson, & Stanley, 2008). Physiological aging has been tied with a cognitive 

impairment (Craik, 1994; Gregoire & Van Der Linden, 1997), as well as changes in brain 

structure and function such as a decrease in volume of the hippocampus (Raz, Gunning-Dixon, 

Head, Dupuis, & Acker, 1998; Rosen et al., 2003) associated with decreased memory 
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performance (Raz et al., 1998; Rosen et al., 2003; Zimmerman et al., 2008). Therefore, it is 

possible that aging processes could be a contributing factor for the development of selected 

neuropsychiatric disorders.  

Animal models are widely used to investigate behavioral and psychiatric phenotypes, as well as 

their underlying molecular mechanisms. Different types of technique are used to examine 

behavior in rodents. These techniques can be divided into two major categories – methods for 

studying emotional behavior such as anxiety and response to stress, and memory and learning 

techniques. Methods for investigation of anxiety are based on exposure of an animal to a 

stimulus that is known to cause a state of anxiety. The outcome of such a test is usually a 

measurement of physiological or endocrine functions (e.g. temperature or corticosterone levels 

respectively), or evaluation of the animal’s behavior (Rodgers & Dalvi, 1997). Elevated plus 

maze is one of the most widely used methods to study neurobiological mechanisms of anxiety. 

The advantages of using this test are low costs, no rat training is required, and it is sensitive to 

changes in anxiety state (Pellow, Chopin, File, & Briley, 1985). The elevated plus maze 

apparatus is elevated above the ground, and consists of two open arms and two closed arms 

across each other. This test utilizes an exploratory behavior in a rat evoked by an unknown 

environment, in this case represented by the apparatus. Rats are naturally afraid of open and 

elevated spaces, and prefer to explore closed arms of the apparatus rather than open arms, thus 

spending more time in closed arms (Handley & Mithani, 1984). This method was validated 

using different types of drugs known to affect the anxiety state in rodent and human. Drugs that 

alleviate anxiety, anxiolytics were shown to increase the time spent in open arms, and drugs that 

promote anxiety, anxiogenics conversely lead to increased avoidance of open arms, thus 

confirming that this test is able to measure anxiety-related behavior in rats (Handley & Mithani, 

1984; Pellow et al., 1985). The behavioral outcome of this test is assessed by measuring time 

spent in closed and open arms, the number of entries into those arms, mobility and any other 

behavior associated with stress and anxiety in rats, such as freezing and defecation (Walf & 

Frye, 2007).  

A restraint stress method, achieved by immobilization of a rat in a tight confinement has been 

also widely used as a stressor in rodents to study processes associated with stress (Armario, 

Marti, Valles, Dal-Zotto, & Ons, 2004; Cavigelli & McClintock, 2003; Pare & Glavin, 1986). 

The restraint test belongs to a processive category of stress meaning that information about this 

type of stress is assembled and processed by several sensory brain structures including the 
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hippocampus (J. P. Herman & Cullinan, 1997). A response to restraint stress in a rat can be 

estimated by measuring changes over time in the release of stress hormones in blood, such as 

corticosterone or biochemical indices of stress, such as glucose (Odio & Maickel, 1985).  

Another aspect of animal behavior, learning and memory, can be studied using a number of 

methods developed to investigate different types of memory. Operant conditioning is one of the 

ways of learning in animals, including human. According to the Law of Effect, (Thorndicke, 

1911), a response is more likely to occur when it is followed by a positive state of affairs for the 

animal. Skinner (Skinner, 1974) introduced the concept of the three-term contingency, according 

to which a response is more likely to occur in the presence of a particular stimulus or setting, if it 

had previously been followed by a reinforcer, for instance presentation of food. In laboratory 

settings, behavior and learning abilities of a rat can be tested by training a slightly food-deprived 

rat to operate on a manipulandum, such as a response key or lever, in order to gain access to 

food pellets. Food reinforcers are typically obtained on intermittent reinforcement schedules, 

which mean that not every single response is reinforced. A very common schedule is a variable-

interval (VI) schedule, which reinforces a response only if it follows a certain variable amount of 

time since the last reinforcer (Ferster & Skinner, 1957). In VI 30-s schedule, therefore, a 

response is reinforced if it occurs after a randomly determined time interval with an average 30 s 

since the last reinforcer. A concurrent schedule of reinforcement, where more than one response 

alternative made available to the animal simultaneously is used to investigate more complex 

behaviors, such as choice behavior. In this procedure, rats are given a choice between 

responding on two concurrent alternatives for two food pellets. The relative pay-off rate of these 

schedules may be varied to investigate the extent to which the animal allocates responses to the 

two alternatives. More advanced research on choice in frequently changing environments 

involves a situation in which the rate of food delivery changes unpredictably several times 

throughout a single session (M. Davison & Baum, 2000). During this procedure, rats learn to 

allocate more responses to the response alternative that currently gives the higher number of 

pellets. The learning measure is sensitivity to reinforcement, which determines the extent to 

which an animal shifts its response allocation to match the relative reinforcer ratios. The rate of 

learning can be measured using a generalized matching law (Baum, 1974), which expresses the 

relative number of responses to the two schedules as a function of the ratio of reinforcers 

obtained: 

𝑙𝑜𝑔  
𝐵𝑙

𝐵𝑟
 = 𝑎𝑙𝑜𝑔  

𝑅𝑙

𝑅𝑟
 + 𝑙𝑜𝑔𝑐 
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In this equation, B represents the number of reinforcers emitted, and R represents the number of 

reinforcers obtained from the left (l) and right (r) alternatives. Log c is the inherent key bias. The 

sensitivity to reinforcement, a, is expressed as a relationship between log response ratios and log 

reinforcer ratios. In the frequently-changing environment procedure (M. Davison & Baum, 

2000), learning is measured by determining changes in the sensitivity to reinforcement a across 

successive reinforcers and determining the maximum level reached. 

There is very little information is available on brain systems and molecular mechanisms 

involved in operant conditioning paradigm (Corbit & Balleine, 2000). It has been suggested that 

declarative memory, defined as conscious recollection of fact and events, plays a role in operant 

conditioning (Corbit & Balleine, 2000; Squire & Zola, 1996). Declarative memory is known to 

be dependent on hippocampal functioning (Eichenbaum, Otto, & Cohen, 1992), which would 

imply that the hippocampus contributes to operant conditioning. Indeed, an experiment 

demonstrated that lesions of the hippocampus affected the performance of rats in an operant 

conditioning test (Corbit & Balleine, 2000).  

Molecular mechanisms underlying neuropsychiatric disorders are largely unknown. It is possible 

that abnormal DNA methylation is involved in regulation of the expression of genes that could 

be involved in the pathology of neuropsychiatric disorders. In this study, a small set of 4 genes 

was selected to investigate the effects of prenatal methyl donor deficiency on expression and 

DNA methylation of those genes in the hippocampi of young adults and aged offspring. The 

main criteria for selection were the gene’s potential function in stress and/or memory pathways, 

and the suggested involvement of DNA methylation in regulation of the gene’s expression. In 

addition, methylation and expression of some of those genes was found to be affected by early 

life events. The selected genes included two genes involved in glucocorticoid metabolism – 

glucocorticoid receptor (Gcr) and 11β-hydroxysteroid dehydrogenase type 2 (Hsd11β2). 

Another gene, neuronatin (Nnat), is an imprinted gene, which function in the brain or peripheral 

tissues has not been studied extensively, but it was shown to be involved in brain development. 

A product of the last gene investigated in this study, reelin, is known to be involved in regulation 

of migration of neurons in the developing brain and plays a role in learning and memory 

processes in the adult brain. 

Expression of Gcr in the hippocampus and activity of the hypothalamic-pituitary-adrenal (HPA) 

axis in general are required for modulation of the stress response (Reul & de Kloet, 1985). At the 

same time alterations in activity of Gcr or levels of circulating corticosterone are associated with 
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impairment as well as improvement of learning and memory processes (Conrad, Lupien, & 

McEwen, 1999; Luine, Spencer, & McEwen, 1993; McLay, Freeman, & Zadina, 1998; Oitzl & 

de Kloet, 1992; Pugh, Tremblay, Fleshner, & Rudy, 1997; Yau, Olsson, Morris, Meaney, & 

Seckl, 1995). Early life events like neonatal handling resulted in increased expression of Gcr in 

the hippocampus of handled rats (Meaney et al., 1985; O'Donnell, Larocque, Seckl, & Meaney, 

1994), and changes in methylation of specific region of the Gcr promoter called exon1-7 in the 

offspring of high licking and grooming mothers (Weaver et al., 2004), indicating its 

susceptibility to environmental effects during development. 

Hsd11β2 converts corticosterone to inactive 11-dehydrocorticosterone in a rat, and it is highly 

expressed in aldosterone-selective tissues such as kidney and parotid glands. It is thought that 

Hsd11β2 helps to maintain aldosterone action in those tissues by protecting them from 

circulating corticosterone (Funder et al., 1988). The hippocampus doesn’t belong to aldosterone-

selective tissues. However, it is a well known fact that the hippocampus is involved in negative 

feedback regulation of the HPA axis (E. S. Brown, Rush, & McEwen, 1999). It is possible that 

this enzyme could still be involved in the regulation of HPA axis negative feedback mediated by 

the hippocampal glucocorticoid receptors. Hsd11β2 was shown to be regulated by changes in 

methylation of the CpG island, which is located within the promoter region and exon 1 of this 

gene (Alikhani-Koopaei et al., 2004).  

Neuronatin (Nnat) is a paternally expressed imprinted gene, found at higher levels in the fetal 

brain, including the hippocampus, as compared with the adult brain (Joseph, Dou, & Tsang, 

1994; Kagitani et al., 1997; Kikyo et al., 1997). No brain abnormalities were observed in mice 

deficient for Nnat expression, except decreased folding of the cerebellum (Kikyo et al., 1997). It 

has been hypothesized that Nnat is involved in brain development, possibly neuron 

differentiation (Joseph et al., 1994), and its deficiency could lead to behavioral changes in 

adulthood (Kikyo et al., 1997). Another study suggested that Nnat could play a protective role 

against toxic insults during development (Zheng et al., 2002). Otherwise, despite the fact that 

this gene was discovered more than 10 years ago, its role in the brain development and 

functioning has not yet been defined, and there is very little information available on the 

mechanisms of Nnat action in the brain or any other tissues.  

One of the candidate genes that are thought to be involved in development of neuropsychiatric 

disorders is reelin. Reelin encodes a large extracellular protein, expressed in developing and 

adult brain tissues. In the developing brain, it binds to transmembrane receptors on migrating 



_____________________________________________________________________  Chapter 5 

 

269 

 

neurons and initiates a signaling cascade that allows migrating neurons to occupy a correct 

position in the central nervous system (D'Arcangelo et al., 1999; Hiesberger et al., 1999; Howell, 

Herrick, & Cooper, 1999; Rice & Curran, 1999). Mutations of reelin in the mouse affect the 

position of neurons, and cause permanent structural changes in cerebellum, cerebral cortex and 

the hippocampus (Caviness, 1973, 1982; Mariani, Crepel, Mikoshiba, Changeux, & Sotelo, 

1977; Stanfield & Cowan, 1979) as well as behavioral abnormalities (D'Arcangelo & Curran, 

1998). Reelin expression was detected in the adult brain in rodents and human (Abraham & 

Meyer, 2003; Impagnatiello et al., 1998; Pesold et al., 1998; Pesold, Liu, Guidotti, Costa, & 

Caruncho, 1999). Moreover, it was shown that reelin signaling may play a role in learning and 

memory processes by modulating long term potentiation in the hippocampal neurons of the adult 

mouse (Weeber et al., 2002). Post-mortem analysis demonstrated that reelin expression was 

decreased in the brains of patients suffering from schizophrenia and bipolar disorder (Guidotti et 

al., 2000; Torrey et al., 2005) and increased in the brains of patients with Alzheimer’s disease 

(Botella-Lopez et al., 2006). Since it is an established fact that patients with schizophrenia 

demonstrate cognitive impairment including defects in long and short term memory (Andreasen, 

1995; Dickinson, Iannone, Wilk, & Gold, 2004; Kremen, Seidman, Faraone, & Tsuang, 2001; 

Seidman et al., 1991), this suggests that abnormal expression of reelin could be a contributing 

factor in the development of cognitive deficits in those patients. Alterations in reelin promoter 

methylation were shown to affect expression of this gene and have been implicated in 

mechanisms of development of schizophrenia (Grayson et al., 2005; Kundakovic, Chen, Costa, 

& Grayson, 2007). It is possible that an abnormal intrauterine environment could program the 

offspring via epigenetic mechanisms to predispose them to development of behavioral 

abnormalities and neuropsychiatric disorders such as schizophrenia.  

The specific aims of this experiment were: 

 To determine whether intrauterine growth restriction (as a result of prenatal methyl donor 

deficiency) affected anxiety levels and learning behavior in the aged offspring. 

 To investigate whether prenatal methyl donor deficiency affected methylation of the four 

candidate genes Gcr, Hsd11β2, Nnat and reelin in the adult MD offspring and whether 

any changes in methylation were associated with altered expression of those genes. 

The identification of the effect of deficiency of methyl donors in the maternal diet on behavior 

of adult offspring and molecular changes associated with abnormal behavior will provide clue to 

the mechanisms that underlie the pathogenesis of neuropsychiatric conditions. 
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5.2. Materials and Methods 

5.2.1. Behavioral tests 

5.2.1.1. Elevated plus maze 

Anxiety behavior was assessed in 1 year old 4 CON and 4 MD males, and 5 CON and 5 MD 

females.  

Apparatus. Figure 5.1 shows a schematic representation of the elevated plus maze. The elevated 

plus maze was made of metal and painted in black. It consisted of two opposite open arms 

50x10cm and two opposite closed arms with 40cm high walls. The maze had a central 

connecting platform 10x10cm. The maze was elevated 50cm above the floor, and all sessions 

were conducted with dimmed lights.  A video camera was mounted above the maze and 

connected to a computer running the Anymaze® software (Stoelting, Wood Dale, IL), which was 

used for animal tracking and accumulation of dependent measures of interest.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 A schematic representation of the elevated plus maze. 

1 – closed arm, 2 – open arm, see text for explanation. 

 

Procedure. The experiment was conducted in a separate room. Anymaze® software (Stoelting, 

Wood Dale, IL) randomly assigned the order of animals for the test. Rats were placed in the 

center of the elevated plus maze and their activity was recorded and transmitted live to the 

2 

1 
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computer. Recording of each session began automatically after the researcher left the room, and 

continued for 5 min. The maze was wiped with 70% methanol between each session, and any 

fecal boli were removed after each session. Parameters recorded by Anymaze® software 

(Stoelting, Wood Dale, IL) included distance traveled in total, mean speed, time mobile, time 

immobile, head distance traveled, number of open and closed arm entries, time spent in open and 

closed arms, distance traveled in open and closed arms, latency to first exit from the open arm 

and entry into the closed arm, time mobile and immobile in open and closed arms, and open and 

closed arms head time. A complete entry was set as 95% of the animal’s body being in the arm.  

5.2.1.2. Restraint stress 

Four CON and six MD 1 year old male rats were placed in clear Perspex cylinders (10 cm 

diameter, normally used for blood pressure measurements) under bright lights for 20 min before 

returning them to cages. The experiment started at 8.00 am and finished at 11.00 am.  

5.2.1.3. Operant conditioning test 

Operant conditioning test was conducted at the Animal behavior laboratory of the Liggins 

Institute (the University of Auckland) under supervision of Dr Chris Krageloh. Six standard 

operant chambers for rats (ENV-008, Med Associates) with the dimensions 305x241x210 mm 

were used in this experiment (Figure 5.2). The chambers were fitted with three nose-poke holes 

(ENV-114M) on the left wall. Only the left and right nose-poke holes were used in the present 

experiment. During the session, the nose pokes could be illuminated yellow by a light-emitting 

diode situated at the end of the hole. Nose-poke responses were recorded when a light beam at 

the entrance of the nose-poke holes was broken. A pellet receptacle was situated on the right 

wall. The left and right walls consisted of three aluminium channels into which modular 

components could be inserted. The back wall consisted of one single aluminium sheet, and the 

door consisted of polycarbonate that was painted black to minimize any external light source. 

The floor consisted of metal bars above a removable tray filled with wood shavings. A 

houselight provided ambient light, and a fan provided ventilation and masked external noise. All 

experimental events were arranged remotely by a personal computer running MED-PC software 

situated in a separate room. The computer recorded the time at which every event occurred in 

each experimental session at a resolution of 10ms. 
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Figure 5.2 A schematic representation of position of the main components of the operant chamber.  

1 – left nose-poke hole, 2 – right nose-poke hole, 3 – pellet receptacle, see text for explanation. 

 

Pretraining. Nose-poke responses were initially autoshaped in 60-min daily sessions. According 

to a variable-time 60-sec schedule, one of the two nose-poke holes were illuminated (p=0.5) for 

20 sec, followed by delivery of a 45-mg Noyes food pellet (Research Diets, New Brunswick, 

NJ). If, during the 20 sec, a nose-poke response occurred, the light in the nose-poke holes was 

switched off immediately and a food pellet was delivered. Since none of the subjects 

commenced responding during autoshaping (trained), the rats were shaped manually. Using the 

method of successive approximations, food pellets were delivered for behavior that increasingly 

approximated the target nose-poke responses. Once responding was reliably established for all 

subjects further training was required before the main experimental procedure could be 

commenced. A training session began with the illumination of the left and right nose-poke holes 
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on which reinforcers were scheduled with equal probability. After 10 reinforcers, both nose-

poke lights were extinguished for 10 sec. Reinforcers were scheduled dependently (Stubbs & 

Pliskoff, 1969), meaning that once a reinforcer was arranged at one alternative, no further 

reinforcers could be arranged until that reinforcer was delivered. A changeover delay 

(Herrnstein, 1961) was introduced such that no reinforcer could be obtained within a certain time 

interval after a change between response alternatives. Gradually across sessions, the changeover 

delay was increased to 2 sec and the overall probability of reinforcement per second was reduced 

from 1 to 0.025. 

Experimental procedure. A two-alternative concurrent-schedule procedure was used, and 

sessions began with the left and right nose-poke holes illuminated. Each session contained seven 

unsignaled components that arranged the following concurrent VI:VI reinforcer ratios: 1:27, 1:9, 

1:3, 1:1, 3:1, 9:1, or 27:1 (M. Davison & Baum, 2000). The overall VI schedules were arranged 

by querying a probability gate, set at 0.025 every 1 sec and allocating reinforcers to response 

alternatives according to the reinforcer ratio required for each component. Reinforcers were 

scheduled dependently, and a 2 sec changeover delay (Herrnstein, 1961) was in effect. 

Components lasted until 10 reinforcers had been delivered; the components were separated by a 

10-sec period during which both nose-poke lights were extinguished and the schedules were 

stopped. After this 10 sec period, the next component began with the nose-poke lights again 

being illuminated. 

In each session, the order of the seven components was random without replacement. 

Immediately prior to the beginning of each component, the computer controlling the experiment 

randomly selected the reinforcer ratio to be in effect from a list of the seven possible reinforcer 

ratios. In a 1:27 component, for example, the probability of an arranged reinforcer’s being 

allocated was 1/28 to the left alternative, and 27/28 to the right alternative. Thus, a reinforcer 

was 27 times more likely to be arranged on the right alternative than on the left. The overall rate 

of reinforcements was 1.50 per min, and this condition was run for 50 daily sessions. Data 

collection consisted of recording the times that every experimental event occurred. 

Sessions were conducted daily and ended in blackout following the completion of all seven 

components or after 45 min had elapsed, whichever occurred first. Following sessions, rats were 

given 2 h of free access to laboratory chow (Teklad 18% Protein Diet, Oxon, UK) in their home 

cages. 
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5.2.2. Biochemical measurements 

5.2.2.1. Plasma preparation 

Blood collection and plasma preparation were performed as described in Chapter 2 Section 

2.2.3.2. Briefly, peripheral blood (~100μl) from a tail snip was collected in Li-heparinized 

capillary (Microvette CB300, Sarstedt, Germany) tubes before, at the end, 30min and 70min 

after induction of restraint stress. All procedures related to blood collection were completed 

within 1-2 min in order to minimize the stress effect from handling. Plasma was separated from 

blood cells by centrifugation at 3000хg for 25 min at 4
0
C, and stored at -20

0
C until analysis.  

5.2.2.2. Peripheral blood glucose measurements 

Peripheral blood glucose was measured using the ACCU-CHEK® blood glucose meter (Roche 

Diagnostics) as described in Chapter 2 Section 2.2.4.3. The measurements were done during the 

restraint stress experiment, at the same time points as blood collection described in Section 

5.2.2.1. 

5.2.2.3. Plasma corticosterone measurements 

Plasma corticosterone levels were quantified using mass spectrometry performed by Dr Pierre 

van Zijl at the Liggins Institute (The University of Auckland, New Zealand). Plasma sample 

prepared as described in section 5.2.2.1 were used in the assay. The protocol was as follows. A 7 

point standard curve from 10 to 1000 ng/ml was prepared by serial dilutions of the working 

standard (corticosterone, Sigma) in 60% methanol. Plasma samples (50µl) were mixed with 

100µl of a 100ng/ml solution of the internal standard (IS) (corticosterone-D8, Cambridge 

Isotope Laboratories, Inc.) in 60% methanol. Ethyl acetate (1000µl) was added to plasma 

samples with the IS and mixed for 30 sec. The ethyl acetate was transferred to a new glass test 

tube and vacuum dried. The samples were resuspended in 100µl of 60% methanol and 25µl were 

introduced to the mass spectrometer in isocratic mobile phase consisting of 80% methanol and 

20% water flowing at 600µl/min through a Phenomenex Luna (3μm C18, 50 x 3mm) column 

which was held at 35 ºC. This gave a retention time of 2.1 min. LC-MS/MS measurements were 

performed with Thermo Finnigan TSQ Quantum Ultra AM triple quadrupole mass spectrometer 

(Thermo Electron Corporation, San Jose CA). Atmospheric pressure chemical ionization source 
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run was used in a positive mode. The operating parameters were as follows: discharge current 

was 3A and the vapor temperature was 400°C. The sheath gas pressure was set at 35 psi and the 

Aux gas pressure at 5 psi. The transfer capillary temperature was set at 300°C. 

Data acquisition and processing were performed using Finnigan Xcaliber software (Thermo 

Electron Corporation, San Jose, CA, USA). Corticosterone and corticosterone-d8 were 

monitored by ion pairs of 347/121 and 355/125 respectively.  Peak width of Q1 was set at 0.3 

and Q3 at 0.7. Q2 had 1.2 mTorr of argon and collision energy of 28V. 

5.2.3. Direct sequencing 

Information about sequence (approximately 60nt-long) in the promoter region of the Reelin gene 

was missing from the Ensembl database. A direct sequencing method was used to determine the 

sequence of the missed region. Reelin genomic DNA sequence (Ensemble accession number 

ENSRNOG00000021441) was used to design primers by means of Primer3 software (Rozen & 

Skaletsky, 2000). The forward primer sequence was 5’AATCCCCACAGCCCCTAC and the 

reverse primer sequence was 5’GCGTCGTCCGCCTCCGA. Wistar rat genomic DNA was used 

as a template to amplify a 676nt-long region of the reelin promoter containing the missing 

sequence. The following PCR conditions were used: 1.5 units of FastStart Taq GC-rich DNA 

polymerase (Roche), 5μl of 10xPCR Reaction buffer with MgCl2 at the final concentration 2mM 

(Roche), 5μl of 5xGC-RICH solution (Roche), dNTPs at the final concentration 200μM each 

(Invitrogen), forward and reverse gene specific primers at the final concentration 400nM each 

(Invitrogen), ~100ng of gDNA template and nuclease free water up to 50μl. PCR cycling 

conditions were as shown in Table 5.1 

Table 5.1 PCR cycling conditions used for amplification of the missing sequence in the promoter region of the 

reelin gene. 

Step Time Temperature Number of cycles 

Hold 10 min 95°C N/A 

Cycling    

Denaturaition 40 s 95°C  

27 Annealing 1 min 590C 

Extension 1 min  72°C 

Hold (extension) 5 min 72°C N/A 

Hold forever 4°C N/A 
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The purification step of amplified PCR product and sequencing steps of purified PCR product 

were the same as described in Chapter 4, Section 4.2.3. 

5.2.4. DNA methylation and gene expression analysis 

5.2.4.1. Tissue preparation 

In order to remove the hippocampus, the frozen brain was partially thawed on ice, and the whole 

hippocampus was removed through incision in the parietal part of the brain. The total 

hippocampus was powdered in liquid nitrogen on dry ice using mortar and pestle. Around 20-

25mg of the powdered hippocampus were suspended in Trizol (Invitrogen) in a 1.5ml eppendorf 

tube, and frozen at -86
0
C until used for RNA extraction. The same amount of tissue was 

reserved, and kept at -86
0
C for subsequent DNA extractions. Genomic DNA and total RNA 

extractions were performed as described in Chapter 3 Sections 3.2.2 and 3.2.6 respectively. 

5.2.4.2. Specific DNA methylation analysis 

DNA methylation of specific regions of genes was analyzed as described in Chapter 3 Section 

3.2.5, using Sequenom MALDI TOF mass spectrometry technology. Primers were designed 

using MethPrimer software or manually. Information about primer sequences and amplicon 

length of target genes can be found in Table 5.2. Cycling conditions were as described in 

Chapter 3 Section 3.2.5. First and second cycling step annealing temperatures of primers for the 

Gcr gene were 55
0
C and 63

0
C, Hsd11β2 – 58

0
C and 65

0
C, Nnat – 57

0
C and 64

0
C and reelin – 

56
0
C and 64

0
C. 
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Table 5.2 Information about primers used to amplify target genes in the hippocampus for quantitative methylation assay. 

Gene name Primer sequence Accession number Amplicon length, nt 

Gcr F AGGAAGAGAGGTTATTTTGTAGTTTTTTTGTTAGTGTGAT AJ271870 205 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTATTTCTTTAATTTCTCTTCTCCCA 

Hsd11β2 F AGGAAGAGAGTTTATAGGAGTGAATGAGATGTAGGG ENSRNOG00000017084 312 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTCCAACCTAAAATAAAAAAAATACTC 

Nnat F AGGAAGAGAGGGTGGTAGGAGGGTATTTAAGG ENSRNOG00000024923 263 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTATATAAACTAAAAATCCCAAAAC 

Reelin F AGGAAGAGAGGGGGTTTTAAGAAGGTG ENSRNOG00000021441 393 

 

R CAGTAATACGACTCACTATAGGGAGAAGGCTCCAACAACAACAACAACAC 

 

http://www.ensembl.org/Rattus_norvegicus/Gene/Summary?g=ENSRNOG00000024923;r=3:148269404-148271781
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5.2.4.3. Gene expression analysis 

Expression of target genes was analyzed using real time PCR technique with SYBR Green and 

TaqMan fluorescent chemistries. The housekeeping gene β-actin was used as an internal control, 

and all calculations of expression of genes of interest were adjusted relative to data for this gene. 

Primers for genes, whose expression levels were measured by means of SYBR Green were 

designed using Primer3 software (Rozen & Skaletsky, 2000) across exon-exon boundaries or 

with forward and reverse primers located in neighboring exons on both sides of an intron. Primer 

sequences can be found in Table 5.3. Expression of Hsd11β2 was measured using TaqMan 

inventory assay ID Rn00492539_m1 (Applied Biosystems). Prior expression analysis, PCR 

efficiencies were calculated by means of the REST©-384 software, as shown in Table 5.4. These 

PCR efficiencies were then used by REST-384 software to adjust relative gene expression 

calculations. The cDNA synthesis and real time PCR analysis were conducted as described in 

Chapter 3 Sections 3.2.7 and 3.2.8.  

Table 5.3 Information about primers used to amplify target genes in the hippocampus for the real time PCR 

assay.  

F – forward primer, R – reverse primer, both 5’3’ direction, both splice variants of the Nnat gene were amplified 

using the same pair of primers. 

Gene name 
 

Oligo Sequence Accession number Amplicon length, nt 

β-actin F AAGATGACCCAGATCATGTTT ENSRNOT00000042459 79 

 
R CATACAGGGACAACACAGCC 

  
Gcr F TGAACCTTGAAGCTCGAAAAA ENSRNOT00000019409 77 

 
R AGTGTCTTGTGAGACTCCTG 

  
Nnat 1 F CGTGCTGCTGCAGGTGTT NM_053601 198 

Nnat 2 R GAGATGGGGCCTCAGTTG NM_181687 117 

Reelin F AAACCTCAGCTTCGTCTGGA AB049473 100 

 
R GGCGTCTTTGAAAATCACCT 
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Table 5.4 PCR amplification efficiencies of primers designed for amplification of target genes in the 

hippocampus.  

PCR efficiency was calculated using REST384©v.1 software (Pfaffl et al., 2002). Five dilutions of mixed cDNA 

(48, 20, 8, 2 and 0.5ng per reaction) were used to run with each pair of primers, the obtained C t values were entered 

into REST©-384 software to adjust calculations; correlation – Pearson’s correlation between cDNA dilutions and Ct 

values corresponding to those dilutions. 

 
β-actin Gcr Hsd11β2 Nnat Reelin 

Slope -3.2 -3.4 -3.8 -3.5 -3.0 

Efficiency 2.04 1.96 1.81 1.92 2.18 

Correlation -0.99 -0.99 -0.99 -0.99 -1.00 

 

5.2.5. Statistical analysis 

Plasma corticosterone and blood glucose differences between 1 year old CON and MD offspring 

were estimated using unpaired Student’s t-test. Data obtained from running elevated plus maze 

test was analyzed using Student’s t-test, except for the percentage of entries in the open arm, 

which was analyzed using Mann Whitney U test (SPSS v15 software package). Wilcoxon rank 

sum test was used to analyze the results of the operant conditioning test. Overall specific gene 

methylation differences between the CON and MD groups were analyzed using DISTLM5 

software as described in previous chapters (Chapter 4 Section 4.2.10). Individual CpG unit 

methylation differences between the CON and the MD groups were analyzed using Mann-

Whitney U test by means of SPSS v15 statistical software package. Real time PCR data was 

analyzed using REST©-384 software as described in Chapter 3, Section 3.2.7. 

 

5.3. Results 

5.3.1. Effects of the maternal diet on anxiety levels in the offspring 

5.3.1.1. Elevated plus maze test 

Table 5.5 shows a summary of the main parameters recorded during elevated plus maze test. In 

total, both sexes from the CON and MD groups traveled a similar distance, with similar speeds 

within the same sex group. However, females from the MD group had a tendency to be more 

mobile – 300sec, than the CON group – 295.2sec (p=0.059). When compared between sexes, 

females were faster (0.05m/sec vs. 0.014m/sec) and covered more distance (13.9m vs. 3.7m) 
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than males. Data for one of the males from the MD group were removed from calculations due 

to signs of extreme stress, which exhibited as being completely frozen, with increased 

production of fecal boli and urine.  

Females from CON and MD groups had very similar numbers of entries in the open arm – 9.8 

and 10 times respectively, which was true for males as well – 2 and 1.7 times respectively. The 

percentage of open arm entries ((open arm entries*100%)/(open arm entries+closed arm entries)) 

was very similar in CON and MD groups of both genders.  Nevertheless, both MD females and 

males had the same tendency for spending less time in the open arm 88.5sec vs. 145sec (p=0.1), 

and 60sec vs. 133.5sec (p=0.16) respectively, and traveling shorter distances than the control 

group – 2.8m vs. 4.4m (p=0.2) and 0.53m vs. 1.4m (p=0.24) respectively. MD animals had also 

the same trend of being less mobile than the CON group in the open arm, although not 

significantly – 89sec vs. 141sec (p=0.12) for females, and 51sec vs. 114sec (p=0.26) for males. 

Females from the MD group had significantly shorter latency to the first exit - 7.8sec opposite to 

37.6sec in the control group (p=0.04), and this pattern was repeated (although not significant) in 

MD males – 59sec vs. 118sec (p=0.16).  

Again, females and males from the MD group had a shorter latency to the first entry into the 

closed arm – 7.9sec vs. 49.5 (p=0.0024), and 59sec vs. 128sec (p=0.18) respectively. They also 

spent more time 198sec MD females vs. 140sec (p=0.046) CON females, and 239sec MD males 

vs. 163sec (p=0.16) CON males, and were more mobile in the closed arm (198sec vs. 139sec 

(p=0.046), and 223sec vs. 152sec (p=0.16) respectively).  

Other measurements such as a proportion of time spent in closed arms was not calculated due to 

the fact that proportion variables require non-parametric tests for statistical analysis, which may 

have less power than parametric tests, especially with a small number of replicates. 
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Table 5.5 Elevated plus maze results.  

CON females n=5, MD females n=5; CON males n=4; MD males n=3; data are mean ± SD, p<0.05. 

  

5.3.1.2. Plasma corticosterone and blood glucose levels measurements in response 

to stress 

Basal plasma corticosterone levels varied depending on the order of animal taken out of a cage 

(Figure 5.3). Animal taken out of a cage first had the lowest initial corticosterone concentration, 

whereas the last animal had the highest concentration of this hormone. 

 

Parameter CON females MD females CON males MD males 

Total distance, m 13.9±2.3 13.9±3.9 4.2±0.8 3.2±1.1 

Mean speed, m/sec 0.05±0.01 0.05±0.01 0.014±0.003 0.011±0.004 

Time mobile, sec 295±4.9 300±0 274±20.8 269±19 

%of open arm entries 49±6 47±10 42±16 67±29 

Open arm     

Entries, No. 9.8±3.3 10±3.5 2±1.2 1.7±1.2 

Time, sec 145±58 88.5±34.5 134±71.7 60±28.6 

Time mobile, sec 141±57 88.5±34.5 114±77.9 50.6±36.8 

Head time, sec 165±38.2 114±18.3 135±74.9 58.9±29.4 

Distance, m 4.4±1.9 2.8±1.8 1.4±1.0 0.5±0.52 

Latency to first exit, sec 37.6±26.4 7.8±9.5* 118±55.6 59±29.5 

Closed arm     

Latency to first entry, sec 49.5±19.1 8±9.5* 128±70.7 59±36 

Entries, No. 10.2±3.7 11.2±3.6 2.5±0.6 1.33±0.7 

Time, sec 140±45 198±31.8* 163.5±74.6 239±36 

Time mobile, sec 139±46.4 198±31.8* 152±69.7 223±20.2 

Head time, sec 135±38.2 186±18.3 165±75 241±35.7 

Distance, m 8.8±3 10.6±3 2.7±0.8 2.2±0.7 
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Figure 5.3 Initial plasma corticosterone concentration in relation to the order in which rats were taken out of a 

cage.  

Each data point represents plasma corticosterone concentration for an individual animal. Correlation coefficient – 1.  

 

Average concentration of corticosterone in plasma at the end of the restraint session 30min and 1 

hour 40min after the session did not differ between the CON and the MD groups (Figure 5.4 A). 

Hormone levels after the restraint continued to rise in both groups, and did not return to basal 

levels at the end of the 1 hour 40min period.  

Blood glucose concentration measurements showed significantly lower levels in the MD group 

as compared to the CON group (p=0.003) at the end of the restraint session (Figure 5.4 B). 
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Figure 5.4 Plasma corticosterone concentration and blood glucose concentration before, during and following 
acute restraint stress.  

A – corticosterone, B – glucose,  arrow indicates the end of the restraint session CON n=4, MD n=6, data are mean 

± SD, **p<0.01. 

 

5.3.2. Effects of the maternal diet on learning behavior of the offspring  

A two-alternative operant test assessed learning and behavioral adaptability in the old MD and 

the CON female rats. This test demonstrated that exposure of the female offspring to maternal 

methyl donor deficient diet was associated with their increased adaptability to changing 

environment in the adulthood when compared to the CON females. Figure 5.5 shows mean 

female MD and CON group sensitivity to reinforcement values a as a function of successive 

reinforcer deliveries at the rate of 1.5 reinforcers per minute. Sensitivity to reinforcement 

increased for both groups as a function of successive reinforcers and appeared to reach stable 

levels after about six reinforcers. Asymptotic levels of sensitivity to reinforcement, calculated as 

the mean sensitivity to reinforcement of the last three successive reinforcers in a component, was 

significantly higher for the female MD group than for the CON group.  
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Figure 5.5 Operant conditioning test results. 

The methyl deficient rats (n = 5) had significantly higher asymptotic sensitivity values (Wilcoxon rank sum test, p < 

0.05) than the control rats (n = 6). The curves are simple increasing hyperbolae fitted to group mean data. 

 

5.3.3. Effects of the maternal MD diet on DNA methylation of target genes 

Quantitative Matrix-assisted laser desorption/ionization time of flight (MALDI TOF) mass 

spectrometry-based technique developed by Sequenom was used to determine methylation levels 

of specific CpG sites in the promoter region of selected genes.  

5.3.3.1. Gcr 

A 205nt-long fragment of the Gcr alternative promoter exon 17 was investigated in this study. It 

contained 17 CpG sites in 9 CpG units (figure 5.6, C). Seven CpG units out of 9 were available 

for the analysis in this region. In general, methylation levels of individual CpG units were very 

low, with the lowest level detected at 0.2% and the highest levels detected at 15% (Figure 5.6, A 

and B). Comparison between the CON and MD groups in 110day-old and 365 day-old females 

and males demonstrated no overall changes in methylation of the studied region. Comparison of 

methylation of individual CpG units between the CON and MD groups demonstrated a 

significant 38% decrease in methylation of the CpG unit 9 in the male d365 MD group (p=0.027, 

figure 5.6, B). Methylation of individual CpG units was unaffected in other groups.  
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                                                                                        [1   2](1)           3(2)                  [4     5   6](3) 

GCCATCCTGTAGCCCTTTTGTTAGTGTGATATATTTCGCGTAATTTCGTAGTTGGCGGGCGCGG 

                         [7                       8](4)                             [9                                         10](5)       [11 

ATTATTTTTGCGGCTCTGCCGGCTGGCTGTCACCCTCGGGGGCTCTGGCTGCCGACCCACGGG 

   12                13](6) 14(7)                         15(8)                [16            17](9)       

GCGGGCTCCCGAGCGGTTCCAAGCCTCGGAGCTGGGCGGGGGCGGGAGGGAGCCTGGGAGA 
 

AGAGAAACTAAAGAAAC 

 

Figure 5.6 Methylation patterns of the Gcr exon 17 in the hippocampus of the CON and MD offspring at 

d110 and d365.  

A – females d110 MD n=8, CON n=8; d365 MD n=8, CON n=4. B – males d110 MD n=8, CON n=8; d365 

MD n=8, CON n=4; data are mean ± SD; *p<0.05. C – nucleotide sequence of the Gcr exon 17 promoter 

region investigated in this study: CpG sites highlighted in green were available for the analysis, CpG sites 

highlighted in red were not analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG 

units obtained after RNaseA digestion, square brackets define CpG sites that compose one CpG unit 

5.3.3.2. Hsd11β2 

The Hsd11β2 promoter region investigated in this study was the same as the one described in 

Chapter 3, which had 21 CpG sites in 14 CpG units (Figure 5.7, C). Twelve out of fourteen CpG 
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units were available for the analysis (the 13
th

 CpG unit was excluded due to large number of N/A 

readings). Methylation levels of individual CpG units were low, between one and twelve 

percent, with an average methylation levels below 5% (Figure 5.7, A and B). The overall 

methylation of the Hsd11β2 did not differ between the CON and MD groups in both female and 

male groups at 110 and 365 days of age. There was a significant 25% decrease in methylation of 

the CpG unit 7 in the d365 MD females compared with the CON female group (p=0.04). The 

MD d365 males demonstrated a statistically significant 50% increase in methylation of the CpG 

units 2 and 10 when compared with the CON group of the same age (p=0.024 and 0.042 

respectively). No differences between the CON and MD and between female and male groups 

were observed. 
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                                                                         1(1)                                                             [2       3](2)       [4   

CTCACAGGAGTGAATGAGATGCAGGGCGCAGGGTTGGGCAGACTGGCCCTTTCCCGGGCGAAGCC 

5](3)                [6             7         8](4)                                                           [9                    10](5)     11(6)                                                                                      

GGCGACTGACGGCTCCGCCTCGTGCAGCAACTTGGGGACTTTGTTCCGGCTTCTTCGAAAGCGGAT 
                                 [12    13](7)                                          14(8)                             

CTAGCCAAGGGGCGGGGCGGGGGGGCACCTGCCTGGCGTGGGGTGCTGAGATAGAAGTGGAGGA 

                                              [15           16](9)   17(10)                   18(11)                19(12) 

AAGCCCCACCCTAGCCCCGCCTTCGCACCGCCCCAACCCCGCCCCCAGGGCGCTTTATAAGCTGGG 

    20(13)                                           21(14) 

TCCGAGGGCCCAGCAAAGAAAGCGAGTATCCCTCCCACCCCAGGCTGGTGTTCC 

 

Figure 5.7 Methylation patterns of the Hsd11β2 promoter in the hippocampus of the CON and MD offspring 

at d110 and d365.  

A – females d110 MD n=8, CON n=8; d365 MD n=8, CON n=4. B – males d110 MD n=8, CON n=8; d365 

MD n=8, CON n=4; data are mean ± SD, *p < 0.05 – differences between treatment groups. C – nucleotide 

sequence of the Hsd11β2 promoter region investigated in this study: CpG sites highlighted in green were 
available for the analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers 

in round brackets indicate CpG units obtained after RNaseA digestion, square brackets define CpG sites that 

compose one CpG unit; underlined bold sequence indicates binding site for a transcription factor Sp1. 
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5.3.3.3. Nnat 

The part of the Nnat gene investigated in this study included a 263nt-long fragment of the CpG 

island located in the promoter and the first exon of this gene. The studied Nnat DNA sequence is 

shown in Figure 5.8, C. The investigated region contained 20 CpG sites in 15 CpG units, 13 of 

which were available for the analysis. Nnat methylation levels were higher than methylation of 

other genes investigated in this study, due to the fact that it is an imprinted gene, and these 

normally have around 50% methylation levels (Figure 5.8 A and B). On average methylation 

percentages of methylation of the CpG units in Nnat CpG island were between 20% and 43%. 

Analysis of overall methylation levels demonstrated no differences between the CON and MD 

groups of d110 and d365 females and males. However, analysis of methylation of individual 

CpG units demonstrated a statistically significant 26% decrease in methylation of the CpG unit 4 

in the MD d110 female group when compared with the respective CON group (p=0.03). One 

year old MD females again had a significant 18, 12 and 13% increase in methylation levels of 

CpG units 2, 12 and 13 respectively (p=0.008, 0.032 and 0.008 respectively). MD male group at 

d110 and d365 stage did not show any changes in methylation when compared to the CON 

group. 
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                                                             [1   2](1)        [3                 4](2)             5(3)                     6(4)          7 

GGTGGCAGGAGGGTACTTAAGGCGCGGCCACCGGGGCTGCGGCATTGCGCCCAGCAGCGGACTCC 

(5)                                   [8       9](6)                       10(7)                                    11(8)                         12(9) 

GAGATCCATAGACCTCGGCGAACCCTTGCTCTCGACCACCCACCCACTTTCGGAACCATGGCCGCA 
                                  13(10)                                       14(11)                               [15  16](12)            

GTGGCAGCAGCCTCGGCAGAACTGCTCATCATCGGCTGGTACATCTTCCGCGTGCTGCTGCAGGTG 

                         17(13)                                                      18(14)     [19 20](15) 

AGTATATACCCGGGCTTTGGGTGGGAGAGGGCACCCGAAACGCGCCCTGGGACCCTTAGTCCATT 

 

Figure 5.8 Methylation patterns of the Nnat DMR in the hippocampus of the CON and MD offspring at d110 

and d365.  

A – females d110 MD n=8, CON n=8; d365 MD n=8, CON n=4. B – males d110 MD n=8, CON n=8; d365 

MD n=8, CON n=4; data are mean ± SD; *p < 0.05, **p<0.01 – differences between treatment groups. C – 

nucleotide sequence of the Nnat DMR investigated in this study: CpG sites highlighted in green were available 

for the analysis, CpG sites highlighted in red were not analyzed; all CpG sites are numbered, numbers in round 
brackets indicate CpG units obtained after RNaseA digestion, square brackets define CpG sites that compose 

one CpG unit. 
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5.3.3.4. Reelin 

The 393nt-long fragment of the reelin promoter region contained 62 CpG dinucleotides in 22 

CpG units. However, due to high density of CpG sites in this region, only 8 CpG units were 

available for analysis (Figure 5.9, C). Methylation ratios for this gene were very low; it varied 

between completely unmethylated sites to maximum of 8% of average methylation (Figure 5.9, 

A and B). A statistical analysis did not show any significant differences in methylation between 

the CON and MD groups of both genders and of both ages investigated in this study.  
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                                             1(1)                   [2          3](2)                           [4           5](3)     [ 6     7](4)                                                               

GGGGCTTTAAGAAGGTGCGGAGGGGGCGGGCGCTTTCCCAAGCCCGGCCGAGGGGCGTCGCATGC 

         8(5)           [9     10     11     12](6)      13(7)  14(8)    [15  16        17    18       19  20         21](9) 
ACACGGGCAGCGGCGGCGCTCGGAGGCGGACGACGCGCTCTCGGCGCCCGCGGCCCCGGTGTCCC 

     [22            23            24  25](10)                           26(11)              [27                 28](12)                         [29  

CACGCTCTCGCTCCCGCGGCCCAAAGTAACTTCGGGAGCCTCGGTCTCCCGCCAACTTCCCCCCGC 

30           31            32](13)        [33     34](14)  35(15)      [36    37    38         39](16)                       [40  41 

GGGCTCGGTTGCCCGGAGCCGCTCGGATCGAGCCCGCCGCCGGCTCGCCTTCCCAGCACGCGGCTC 

         42        43                44](17)                                        [45  46  47        48   49  50   51](18)  52(19)   [53 

CTCCGTGCCGGTGCCTCCGAAAGTGGATGAGAGAGCGCGCGGGGCGCGCGGCGGCACGGAGCGC 

54   55](20)              [56 57                       58     59 60](21)           [61                    62](22) 

GGCGGCATGGAGCGCGGCTGCTGGGCGCCGCGGACTCTCGTCCTGGCCGTGCTGCTGCTGCTGC 

 

TGG 

Figure 5.9 Methylation patterns of the reelin promoter in the hippocampus of the CON and MD offspring at 
d110 and d365.   

A – females d110 MD n=8, CON n=8; d365 MD n=8, CON n=4. B – males d110 MD n=8, CON n=8; d365 

MD n=8, CON n=4; data are mean ± SD. C – nucleotide sequence of the reelin promoter region investigated in 

this study: CpG sites highlighted in green were available for the analysis, CpG sites highlighted in red were not 

analyzed; all CpG sites are numbered, numbers in round brackets indicate CpG units obtained after RNaseA 

digestion, square brackets define CpG sites that compose one CpG unit. 
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5.3.4. Effects of the maternal MD diet on mRNA expression of target genes 

A real time PCR technique based on SYBR Green and Taqman chemistries was used to measure 

expression of a number of genes in total hippocampi of 110 days old and 1 year old offspring of 

methyl-deficient and control dams.  Raw data was analyzed using REST-384 software and 

plotted as a fold change mRNA expression in MD group relative to the control group (Tables 5.6 

and 5.7 and Figure 5.10).  

Gcr transcript levels were unaffected in the female MD group at all ages. In the male group Gcr 

expression was decreased, although not significantly (0.73-fold, p=0.06) in the d365 old MD 

males. Hsd11β2 expression was also unaffected in females at all ages. MD males demonstrated 

significantly increased expression of this gene (1.26-fold, p=0.01) at the 1 year stage. Female 

MD offspring had no significant changes in expression of Nnat mRNA at all ages. There was 

non-significant increase of Nnat levels at d365 stage in females (1.32-fold, p=0.14). Nnat 

expression in the male MD offspring was non-significantly increased at day 110 of age (1.28-

fold, p=0.09), but was significantly increased in d365 old males (1.42, p=0.01). Reelin 

expression changes in the MD group relative to the CON group were negligible in both female 

and male groups, except at day 110 age in female MD group where downregulation of Reelin 

was statistically significant (0.69-fold, p=0.04). 

Table 5.6 Effects of prenatal methyl donor deficiency on gene expression in the hippocampus of female MD 

offspring.  

Deviation from 1 represents change in gene expression in the MD offspring relative to the CON offspring. D110 

MD n=7, CON n=8; d365 MD n=5, CON n=5; data are mean ± SEM, *p<0.05. 

 

 

d110 

 

d365 

 Gene name Expression ratio P value Expression ratio P value 

Gcr 1.00±0.13 1.00 0.85±0.14 0.38 

Hsd11β2 0.80±0.11 0.19 0.90±0.18 0.70 

Nnat 0.94±0.14 0.77 1.32±0.25 0.14 

Reelin 0.69±0.13* 0.04 0.95±0.16 0.71 

 

 

 

 



_____________________________________________________________________  Chapter 5 

 

293 

 

Table 5.7 Effects of prenatal methyl donor deficiency on gene expression in the hippocampus of male MD 

offspring.  

Deviation from 1 represents change in gene expression in the MD offspring relative to the CON offspring. d110 MD 

n=8, CON n=8; d365 MD n=8, CON n=4; data are mean ± SEM, **p<0.01. 

 

             d110                                     d365 

Gene name Expression ratio P value Expression ratio P value 

Gcr 0.94±0.14 0.69 0.73±0.12 0.06 

Hsd11β2 1.07±0.17 0.70 1.26±0.18** 0.01 

Nnat 1.28±0.18 0.09 1.42±0.36** 0.01 

Reelin 0.87±0.14 0.55 1.19±0.14 0.14 
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Figure 5.10 Female and male MD group target gene expression in the hippocampus relative to the respective CON 

group.  

The numerical differences in expression can be found in table 5.5. A – d110 females, B – d365 females, C – d110 

males, D – d365 males. Females d110 MD n=7, CON n=8; d365 MD n=5, CON n=5; males d110 MD n=8, CON 

n=8; d365 MD n=8, CON n=4; *p<0.05, **p<0.01. 
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5.4. Discussion 

This study examined the effect of maternal methyl-deficient diet on behavior of the offspring, 

and on molecular mechanisms in the hippocampus that have been implicated in behavioral 

changes. The results of this study show that maternal methyl donor deficient diet administered 

throughout gestation has a permanent effect on behavior of the female and male offspring to 

some extent increasing their anxiety levels. Male offspring demonstrated inadequate release of 

glucose in response to stress. Female offspring of the MD mothers learned to adapt faster to 

changing environment. Sex-specific changes in gene expression implicated in normal brain 

development and functioning were observed. In general, alterations in gene expression were not 

associated with changes in methylation of regions thought to be involved in regulation of those 

genes. 

5.4.1. Effects of the maternal MD diet on anxiety-related behavior in old female 

and male offspring 

Results obtained from elevated plus maze (EPM) test for females demonstrated increased 

anxiety levels in the MD offspring. One year old female offspring of MD dams had significantly 

shorter latency to exit from the open arm and entry into the closed arm. They also spent 

significantly longer times in the closed arms and were more mobile in the closed arms when 

compared with the CON female group. The MD male group followed a similar pattern to MD 

females in anxiety-related behavior in EPM – they spent more time in the closed arm, and were 

more active in the closed arm. However, the difference between MD and CON males did not 

reach statistical significance, possibly because the sample size for this experiment was not large 

enough. One MD male was excluded from the calculated data due to extreme signs of stress.  

Previous studies have demonstrated that alterations in the availability of methyl donors in a 

maternal diet can have an effect on the anxiety-related behavior in the offspring, confirming 

results of the present study. Thus, experiments in mice showed that female and male offspring of 

dams that were deprived of folate prior mating and during first 18 days of pregnancy had 

increased anxiety levels during the test on elevated plus maze (Ferguson et al., 2005). In another 

study, adult male rat offspring of mothers that received a choline-supplemented diet during 

pregnancy demonstrated decreased anxiety levels when tested using a dark-light box (Plyusnina, 

Os'kina, Shchepina, Prasolova, & Trut, 2007). Studies in a prenatal protein deficient mouse 

model demonstrated that other types of prenatal malnutrition can also increase anxiety-like 
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behavior in the adult offspring (Watkins, Ursell et al., 2008; Watkins, Wilkins et al., 2008). 

Moreover, studies conducted by Watkins and colleagues (Watkins, Ursell et al., 2008; Watkins, 

Wilkins et al., 2008) revealed that preconceptional maternal diet administered exclusively during 

oocyte maturation or during preimplantation period has an ability to alter levels of anxiety in the 

offspring. The results of their study suggest that methyl donor deficiency could have exerted its 

effect during oocyte maturation and preimplantation periods possibly via altering methylation 

pattern of specific genes, which programmed the adult MD offspring for elevated anxiety levels. 

Moreover, the study conducted by Watkins and colleagues (Watkins, Wilkins et al., 2008) 

demonstrated that the protein deficient female offspring developed more pronounced anxiety-

related traits, which could explain the higher anxiety levels in the female MD offspring observed 

in the present study. In support of this notion, some sources indicate the existence of gender 

differences in anxiety-like behavior, most likely due to differences in gonadal hormones and 

differences in brain structure development (Toufexis, 2007).  

5.4.2. Effects of the maternal MD diet on response of old males to restraint stress  

A second test was employed in this study to investigate the effects of prenatal methyl donor 

deficiency on anxiety levels and response to stressful conditions in one year old male offspring 

of CON and MD mothers. Female rats were unavailable at the time of the test, because they 

were assessed using operant conditioning test.  

Aged male rats from the MD and CON groups subjected to acute stress in a form of 

immobilization for 20min under bright light demonstrated no difference between groups in 

plasma corticosterone levels during exposure to stress and during recuperation after 

immobilization. The dynamics of changing corticosterone levels during and after stress were 

similar to those observed in previous studies, with the highest plasma corticosterone raise at 

approximately 60min after the beginning of the experiment (Cavigelli & McClintock, 2003; 

Dhabhar, McEwen, & Spencer, 1997). Of interest, those studies showed that the highest plasma 

corticosterone levels were observed about one hour after initiation of the stressful event in 

recuperating rats, as well as in rats that were still under restraint.  

Measurements of the basal levels of corticosterone demonstrated that rats removed from the 

same cage first had the lowest and rats removed last had the highest plasma concentration of this 

hormone. This sequential increase in corticosterone levels in rats that were left behind most 
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likely indicates separation anxiety, which has been described before (Kask, Nguyen, Pabst, & 

von Horsten, 2001). 

Another indicator of an animal being in stress – blood glucose – was measured during the 

restraint test. In contrast to no changes in plasma corticosterone concentration, the increase in 

blood glucose was significantly higher in the CON than in the MD group at the end of the 

restraint session. There were no differences in blood glucose concentration at the basal level, and 

during the recuperation period. The increased release of glucose is essential for providing 

enough fuel to respond to environmental threats in stressful conditions (S. C. Woods, Taborsecy, 

& Porte, 1986). Therefore, the results of this study suggest that the MD male offspring had an 

impaired reaction to a stressful event. Previous study demonstrated that administration of 

corticosteroid drug betamethasone to rats caused a rapid increase in blood glucose during first 3 

to 5 min after injection (Scheepens, van de Waarenburg, van den Hove, & Blanco, 2003). The 

results of Scheepens and colleagues study (2003) indicated that increased corticosterone release 

during early stages of the stressful event can contribute to increased blood glucose levels, 

possibly via non-genomic effect of this hormone (de Kloet, Karst, & Joels, 2008). However, as it 

was discussed above no differences in plasma corticosterone levels between the MD and CON 

male groups were detected in this study. This does not exclude a possibility that downstream 

corticosterone signaling was affected. Expression of two molecules known to regulate 

corticosterone signaling in a cell, glucocorticoid receptor and Hsd11β2, were tested in this study 

and the results are discussed further in this chapter.  

Two points must be mentioned regarding a relationship between plasma corticosterone and 

blood glucose concentration. First, at the basal level male rats from the CON and MD groups 

didn’t demonstrate variability in blood glucose levels within or between groups, even though the 

basal corticosterone levels differed 10 fold between rats from the same group. Second, the 

highest plasma corticosterone levels were observed after the restraint session ended, when blood 

glucose levels had decreased. These observations indicate that there is no direct dependence of 

increased blood glucose on elevated plasma corticosterone levels, and corticosterone most likely 

acts in concert with other pathways such as sympathoadrenal system to mobilize glucose. 

Therefore, a defective increase in blood glucose cannot be entirely attributed to abnormal 

corticosterone signaling. 

It is known that epinephrine and corticosterone act together to increase blood glucose levels 

during restraint stress (Watanabe et al., 2008; Yamada et al., 1993). Epinephrine increases 
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hepatic glucose output (Sacca, Vigorito, Cicala, Corso, & Sherwin, 1983; Waldhausl, Gasic, 

Bratusch-Marrain, Komjati, & Korn, 1987) and inhibits insulin release (Nakaki, Nakadate, & 

Kato, 1980; Yamazaki, Katada, & Ui, 1982). Therefore, one of the reasons for decreased blood 

glucose at the peak of stress in the MD group could be an impaired action of the 

sympathoadrenal system upon these two pathways. A previous study demonstrated that 24 

months old rats had decreased plasma levels of indices of activity of sympathoadrenal system 

such as norepinephrin, dopamine, and their metabolites in response to immobilized stress when 

compared to younger rats (Cizza, Gold, & Chrousos, 1995). It is possible that the effects of 

aging on the sympathoadrenal system are more pronounced that its effects on corticosterone 

signaling, and  these changes in the sympathoadrenal system in aging MD male offspring rats 

could be an underlying cause for a decrease in glucose levels in response to stress. Investigations 

of the sympathoadrenergic system signaling were not done in the present study, but the obtained 

results provide evidence to justify future studies of sympathoadrenal markers of stress in 

prenatal MD diet model. In a rat model of undernourishment during the third trimester and 

lactation, it was demonstrated that the adult male offspring had a decreased release of 

epinephrine in response to restraint stress (Lesage et al., 2002). However, they also observed 

increase in corticosterone release in response to stress, whereas no corticosterone differences 

were detected in this study. It is possible that prenatal MD diet and global caloric restriction diet 

had similar effect on response of sympathoadrenergic system to stress, but their effects on 

corticosterone levels were different from each other.  

There is also a possibility that decreased levels of blood glucose could be due to its increased 

glucose utilization rather than decreased capacity of the organism to respond to stress. This 

possibility could be investigated in future studies for instance by measuring the oxidation rate of 

glucose. 

The restrain test was not used on the female offspring in this study, and consequently glucose 

response to stress in females was not tested. It would be of interest to conduct the same test on 

females since previous studies suggested sex differences in stress-induced hyperglycemia (Reis, 

Santos, Reis, & Coimbra, 1994). In addition, different pattern of glucose release between males 

and females was demonstrated in response to adrenergic stimulation of the sexually dimorphic 

preoptic area in the brain (Foscolo et al., 1997).  
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5.4.3. A possible link between performances on elevated plus maze and restraint 

stress test results 

It could be hypothesized that inadequate response to stressful novel situation such as an elevated 

plus maze test could cause an increase in anxiety due to diminished capacity of MD male rats to 

deal with stress. It has been demonstrated before that the hippocampus is involved in 

mechanisms of generation of anxiety-related behavior (Deacon, Bannerman, & Rawlins, 2002). 

Moreover, glucose uptake in the hippocampal region was shown to be increased in patients 

suffering from panic disorder (Sakai et al., 2005), and an imbalance of glucose metabolism in 

regions associated with the hippocampus was seen in patients suffering from Alzheimer’s 

disease who often exhibit anxiety symptoms (Hashimoto et al., 2006). Additionally, the mouse 

model of Alzheimer’s disease had some features similar to methyl deficient offspring, such as an 

aberrant response to stress and decreased blood glucose levels in response to restraint stress 

(Pedersen, Culmsee, Ziegler, Herman, & Mattson, 1999). Therefore, it is possible that lower 

increase in glucose during the stressful event in the MD rats could have contributed to their 

increased trend to anxiety-like behavior.  

5.4.4. Possible pathways affected in the adult offspring by maternal MD deficient 

diet 

It is known that the hippocampus is involved in regulation of blood glucose levels, particularly 

in response to stress. Thus, the cholinergic system in the hippocampus was shown to regulate 

peripheral blood glucose metabolism and release of catecholamines (Iguchi et al., 1989; Iguchi 

et al., 1991; Umegaki, Tamaya, Shinkai, & Iguchi, 2000). Furthermore, activity of 

septohippocampal cholinergic neurons in the brain is known to contribute to stress response 

(Gilad, 1987; Imperato, Puglisi-Allegra, Casolini, & Angelucci, 1991).  Acetylcholine levels 

increase as fast as within 15 min of initiation of restraint stress (Mizuno & Kimura, 1997), which 

places it within a timeline of blood glucose increase in this study. Maternal choline deficiency 

during the second trimester of pregnancy in rats led to decreased levels of acetylcholine in the 

brain of young rats at postnatal days 17 and 27 in the presence of its increased recycling 

(Cermak, Holler, Jackson, & Blusztajn, 1998). There is a possibility that in one year old MD rats 

recycling of acetylcholine slowed down due to old age and could not compensate for its 

decreased tissue levels leading to abnormal responses to stress, including regulation of blood 

glucose. In support of this hypothesis, previous study demonstrated attenuated acetylcholine 

release in response to stress in 2 years old rats when compared with young rats (Mizuno & 
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Kimura, 1997). It would be of interest to investigate acetylcholine synthesis and release in future 

studies in order to determine whether observed behavioral abnormalities are associated with 

disturbances of cholinergic system.  

5.4.5. Effects of the maternal MD diet on glucocorticoid metabolism in the 

hippocampus 

5.4.5.1. Gcr expression and methylation  

Expression of Gcr mRNA in the total hippocampus samples was studied at different ages in both 

females and males in order to investigate whether changes in expression of this component of 

the HPA axis could be associated with an increased tendency to have anxiety-like behavior in 

the MD offspring. In MD females, no changes of Gcr mRNA expression were observed at all 

ages. In the male group, Gcr mRNA expression was 27% lower (p=0.06) in one year old 

offspring of MD mothers as compared with the respective CON group, suggesting a 

programming effect of the maternal diet at that stage of life. 

The absence of changes in expression of the Gcr mRNA in one year females could be explained 

by gender-specific regulation of this gene, which depends on gonadal hormones (Burgess & 

Handa, 1992, 1993; Kerr, Beck, & Handa, 1996). Previous studies demonstrated that estrogen 

signaling has a negative effect on expression of the Gcr mRNA in the hippocampus of female 

rats (Burgess & Handa, 1993). In turn, the α-estrogen receptor was shown to be regulated by 

changes in DNA methylation of the CpG island located in the promoter region of this gene (M. 

E. Wilson, Westberry, & Prewitt, 2008). Moreover, maternal behavior can also permanently 

affect its methylation and expression in the adult offspring (Champagne et al., 2006). 

Hypothetically, the maternal MD diet could have a long-term influence on expression of the 

estrogen receptor in the hippocampus of the female offspring by affecting its methylation, which 

in turn could have counteracted mechanisms that downregulated expression of Gcr in the male 

group of MD offspring.  

Developmental programming studies have shown that DNA methylation is involved in long-

term regulation of Gcr expression in the hippocampus (Fish et al., 2004). The present study 

demonstrated no differences in overall methylation between the CON and MD groups. However, 

an individual CpG unit 9 methylation was decreased in d365 MD males when compared with the 

CON group. Interestingly, this unit contains the same CpG site that was shown to be 
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hypomethylated in the offspring of high licking and grooming mothers and its hypomethylation 

was correlated with increased expression of Gcr (Weaver et al., 2004). The results of this study 

indicate that this CpG site might be susceptible to long-term effects of maternal methyl-donor 

deficiency. However, if the CpG unit 9 is involved in regulation of expression of the Gcr 

mRNA, its hypomethylation had an opposite effect on expression of the Gcr mRNA to the one 

observed in the study by Weaver and colleagues (2004).  

The tendency for decreased expression of Gcr in MD males confirms the findings of other 

developmental studies, which have shown that early life events, such as decreased maternal care 

were associated with downregulation of expression of hippocampal Gcr (D. Liu et al., 1997) and 

increased anxiety-related behavior in the same offspring (Weaver, Meaney, & Szyf, 2006). 

Research in aged rats also demonstrated decreased Gcr expression in the brain in comparison to 

young animals (Sapolsky, Krey, & McEwen, 1985, 1986). Therefore, hypothetically one of the 

underlying reasons for a tendency of a decrease in Gcr expression in the MD male offspring 

could be a selective, sex-specific prenatal effect on rate of aging processes in the HPA axis. 

Indeed, it was shown that early life events such as neonatal handling led to slower decline in 

glucocorticoid receptor binding in aged (22 months old) handled animals when compared to 

non-handled animals (Meaney, Aitken, Sharma, & Viau, 1992). Consequently, handled aged 

animals demonstrated decreased HPA activity (Meaney et al., 1992). It would be of interest to 

investigate in future studies whether changes in Gcr mRNA levels correlated with changes in 

protein expression and activity of the receptor in the hippocampus of old MD offspring.  

5.4.5.2. Hsd11β2 expression and methylation 

The present study has detected expression of the Hsd11β2 mRNA in the hippocampus – a 

structure that does not belong to a group of mineralocorticoid target tissues known to express 

this gene in abundance. Previous studies of Hsd11β2 expression in the brain provided 

controversial results. Some studies did not detect any Hsd11β2 expression in the brain (Roland, 

Krozowski, & Funder, 1995; Thompson, Han, & Yang, 2004), whereas other researchers 

reported expression of Hsd11β2 mRNA in selected regions of the brain at different stages of 

development including in the hippocampus at postnatal day 29, but not in the adult hippocampus 

(Robson, Leckie, Seckl, & Holmes, 1998). Such discrepancies in results could be due to the fact 

that in this study a more sensitive real time PCR technique was employed, which can detect 

down to 5 copies of DNA fragments (Valasek & Repa, 2005) as compared with a less sensitive 
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in situ hybridization methods employed in previous studies. Hsd11β2 is known to have much 

higher affinity for corticosterone than Hsd11β1 (B. R. Walker, 2004). Therefore, despite low 

levels of Hsd11β2 expression it could still have a significant biological effect on corticosterone 

signaling in the hippocampus, such as limiting glucocorticoid receptor activation in the 

hippocampus.  

Overall methylation of the promoter region of this gene was very low in all groups investigated 

in this study. Studies have shown that levels of Hsd11β2 promoter methylation correlate with 

levels of expression of this gene in different tissues in the rat and human cell cultures (Alikhani-

Koopaei et al., 2004) However, this study demonstrated very low levels of methylation for all 

studied CpG sites, which were associated with low expression of this gene in the hippocampus. 

This observation may indicate that normal Hsd11β2 expression is not dependent on methylation 

of DNA regions investigated in this study, which is confirmed by the results of expression of this 

gene in the liver, described in Chapter 3.  

In this study, a significant increase in expression of Hsd11β2 mRNA was found in the 

hippocampi of aged, 1year old male offspring of MD mothers, while no changes in expression 

were detected at other ages. Methylation of one CpG unit was significantly decreased in d365 

MD females in comparison to the d365 CON female group. This CpG unit is located in the 

binding site of the transcription factor Sp1, for which methylation was hypothesized to be 

involved in regulation of expression of the Hsd11β2 gene (Alikhani-Koopaei et al., 2004). 

However, hippocampal Hsd11β2 mRNA levels were not different between CON and MD d365 

female groups. These results could indicate that this site is not involved in regulation of 

expression of this gene, or that the changes in methylation were insufficient to cause any 

detectable differences in gene expression. Moreover, the biological significance of a decrease in 

methylation of one CpG unit in the already hypomethylated promoter region of the Hsd11β2 is 

unknown. One year old MD males demonstrated an increase in methylation of two CpG units, 

which were associated with an increase in expression of Hsd11β2 mRNA. However, an increase 

in methylation of two individual CpG units was from 3% to 6% for one of them and from 2% to 

4% for another one. At such low levels of methylation a question arises whether any differences 

in methylation are true or not. The MALDI TOF MS technology used in this study has a 

detection limit approximately 5% methylated DNA (Ehrich et al., 2005) and therefore
 
is not 

suitable to reliably detect methylation changes of this
 
scale. It is possible that other epigenetic 

mechanisms could be involved in upregulation of expression of the Hsd11β2 gene, as it has been 
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shown that histone modification together with DNA demethylation can affect its expression in 

selected cell cultures (Alikhani-Koopaei et al., 2004). Further investigations are required to 

determine whether these changes in methylation could be a contributing factor to the observed 

increase in Hsd11β2 expression in one year old MD offspring.  

5.4.5.3. A possible link between observed changes in expression of Gcr and 

Hsd11β2 in hippocampi of MD males and anxiety 

It is possible that a slight decrease in expression of Gcr and increased expression of Hsd11β2 

could act in concert to reduce corticosterone downstream signaling and these changes 

contributed to a tendency for increased anxiety-like behavior in the d365 male MD offspring. It 

has been demonstrated before that decreased expression of Gcr in the hippocampus of male rats 

was associated with anxiety-related behavior (Kalynchuk & Meaney, 2003). Knockout mutation 

of Hsd11β2 in mice demonstrated that a deficiency of this enzyme also resulted in abnormal 

anxiety levels (Holmes & Seckl, 2006). However, if there was a relationship between changes in 

expression of these genes and a tendency for increased anxiety behavior in MD males, this 

indicates that different or additional molecular mechanisms were responsible for elevated 

anxiety-like traits in the female MD offspring. 

According to previous studies, the reduction in Gcr levels would lead to decreased 

glucocorticoid-negative feedback and as a consequence hyperfunction of the HPA axis with an 

increased expression of corticosterone (De Kloet, Vreugdenhil, Oitzl, & Joels, 1998; Jacobson & 

Sapolsky, 1991; D. Liu et al., 1997). Abnormally high levels of corticosterone could lead to 

increased anxiety-related behavior in rats, as it was shown that high levels of corticosterone 

during behavioral testing potentiated anxiety levels in rats (Korte, De Boer, & Bohus, 1999). 

However, no changes in basal or in response to stress corticosterone levels were observed in this 

study, indicating that additional mechanisms might be involved in regulation of corticosterone 

secretion or production to counteract decreased Gcr expression in male MD offspring. Indeed, 

the offspring of mothers that received low protein diets before mating and throughout pregnancy 

showed an increase in production and binding capacity of Gcr in the hippocampus, which was 

not associated with any changes of plasma corticosterone levels (Langley-Evans, Gardner et al., 

1996). Results of the present and Langley-Evans and colleagues (1996) studies indicate that 

prenatal nutrition can affect Gcr expression in the hippocampus, but it doesn’t have to be 

associated with alterations in plasma corticosterone levels.  
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It is possible that in 365 day old male offspring the downregulation of the Gcr and the 

upregulation of the Hsd11β2 genes were insufficient to inhibit negative feedback on the HPA 

axis. However, a decrease in glucocorticoid signaling due to changes in expression of Gcr and 

Hsd11β2 could still exert its effects on other pathways in the hippocampus acting on selected 

targets downstream of Gcr, which in turn, would have an effect on anxiety levels in the 

offspring. Thus, Gcr heterozygous (Gcr
+/-

) mice have demonstrated impaired coping with stress, 

which indicates that deficient glucocorticoid signaling could contribute to abnormal stress 

response (Molteni et al., 2009). A study conducted by Molteni and colleagues (2009) has 

demonstrated that in contrast to wild type male mice, who in response to restraint stress had an 

increase in a mature form of Brain derived neurotrophic factor (Bdnf) protein in a synaptic 

compartment of hippocampal neurons, a 50% reduction in expression of the Gcr in Gcr
+/- 

mice 

resulted in unchanged Bdnf levels (Molteni et al., 2009). They also found similar pattern of 

expression in the wild type and Gcr
+/-

 mice of activity-regulated cytoskeletal-associated protein 

(Arc), (Molteni et al., 2009). These two proteins are known to regulate synaptic plasticity (Rao 

et al., 2006; Ying et al., 2002), and according to Molteni and collegues (2009) study, deficiency 

in Gcr can affect their levels leading to decreased ability of Gcr
+/-

 mice to cope with stress. 

Molteni and colleagues study (2009) suggests one of the pathways that could be affected in the 

male MD offspring that demonstrated a tendency for anxiety-like behavior. It is possible that 

different mechanisms acted on the same pathways that led to increased anxiety in MD females. 

Thus, in a female rat estrogen is involved in regulation of Bdnf expression in the hippocampus, 

leading to increased excitability of hippocampal neurons (Scharfman, Mercurio, Goodman, 

Wilson, & MacLusky, 2003). Future studies could be designed to identify potential downstream 

targets for Gcr that could modify anxiety-related behavior in the MD male offspring and to 

determine whether the same pathways could be affected in the MD female offspring.  

5.4.6. Effects of the maternal MD diet on Nnat expression and methylation in 

hippocampi of the offspring and links to anxiety 

The one year old MD males demonstrated a statistically significant 40% increase in expression 

of the imprinted Nnat gene mRNA when compared with the CON males. Its expression was also 

increased, although not significantly in MD males at d110 up to 28%, and 1 year old MD 

females up to 32% when compared with their respective CON groups. Results of this study 

demonstrated that expression of at least one imprinted gene in the brain can be affected by 

prenatal maternal methyl donor deficient diet at later stages of life. Compared with other genes 
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investigated in the hippocampus, in this study Nnat methylation levels were considerably higher, 

between 20 and 43%, confirming the imprinted nature of this gene. Most of them failed to reach 

the 50% expected for imprinted genes, which suggests that the maternal allele (imprinted) was 

only partially methylated.  

Overall DNA methylation as well as methylation of individual CpG units of the Nnat 

differentially methylated region was not different between the CON and MD male offspring at 

d365 of age. These results indicates that methylation of this region was not responsible for the 

long-term effect of the maternal methyl donor deficiency on expression of the Nnat gene in d365 

MD offspring. Similarly, no overall differences in methylation were observed in other groups in 

this study. However, d110 female offspring demonstrated a significant decrease in methylation 

of one CpG unit, and d365 MD female offspring had a statistically significant increase in 

methylation of three CpG units. These changes in methylation of individual CpG units were not 

associated with any significant changes in expression of the Nnat mRNA. MD d365 females did 

demonstrate a non-significant increase in expression of the gene, similar to MD males of both 

ages. It could be hypothesized that increases in methylation of the aforementioned three CpG 

units could contribute to a slight increase in expression of the Nnat gene in females, and that an 

increase in expression of this gene in males was due to different mechanisms. However, there is 

no evidence in the literature supporting a sex-specific methylation of the Nnat gene, nor is there 

evidence that Nnat is differentially regulated in females and males.  

One of the hypothetical ways in which changes in expression of Nnat in the hippocampus could 

affect anxiety levels in the MD animals is via alteration of cyclic AMP responsive element 

binding protein (CREB) activity. A previous study demonstrated that elevated expression of 

Nnat in peripheral tissues increased phosphorylation of CREB (Suh et al., 2005). It is possible 

that Nnat has the same effect on CREB in brain tissues as well. Decreased phosphorylation of 

CREB in amygdala was linked to increased anxiety in alcohol withdrawn rats (Pandey, Roy, & 

Zhang, 2003). It was also shown that phosphorylation of CREB was increased in response to 

acute stress, indicating that stressful events can affect gene transcription downstream of CREB 

thus influencing response to stress (West, Griffith, & Greenberg, 2002). It can be hypothesized 

that CREB phosphorylation in the hippocampus might be involved in changes of anxiety 

behavior and that altered Nnat levels could be a contributing factor.  
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5.4.7. Effects of the maternal MD diet on learning in females 

The operant conditioning test demonstrated that adult female offspring of the MD mothers had 

better adaptation to changing environments than the offspring of CON mothers. They shifted 

their response allocation to a larger extent, and followed more closely changes in relative 

reinforcement ratios on the two response alternatives during experimental sessions, thus 

demonstrating higher learning values. In contrast to results of this study, the female offspring of 

mothers who received 30% of normal food consumption throughout pregnancy demonstrated 

decreased adaptability to a changing environment when tested using the same operant 

conditioning test set up (Landon et al., 2007). The Landon and colleagues study (2007) indicated 

that prenatal undernourishment had an opposite to prenatal methyl donor deficiency effect on the 

same type of memory. 

A previous study demonstrated that performance of spatial memory task, such as a radial maze 

test, was improved in the rat offspring whose mothers received choline-supplemented or choline-

deficient diet during gestation, as compared with the control group that received normal amounts 

of choline (Meck & Williams, 1999). However, the same choline-deficient offspring performed 

significantly worse than the choline-supplemented group when the task load was increased 

(Meck & Williams, 1999). Another study has demonstrated that prenatal dietary choline 

deficiency was associated with a deficit in attention, which progressed with age when compared 

with the offspring of rats that received the normal or choline supplemented diet during the 

second half of pregnancy (Meck & Williams, 1997). Therefore, prenatal deficiency of even one 

of the methyl donors, choline, alone has a complex effect on learning abilities of the offspring, 

and their performance depends on the conditions of the experiment.  

The results of the present and previous studies indicate that prenatal dietary interventions do 

have a permanent effect on learning and memory in the offspring, but different types of dietary 

imbalance affect different aspects of learning and memory. In support of this notion, a recent 

study has demonstrated that different types of prenatal malnutrition in albino mice such as global 

undernutrition, protein deficiency or iron deficiency affect different sub-regions in the 

hippocampus of the offspring (Ranade et al., 2008). Moreover, behavioral tests showed that 

spatial and reference memories were affected in malnourished offspring, but the degree of 

memory alteration was dependent on the type of the diet (Ranade et al., 2008).  
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Expression and methylation of a number of genes were tested in order to determine whether 

alterations in learning behavior were associated with molecular changes. 

5.4.8. A potential involvement of glucocorticoid metabolism in learning and 

memory processes 

As it was discussed earlier in this section unlike the male offspring of MD mothers, the female 

MD offspring demonstrated no changes in expression of the Gcr or Hsd11β2 gene in the 

hippocampus at all ages. This result suggests that those genes do not play a programming role in 

the observed improvement of learning abilities in the aged MD female offspring. However, it is 

possible that expression of these genes in a specific region of the hippocampus was affected, 

which was masked when gene levels were tested in the total hippocampus. Thus, it was 

demonstrated that inhibition of Gcr in the dorsal hippocampus resulted in improved learning task 

performance, but more general receptor inhibition in the brain led to impaired spatial learning 

(Oitzl, Fluttert, & de Kloet, 1998).  

In future studies two questions could be asked. First, whether altered expression of Gcr and 

Hsd11β2 genes in MD males was associated with changes in performance of the same memory 

tests as were conducted on female group of the offspring. Second, whether changes in expression 

of these genes in males were confined to specific regions of the hippocampus, and whether 

females had any alterations in expression of the genes in specific regions of the hippocampus.  

5.4.9. A potential involvement of Nnat in learning and memory processes 

One year old female MD rats had a non-significant 32% increase in expression of Nnat mRNA 

in the hippocampus. At this point, results of the present study indicate that this imprinted gene as 

an unlikely candidate that could have contributed to the observed increase in learning abilities of 

the MD female offspring. However, it is possible that selected regions of the hippocampus had 

significant changes in expression of this gene, which led to altered learning behavior in one year 

old female MD offspring. Male offspring of the same age had a significant increase in 

expression of Nnat mRNA, which would be of interest to correlate with their performance in the 

same operant conditioning test in future studies.  

It has been suggested before that Nnat could be involved in memory processes (Kikyo et al., 

1997), but the exact mechanisms of its action and how it affects memory are unknown. Thus, it 

has been shown that Nnat expression was increased in the brain of young adult mice with 
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phenylketonuria, leading to conclusion that increased levels of this protein contribute to 

cognitive impairment observed in affected mice (Surendran, Tyring, & Matalon, 2005). On the 

other hand its ability to phosphorylated CREB in peripheral tissues (Suh et al., 2005) could be 

present in brain tissues as well. CREB is a transcription factor involved in memory formation 

and learning processes and its phosphorylation was shown to be important for its activity during 

memory consolidation processes (Silva, Kogan, Frankland, & Kida, 1998). Therefore, Nnat 

could play a positive role in learning and memory formation mechanisms. 

5.4.10. Effects of the maternal MD diet on the reelin gene expression and 

methylation and its potential involvement in learning and memory processes 

In this study, exposure of the female offspring to maternal methyl donor deficiency was 

associated with significantly decreased expression of the reelin gene at the young adult stage, 

whereas no changes in its expression were observed at other stages. The male offspring of the 

MD mothers did not demonstrate any differences in reelin expression at all ages when compared 

with the CON group, indicating that maternal dietary effect was age-specific and sex specific. 

Methylation of the fragment of the reelin promoter investigated in this study was found to be 

very low in all groups, similar to findings in human brain, where methylation levels of the Reelin 

promoter region were less than 5% (Tochigi et al., 2008).  No differences between the adults 

from CON and the MD groups in the reelin promoter methylation were observed in this study in 

young and old offspring, showing that prenatal methyl donor deficiency was not associated with 

aberrant DNA methylation in the studied region. It also indicates that methylation of the reelin 

promoter region was not involved in downregulation of expression of this gene in young adult 

females.  

Previous study in a rat has demonstrated that differences in maternal care after birth can affect 

expression of the reelin gene in the hippocampus of 90 days old offspring with an increased 

expression of reelin in the offspring of high licking and grooming mothers (Weaver et al., 2006). 

Infusion of methionine into brains of the offspring reversed the effect of the high licking and 

grooming maternal behavior on reelin expression, leading to a hypothesis that increased 

methylation of this gene was responsible for downregulation of its expression (Weaver et al., 

2006). The present study confirmed Weaver and colleagues (2006) findings that expression of 

the reelin gene is susceptible to the effect of early life events. However, results of this study 

demonstrated that methylation at least of the investigated fragment of the promoter region of 

reelin was not a contributing factor to differences in expression between d110 CON and MD 
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female offspring. These results do not exclude a possibility that methylation of other more 

distant regions could contribute to regulation of reelin expression. It is also possible that 

maternal methyl donor deficiency had an effect on DNA methylation of regulatory regions of 

genes that regulate reelin expression. For example, a transcription factor PAX6 was suggested to 

modulate expression of the reelin gene (Swanson, Tong, & Goldowitz, 2005). At the same time 

cancer studies demonstrated that PAX6 can be downregulated by its promoter hypermethylation 

(Salem et al., 2000). Alternatively, maternal diet may have had an effect on other epigenetic 

mechanisms such as histone methylation, which potentially would also lead to downregulation 

of gene expression (C. Martin & Zhang, 2005). 

Deficiency in reelin in mice heterozygous for reelin
+/ -

 led to impaired synaptic plasticity in the 

hippocampal neurons and learning deficit in hippocampus-dependent tasks (Krueger et al., 2006; 

Qiu et al., 2006). In future studies it would be of interest to investigate learning behavior of the 

young adult female offspring of MD mothers to determine whether decreased reelin expression 

was associated with impairment in learning, provided that protein levels were decreased as well. 

This study demonstrates that the reelin gene expression was not involved in mechanisms that led 

to enhanced learning abilities in the d365 MD female offspring. However, it could be 

hypothesized that decreased expression of this gene in young MD females triggered 

compensatory mechanisms that resulted in improved learning in the old female offspring of MD 

mothers. In future studies, one year old MD female offspring could be tested for expression of a 

downstream effector of reelin, NMDA (N-methyl-D-aspartic acid) receptor, which was proposed 

to be involved in mechanisms of memory formation (reviewed in (Levenson, Qiu, & Weeber, 

2008)). Moreover, even though the d365 MD female offspring did not show any differences in 

methylation and expression of the reelin gene at the basal level, it is possible that the maternal 

MD diet programmed dynamic changes in expression and methylation of this gene in response to 

processes that lead to memory formation. Thus, it was shown that methylation of this gene was 

regulated by acute changes in DNA methyl transferase activity in mouse neurons, which could 

be involved in induction of synaptic plasticity in the hippocampus, a process known to be one of 

the mechanisms involved in learning and memory (Levenson et al., 2006). 
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5.4.11. Possible links between learning and stress 

Since the female offspring of MD mothers demonstrated increased learning abilities and 

increased anxiety-like behavior a question can be asked whether there is a connection between 

these two alterations in behavior. To expand this question, were the increased anxiety levels 

beneficial for their performance in the operant test? Or did maternal diet enforce specific 

mechanisms to counteract the detrimental effects of increased anxiety? Anxiety is considered to 

be an adaptive response to stressful events. It could be reasoned that survival of an individual is 

determined by how fast he/she can learn to cope with stress. The reports looking into a 

relationship between stress, anxiety and learning provide somewhat controversial information, 

showing that anxiety and stress can have a positive as well as a negative effect on memory 

consolidation depending on gender, age, and whether it is an acute or chronic type of stressful 

event (Bowman, Maclusky, Diaz, Zrull, & Luine, 2006; Elizalde et al., 2008; Kucuk, Golgeli, 

Saraymen, & Koc, 2008; X. H. Li et al., 2007; McGaugh & Roozendaal, 2002; Y. Yang et al., 

2003).  

Changes in synaptic plasticity in the hippocampus, such as long term potentiation (LTP) and 

long term depression (LTD) have been thought to be one of the primary mechanisms involved in 

learning and memory (Bliss & Collingridge, 1993). Some studies demonstrated that stress can 

impair LTP and enhance LTD in the hippocampus (reviewed by (J. J. Kim, Song, & Kosten, 

2006)), whereas other studies demonstrated that induction of LTP in stressful conditions resulted 

in intricate effects on memory, causing its impairment and enhancement (Diamond, Park, & 

Woodson, 2004). This information indicates that common mechanisms are involved in learning 

and stress-related behaviors, but their interaction is complex and possibly dependent on the 

specific type of stress and learning task.  

One of the mechanisms involved in the modulation of memory by stress is thought to be 

corticosterone signaling. As was discussed earlier, corticosterone signaling can affect both 

anxiety-related behavior and learning and memory processes. However, results of this study 

showed that female offspring of MD mothers did not have any changes in Gcr mRNA 

expression and DNA methylation. In future studies, it would be of interest to investigate whether 

other components of hypothalamic-pituitary-adrenal axis (HPA) activity such as plasma 

corticosterone levels, adrenocorticotropic hormone (ACTH) or corticotropin-releasing hormone 

(CRH) were affected.  
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Epinephrine, a stress-responsive hormone could be one of the contributing factors to improved 

learning abilities in the MD females. It has been demonstrated that injections of epinephrine 

alleviate learning and memory deficits associated with aging in rats, and increased glucose 

release is one of the mechanisms mediating this improvement (Gold, 1995). At the same time, 

release of epinephrine was shown to be reduced in response to stress in aged rats (McCarty, 

1981).  Taken together, it can be hypothesized that aged MD females had increased activity of 

the sympathetic-adrenal system in comparison with the CON females, which led to elevated 

anxiety-like behavior and improved learning capacity. This hypothesis could be investigated in 

future studies. 

One of the possible explanations for observed behavioral alterations in the MD female offspring 

could be abnormal signaling of estrogen as it was discussed above. Estrogen not only decreases 

anxiety-like behavior (Walf & Frye, 2005), but has also been shown to promote LTD in the 

hippocampus. It is thought that this change of synaptic plasticity could modulate learning and 

memory abilities of rats (Hojo et al., 2008). Indeed, one study has shown impairment of classical 

conditioning in stressed female rats which was associated with the presence of circulating 

estrogen and activity of its receptors (Wood & Shors, 1998). Therefore, maternal diet could have 

programmed downregulation of estrogen signaling in the female MD offspring, which resulted 

in increased anxiety and improved learning abilities compared with the same age control rats. 

Common mechanisms for learning and anxiety in the hippocampal formation have been 

proposed before (Wall & Messier, 2000). The authors hypothesized that one of the possible 

pathways linking these two behaviors is the cholinergic input from the brainstem and basal 

forebrain (Wall & Messier, 2000). As was discussed earlier in this chapter, there is a possibility 

of prenatal effect of the maternal MD diet on development of cholinergic neurons in the brain of 

the offspring. Therefore, female MD offspring could have abnormal development of the 

cholinergic system in the CNS, which could have affected their learning abilities and anxiety at 

the same time.  

In general this study did not detect any evidence that a prenatal maternal diet deficient in methyl 

donors has an effect on specific gene methylation in the hippocampus of the offspring that could 

be associated with changes in gene expression. However, it is possible that the maternal diet 

could have affected methylation and expression of other genes not tested in this study. 

Alternatively, genes that demonstrated changes in expression in this study may have other 

regulatory regions that could be affected by aberrant DNA methylation. Thirdly, since normal 



_____________________________________________________________________  Chapter 5 

 

312 

 

brain functions, such as learning new tasks or a stress response are dynamic processes and 

involve temporal changes in gene expression, it is possible that the maternal diet could have a 

long-term programming effect on epigenetic mechanisms that trigger or convey those changes. 

Thus, in normal conditions, the expression of DNA methyltransferases in the adult hippocampus 

was increased after a training session, implying that DNA methylation is a part of the 

mechanism involved in memory formation (C. A. Miller & Sweatt, 2007). This notion was 

substantiated by the observation that treatment with DNMT inhibitors interfered with memory 

consolidation (C. A. Miller & Sweatt, 2007). Interestingly, C. A. Miller and Sweatt (2007) found 

that, in response to training, methylation of the regulatory region of the PP1 gene, for which 

inhibition was shown to enhance memory consolidation, was increased and its expression was 

decreased. In contrast, the reelin gene regulatory region methylation was decreased and its 

expression was increased.  The study demonstrated that changes in DNA methylation associated 

with memory consolidation are complex and possibly involve activity not only of DNA 

methyltransferases, but also unknown demethylases (C. A. Miller & Sweatt, 2007). It could be 

hypothesized that the maternal MD diet had a long-term effect on dynamics of the processes 

associated with DNA methylation of the target genes involved in behavioral response in the MD 

offspring.  

5.4.12. Summary 

Prenatal deficiency in methyl donors, choline, folate and methionine had an effect on behavior of 

the offspring, as well as led to long-term changes in expression of a number of genes associated 

with modulation of anxiety-related state and learning behavior. Old male MD offspring 

demonstrated aberrant glucose response to restraint stress. This observation could be due to 

abnormal response of sympathetic nervous system to stressful stimuli, or it could also be a result 

of defective downstream signaling of corticosterone pathway since no changes in corticosterone 

levels were observed, but a tendency for decreased expression of Gcr and an increased 

expression of Hsd11β2 in the hippocampus was detected. The male offspring of MD dams also 

demonstrated some characteristics, though not statistically significant, of anxiety-like behavior 

when they were tested on the elevated plus maze. These changes could, potentially be related to 

abnormal glucose stress response. Similarly, the MD female offspring showed significantly 

increased anxiety levels as revealed by elevated plus maze test, thus in part confirming male 

increased anxiety levels results. One year old male MD offspring also had an increased 

expression of Nnat mRNA – an imprinted gene whose function in the adult brain has not been 
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studied extensively.  Further investigations of function of this gene could be done in the light of 

some evidence that, in other organs, Nnat is involved in molecular pathways related to memory 

and anxiety mechanisms in the brain.  

Female offspring of the MD mothers demonstrated better adaptability to a changing 

environment, as revealed by the operant conditioning test. The results of this study, taken with 

the results other results from the published literature, demonstrate that early life events have a 

complex effect on the learning behavior of the offspring, and are dependent on specific 

conditions of the environment during development. At the molecular level, one year old female 

MD offspring did not demonstrate any considerable alterations in expression or DNA 

methylation of the target genes. However, this result does not exclude the possibility of dynamic 

changes in expression of those genes during the performance of learning tasks and memory 

formation, or the possible involvement of other genes known to be regulated by epigenetic 

mechanisms. One year old MD males did show significant changes in expression of genes that 

could be involved in memory formation, which warrants future studies investigating learning 

abilities of aged male offspring. 

The results of this study suggest that balanced methyl-group levels at early stages of 

development are important for functioning of pathways that regulate anxiety and learning 

behavior in the adult offspring. This finding could contribute to our understanding of the 

mechanisms involved in development of neuropsychiatric disorders. 
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CHAPTER 6. FINAL CONCLUSIONS 

6.1. Final Summary 

Despite extensively advertised advantages of taking folate supplements, studies demonstrate that 

more than a half of women, including those of a childbearing age group, still do not have 

adequate intake of folate (Bentley, Willett, Weinstein, & Kuntz, 2006; Cena, Block, Heneman, 

& Zidenberg-Cherr, 2007). An even more alarming situation is observed with choline intake. 

Consumer research has shown that only one out of four women is familiar with the benefits of 

choline (McNamara, 2008). Moreover, it was estimated that only 10% of older children, women 

and men consume choline at levels equal to or above the daily recommended intake (Jensen, 

Batres-Marquez, Carriquiry, & Schalinske, 2007). Furthermore, the presence of polymorphisms 

in the genes responsible for folate and choline metabolism has been shown to affect their 

requirements in the human population (Bailey & Gregory, 1999; da Costa et al., 2006). This 

even more emphasizes the importance of adequate intakes of these nutrients. The information 

about insufficient intake of choline and folate in human population highlights the significance of 

investigation of the effects of methyl donors deficiency in the maternal diet in this study. It is 

essential to understand how the maternal MD diet affects the offspring not only in order to 

establish a link with developmental origins of health and disease, but also to educate general 

population about importance of these nutrients for health of the offspring.   

Epigenetic mechanisms, particularly DNA methylation, have been suggested as the favorite 

candidate for the programming effect of an adverse intrauterine environment on the development 

of adult onset diseases. The DNA methylation process is largely dependent on a constant supply 

of methyl group donors from the diet. Therefore, limiting their supply with the maternal diet in 

this study was anticipated to have a direct effect on DNA methylation in the offspring. The 

specific interest of the study described in this thesis was to answer a question as to whether 

perturbed maternal one carbon metabolism, via dietary deficiency in the methyl group donors 

folate, choline and methionine, could have a programming effect on the offspring, and whether 

DNA methylation of specific genes is the underlying mechanism of this programming effect. At 

the time when the present study was initiated, it was the first study that looked into changes of 

methylation and expression of a variety of specific genes as a result of prenatal methyl donor 

deficiency. Answering the question as to whether a maternal diet deficient in methyl donors has 

a long term effect on the methylation and/or expression of specific genes would confirm or 
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refute a role of DNA methylation in the programming of adult abnormalities during intrauterine 

development.  

Figure 6.1 demonstrates a general summary of the findings presented in this study. The study 

demonstrated that the maternal diet deficient in methyl donors caused growth restriction in the 

offspring, similar to other models of perturbed intrauterine environment. However, the results 

lead to a conclusion that DNA methylation and expression of at least two reciprocally imprinted 

genes, Igf2 and H19, which are involved in regulation of fetal growth and development, did not 

contribute to growth restriction in the MD offspring. Expression and methylation of other genes 

investigated in this study were also largely unchanged in the d1 MD group compared with the 

CON group. Methylation of the Igf2 DMR2 was decreased in the d1 MD offspring; however, the 

decrease was not associated with any changes in gene expression. Therefore, one of the major 

findings of this study is that a severe dietary methyl donor deficiency during intrauterine growth 

and development does not directly translate into aberrant methylation of specific genes. 

However, there are a number of other imprinted genes that were not investigated in this study, 

but which could be involved in mechanisms of growth restriction during intrauterine 

development (F. M. Smith, Garfield, & Ward, 2006). For that reason, altered methylation and 

expression of those genes cannot be excluded as a contributing factor to IUGR observed in the 

MD offspring. 

IUGR of the MD offspring at birth was associated with some alteration in the phenotype of the 

adults. These included differences in pancreatic structure in young adult male offspring, and 

increased blood pressure in the same group of animals. There was a tendency for increased 

anxiety levels in the old MD males and anxiety-like behavior in the MD females of the same 

age. The old MD females exhibited improved learning abilities in comparison with the 

respective CON group. Taking into account that, in the human population, some women have a 

prolonged folate and/or choline deficiency, it is possible that some chronic diseases that develop 

in the adult offspring could be a result of prenatal methyl donor deficiency.  

At the molecular level, the present study demonstrated a rather complex long-term effect of the 

maternal methyl donor deficient diet with gene, tissue and age-specific changes in methylation 

and expression. Therefore, it can be concluded that a maternal diet deficient in methyl donors 

does affect epigenetic mechanisms such as DNA methylation in the adult offspring, and also has 

an effect on gene expression, independent from changes in DNA methylation of studied regions. 
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The questions as to how these delayed gene-specific changes occur, and why there are delayed 

changes in methylation of some genes but not others, are yet to be answered.  

Finding that the maternal MD diet was associated with altered methylation in the adult, but not 

newborn offspring, most likely indicates that this diet programmed the maintenance of 

methylation in the adults. Several pathways regulate the expression of Dnmt1, and this enzyme is 

targeted to the replication fork where it binds to other proteins (Szyf & Detich, 2001). 

Hypothetically, different proteins could be responsible for DNA methylation at different stages 

of life, and proteins that are involved in DNA methylation at later stages could be affected 

during prenatal development, but the effect of the maternal diet would become apparent only 

during later stages, when their expression was activated. The involvement of histone 

modifications in alteration of methylation in the MD offspring of target genes cannot be 

excluded. Thus, histone acetylation is involved in inhibition of DNA methylation in some 

promoters (Mutskov, Farrell, Wade, Wolffe, & Felsenfeld, 2002). Based on this information, it is 

possible that the maternal MD diet programmed changes in mechanisms of acetylation in the 

adult offspring.  

Another issue, closely related to age-specific effects of the maternal MD diet, is that CpG site 

methylation was altered in some genes, but not others. It has been suggested previously that 

perturbations in DNA methylation do not affect the entire genome to the same degree, but it is 

more likely that some unknown characteristics of specific loci make them more susceptible to 

factors that affect DNA methylation (Waterland & Jirtle, 2004). The specific susceptibility of 

genes to MD diet effects could be a result of their redundancy at the particular stage when 

experiments in this study were conducted. Conversely, the protection of some genes from the 

long-term effects of the maternal diet could indicate the importance of their function. Changes in 

the methylation of specific genes in the adult MD offspring were not associated with definite 

changes in expression. Therefore, another question that can be asked is: what is the function of 

changes in methylation if they are not involved in regulation of gene expression?  They could be 

a marker of adverse intrauterine conditions in the genome. They might also be a side effect of 

some other long term effects of the maternal MD diet, and not be related to gene expression. 

Another possibility is that these initial changes may make the individual more susceptible to 

environmental factors that would lead to further changes in methylation, and finally to altered 

gene expression at later stages.  
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Another interesting aspect of the effects of the maternal methyl donor deficiency on global 

methylation and methylation of individual genes is that adult females appear to be more 

susceptible to these effects in comparison with males. Differences between females and males in 

susceptibility to changes in methylation in response to the maternal diet in this study could be 

indicative of the mechanisms that lead to gender-specific developmental programming effects 

that were found in some human epidemiological studies and developmental programming animal 

models (Nijland, Ford, & Nathanielsz, 2008). An interesting finding was female-specific 

changes in methylation of the tumor-suppressor gene p53 as well as regulatory regions of the 

Igf2 gene. These changes could have important implications for increased susceptibility to 

cancer in females, and indicate gender-specific effects of the maternal methyl donor deficiency.  

One of the important results of the present study is observed changes in methylation and 

expression of non-imprinted and imprinted genes after birth, which indicates that methylation 

and expression patterns continue to be established after birth. This finding suggests that altered 

environment during postnatal development may also program susceptibility to adult onset 

diseases, possibly via altering gene-specific methylation patterns. Previously, a study in mice 

demonstrated that a methyl donor-deficient diet administered during postnatal development 

resulted in permanent alterations of methylation of the Igf2 DMR 2 region, confirming the 

importance of the postnatal environment for programming methylation pattern in the adults 

(Waterland et al., 2006). These results support the concept of the developmental origins of health 

and disease, which increasingly recognizes the importance of the postnatal development 

component in susceptibility to adult onset diseases, and moving away from fetal origins of health 

and disease terminology (Barker, 2004).  
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Figure 6.1  Summary of findings of the present study.  

 

 

6.2. Limitations of the study 

Care should be taken when findings in a rat model of developmental programming are projected 

to humans. Some specifics of rat physiology have to be taken into account when developmental 

programming is studied in this animal. For example, nephrogenesis is not complete until 8 days 

after birth in the rat pup (Larsson & Maunsbach, 1980), whereas in the human no new nephrons 

are formed after birth (Haycock, 1998). Since a theory was proposed that essential hypertension 

could be a result of a reduced number of nephrons, resulting in sodium retention (McMillen & 

Robinson, 2005), the effect of postnatal environment on kidney development might be expected 

to play a more important role in rats than in humans. In another example in the neonatal rat, a 

normal course of pancreatic cell ontogeny includes a wave of apoptosis, which occurs in islets 

between 1 – 2 weeks of age (Scaglia, Cahill, Finegood, & Bonner-Weir, 1997). In the human 
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pancreas, a similar wave of apoptosis has been described during fetal development in the third 

trimester of gestation (Tornehave & Larsson, 1997), again indicating that the same timing of 

environmental factors can act on different developmental processes in rats and humans. A 

comparison of a timing of the central nervous system maturation between the rat and the human 

demonstrated that the 12 – 13 day old rat pups cerebral cortex had the same level of maturity as 

the full-term newborn human infant cerebral cortex (Romijn, Hofman, & Gramsbergen, 1991). 

The differences in timing of developmental events between the rat and the human may partially 

explain why the MD offspring did not develop full-scale traits of the Metabolic syndrome X. It 

is possible that if the MD diet continued after birth, when some physiological systems were still 

developing, it had a higher impact on the programming of those systems. 

Some methods used in this study had technical limitations, and other techniques are becoming 

available that would provide more confidence in interpretation of the results. Thus, levels of 

mRNA expression were measured using the real time PCR method, which at the present is the 

most sensitive and widely used technique for gene expression analysis. Even though in 

experiments described in this thesis the housekeeping gene β-actin, which was used as an 

endogenous control, was stably expressed in most groups, it would be a better approach to use 

several housekeeping genes for data normalization. Multiplex real time PCR could be used to 

run several genes with one sample, but the number of genes that could be used in one reaction is 

limited by the number of available dyes with distinct emission wavelength. A recently developed 

MassARRAY® QGE method (SEQUENOM®), based on competitive PCR and MALDI TOF 

mass spectrometry techniques could be a more appropriate choice because it permits testing up 

to 24 genes in one reaction. In this method different mass extension products are detected in 

contrast to fluorescence in the real time PCR technique (Ding & Cantor, 2003). The 

MassARRAY® QGE also has the advantage of requiring little optimization for each individual 

assay, since competitor and test cDNA are amplified under the same conditions with an internal 

standard in serial dilutions (Elias, Bedegi, & Oeth, 2006). 

The base-specific cleavage and subsequent MALDI TOF mass spectrometry of cleavage 

fragments method used in this study for specific DNA methylation analysis has the great 

advantage of allowing a high-throughput quantitative analysis on CpG sites of relatively long 

fragments of DNA (~600nt)  (Ehrich et al., 2005). However, one of the major drawbacks of this 

technique is its limited applicability for analysis of individual CpG sites in regions with very 

high CpG density due to the absence of suitable cleavage fragments, or generation of fragments 
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of the same mass from different regions. When one CpG unit contains several CpG sites, this 

could lead to important changes in methylation being missed. An alternative pyrosequencing 

method is a technique that is becoming widely used for DNA methylation analysis (Tost & Gut, 

2007). This technique is based on a real-time luminometric detection of pyrophosphate release, 

which occurs during nucleotide incorporation (Tost & Gut, 2007). Similar to the MALDI TOF 

MS-based technique, the pyrosequencing method has a 5% limit of detection of methylation 

(Shaw et al., 2006). Its’ advantage over the MALDI TOF MS technique is in allowing 

examination of every single site in the target DNA sequence. However, the downside of this 

technique is the inability to sequence fragments longer than approximately 350nt, due to the 

formation of secondary structures (Tost & Gut, 2007). The solution to this problem could be a 

newly developed highly parallel sequencing system, which uses a pyrosequencing protocol, but 

can perform synthesis of hundreds of thousands 80 – 120nt-long fragments simultaneously in a 

fibre-optic slide of individual wells (Margulies et al., 2005). Very recently, the massively highly 

parallel bisulfite pyrosequencing technique was successfully used to investigate methylation 

patterns in patients suffering from breast cancer, indicating the applicability of this technique for 

specific DNA methylation studies (Korshunova et al., 2008). 

6.3. Future directions 

Only a relatively small group of genes was investigated in this study. Recent studies 

demonstrated that maternal behavior during the first week of postnatal life affects the expression 

of more than 300 genes in the brain of the adult offspring (Weaver et al., 2006), which indicates 

that the perinatal environment can have an effect on a variety of molecular pathways. New 

techniques are becoming available that could be used to investigate genome-wide changes in 

DNA methylation in future studies. One of the techniques, DNA methylation microarray, is a 

rapidly developing method that could be applied for genome-wide screening of changes in DNA 

methylation. Unfortunately, unlike expression microarrays, the task of DNA methylation 

microarrays is more complicated because of a more complex methylation pattern that can be 

found in any given region. One of the types of DNA methylation microarrays is the 

oligonucleotides array, which uses probes that can discriminate between methylated and 

unmethylated one or two CpG sites on bisulfite converted DNA (Bibikova et al., 2006; H. Shi et 

al., 2003).  However, this type of microarray is limited by the number of gene regulatory regions 

it can investigate. Another type of DNA methylation microarray is based on the digestion of 

DNA with methylation-sensitive restriction enzymes. Restriction digestion with an enzyme that 
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prefers a methylated DNA sequence selectively depletes the sample of methylated DNA 

sequences. Digested DNA is then hybridized to contiguous stretches of chromosomes, together 

with differently labeled restriction enzyme untreated genomic DNA samples, in order to 

compare fluorescent dye signals between restriction enzyme treated and untreated DNA, and 

thus measure DNA methylation (Lippman, Gendrel, Colot, & Martienssen, 2005). The DNA 

methylation microarray technique would provide the means to find changes in methylation of a 

larger number of DNA sequences, which would help to narrow down sequences that could 

potentially play a role in gene regulation. In order to investigate the interactions between 

regulatory proteins, whose binding to specific DNA sequence depends on DNA methylation, a 

Chip-on-chip microarray technique could be used. This method involves chromatin 

immunoprecipitation with an antibody specific for the regulatory DNA binding protein, followed 

by extraction of bound DNA fragments and detection of those sequences using microarray 

technology (J. Wu, Smith, Plass, & Huang, 2006). This method could help to determine whether 

maternal malnutrition affected the binding capabilities of DNA binding proteins such as CTCF 

binding protein, which binds specifically to unmethylated DNA sequences. This method could 

also be applied to investigate changes in another epigenetic mechanism – histone modification. 

The study described in this thesis has implicated dietary prenatal methyl donor deficiency in the 

development of some phenotypic changes in the offspring, as well as alterations in gene 

expression and methylation in the adult offspring. Future studies need to define the critical 

developmental windows of vulnerability to environmental impact, as well as to identify the 

epigenetically labile regions of the genome.  

Designing future nutritional studies where the methyl donor deficient diet is administered 

exclusively during critical periods of development would help to pinpoint time windows of the 

action of this diet. Another aspect that has to be taken into consideration is the decreased food 

intake by dams consuming the MD diet. It is possible that mild undernourishment had an 

additive effect to the methyl donor deficiency. Future studies could be designed where rats 

receive a diet with a moderate reduction of methyl donors in order to avoid decreased food 

intake, and to investigate whether less severe methyl donor deficiency could have any effect at 

physiological and molecular levels. Creating prolonged, but less severe methyl donor deficiency 

before fertilization may have an additional benefit, because it would possibly mimic more 

closely deficiency in methyl donors in the human population. The present study has determined 

that some genes have changes in DNA methylation and expression after birth, which indicates 
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the possibility that their regulation can be affected by postnatal environment. Therefore, in future 

studies, methyl-donor deficiency could be continued during postnatal development, in order to 

investigate whether it would have more pronounced effect on programming of the adult onset 

diseases. Future studies could also include more extensive and in depth investigations of 

structural changes in organs. These more detailed investigations might include kidney structure, 

changes in exocrine and endocrine pancreas, lung structure and function, or any brain structural 

abnormalities.  

At the present, one of the problems with studying the methylation patterns of individual genes is 

that very little is known about the regulation of gene expression by DNA methylation. It is 

possible that other DNA regions were involved in regulation of the genes investigated in this 

study. In order to understand how the prenatal diet affects epigenetic mechanisms of gene 

regulation, and DNA methylation in particular, studies have to be done to pinpoint the regions 

involved in regulation of the genes of interest. Thus, in a rat genome, an imprinted gene Rasgrf1 

has a differentially methylated region 40kb upstream of the coding sequence (Pearsall et al., 

1999), indicating that regulatory regions could be located at a great distance from the classic 

promoter region. Another possibility is that the methylation of some DNA regions may not be 

involved in regulation of gene expression; however particular methylation changes could serve 

as markers of the adverse perinatal conditions, which could be used for diagnostic and 

preventative tactics.  
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APPENDIX I 

Table AI.1 Composition of the control L-Amino acid rodent diet and the MD diet without added methionine, 

folate or choline (Research Diets). 

  A10021    A04062401  

 gm% kcal% gm%   kcal% 

Protein  17  18  16.4  17 

Carbohydrate 68.6  71  68.3  71 

Fat 5  12  5  12 

Total    100    100 

kcal/gm  3.87    3.88   

Ingredient gm   kcal   gm   kcal 

L-Arginine  10  40  10  40 

L-Histidine-HCl-H2O  6  24  6  24 

L-Isoleucine  8  32  8  32 

L-Leucine  12  48  12  48 

L-Lysine-HCl 14  56  14  56 

L-Methionine 6  24  0  0 

L-Phenylalanine  8  32  8  32 

L-Threonine 8  32  8  32 

L-Tryptophan  2  8  2  8 

L-Valine  8  32  8  32 

L-Alanine  10  40  10  40 

L-Asparagine-H2O 5  20  5  20 

L-Aspartate  10  40  10  40 

L-Cystine  4  16  4  16 

L-Glutamic Acid  30  120  30  120 

L-Glutamine 5  20  5  20 

Glycine 10  40  10  40 

L-Proline  5  20  5  20 

L-Serine 5  20  5  20 

L-Tyrosine 4  16  4  16 

Total L-Amino Acids 170  680  164  656 

Corn Starch 550.5  2202  556.5  2226 

Maltodextrin 10  125  500  125  500 

Cellulose  50  0  50  0 

Corn Oil 50  450  50  450 

Mineral Mix S10001  35  0  35  0 

Sodium Bicarbonate 7.5  0  7.5  0 

Vitamin Mix V10001  10  40  0  0 

Vitamin Mix V14901 (No added folate)  0  0  10  40 

Choline Bitrartrate  2  0  0  0 

Total  1000  3872  998  3872 
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APPENDIX II 

II.1 Recipe for Linear polyacrylamide  

Liner polyacrilamide recipe as described by (Gaillard & Strauss, 1990). Briefly, 5% acrylamide 

(BioRad) solution was prepared in 40mM Tris-HCl, 20mM Sodium acetate, 1mM EDTA, 

pH7.8. Acrylamide was polymerized with 0.1% ammonium persulfate (Sigma) and 1/1000 

volume N,N,N,N-Tetramethylenediamine (TEMED) (BioRad) at room temperature (RT) for 

30min. The polymer was precipitated with 2.5vol 99% ethanol and centrifuged at 1000rpm 

briefly at RT. The supernatant was removed and the pellet was redissolved in 20vol of water by 

shaking overnight to obtain 0.25% linear polyacrylamide. The next day, linear polyacrylamide 

was aliquoted and stored at 4
0
C.  

II.2 Correlation analysis between levels of global DNA methylation in the liver and methylation 

of individual CpG units of target genes. 

Gcr 

No statistically significant correlations between the global DNA methylation and methylation of 

individual CpG units in the Gcr promoter region were detected (Table AII.1). 

Hsd11β2 

The CON d1 offspring and CON d110 male offspring demonstrated strong negative and positive 

(respectively) correlation between global DNA methylation and methylation of CpG unit 1. MD 

d110 female offspring had strong negative correlation for the CpG unit 2. MD d110 male 

offspring had strong negative correlation for the average methylation of the Hsd11β2 promoter 

region (Table AII.2).  

Pparα 

Correlation analysis demonstrated no significant correlations between the global DNA 

methylation levels and methylation of individual CpG units in the Pparα promoter region, 

except for the CpG unit 11 in MD d110 males (Table AII.3). 

Pparγ 

CON and MD d1 offspring demonstrated strong positive and negative (respectively) correlations 

between global DNA methylation and methylation of specific CpG unit 5 (Table AII.4). CON d1 
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offspring also had strong positive correlation for the CpG unit 21. MD d110 males had strong 

positive correlation for the CpG unit 18. 

P53 

CON d1 offspring had strong positive correlation between global DNA methylation and average 

methylation of the p53 exon 6 region. CON d110 females demonstrated strong positive 

correlation between global DNA methylation in the liver and methylation of the individual CpG 

unit 14. MD d110 males had strong positive correlation for the CpG unit 13 (Table AII.5). 

Cdkn1a 

CON d110 male offspring demonstrated strong positive correlations between global DNA 

methylation and average methylation for the Cdkn1a promoter, and the individual CpG unit 14. 

MD d110 males had strong positive correlation for the CpG unit 14 (Table AII.6). 
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Table AII.1 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in the Gcr alternative promoter exon 110. 

 All groups n=8, rs – Spearman’s correlation coefficient. 

 
Table AII.2 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in the Hsd11β2 promoter. 

All groups n=8, rs – Spearman’s correlation coefficient; * p<0.05, **p<0.01. 

 

 

 

   1 2 5 7 8 9 13 14 15 Average 

CON d1 rS 0.15 . -0.15 0.41 0.62 0.12 0.18 0.01 0.17 0.19 

 p-value 0.72 . 0.72 0.32 0.10 0.77 0.66 0.98 0.68 0.66 

MD d1 rS 0.50 . 0.00 -0.21 0.03 -0.19 0.31 0.13 -0.29 -0.07 

 p-value 0.20 . 1.00 0.62 0.95 0.65 0.46 0.77 0.49 0.88 

CON F d110 rS -0.54 . -0.03 -0.30 -0.57 -0.36 0.55 0.14 -0.68 -0.55 

 p-value 0.17 . 0.94 0.48 0.14 0.38 0.16 0.74 0.06 0.16 

MD F d110 rS -0.33 . -0.05 0.29 -0.03 -0.44 0.25 0.25 -0.20 -0.34 

 p-value 0.43 . 0.90 0.49 0.95 0.27 0.56 0.56 0.63 0.42 

CON M d110 rS 0.33 . -0.34 0.38 -0.47 0.25 0.24 0.64 -0.19 0.50 

 p-value 0.43 . 0.41 0.36 0.24 0.56 0.57 0.09 0.65 0.21 

MD M d110 rS 0.10 . -0.06 -0.36 0.18 0.30 0.05 -0.58 0.60 0.19 

 p-value 0.81 . 0.88 0.38 0.67 0.46 0.90 0.13 0.11 0.66 

   1 2 3 4 5 7 8 9 10 11 12 13 Average 

CON d1 rS -0.86** 0.34 0.19 0.42 -0.28 -0.62 0.27 -0.15 -0.18 -0.18 -0.38 0.08 -0.25 

 p-value 0.01 0.41 0.65 0.30 0.50 0.10 0.52 0.73 0.67 0.67 0.35 0.85 0.54 

MD d1 rS 0.11 0.44 -0.58 0.10 0.21 -0.28 0.49 -0.27 0.24 0.15 0.15 0.40 0.20 

 p-value 0.80 0.27 0.13 0.81 0.62 0.50 0.22 0.52 0.57 0.73 0.72 0.33 0.64 

CON F d110 rS 0.23 0.40 0.15 0.21 0.68 0.23 -0.10 -0.01 -0.15 0.07 0.05 -0.62 0.32 

 p-value 0.58 0.32 0.73 0.62 0.06 0.59 0.81 0.99 0.73 0.88 0.90 0.10 0.44 

MD F d110 rS 0.23 -0.70* 0.03 0.37 0.23 -0.35 0.06 -0.16 0.01 0.20 -0.33 -0.46 -0.03 

 p-value 0.59 0.05 0.95 0.37 0.59 0.39 0.88 0.70 0.98 0.63 0.42 0.25 0.95 

CON M d110 rS 0.78* -0.54 0.15 0.14 0.64 -0.44 0.11 0.11 -0.45 0.16 -0.65 -0.26 0.15 

 p-value 0.02 0.16 0.73 0.75 0.09 0.27 0.80 0.80 0.26 0.71 0.08 0.54 0.72 

MD M d110 rS -0.50 0.03 -0.47 -0.24 -0.33 0.34 0.01 -0.50 -0.16 -0.58 -0.39 -0.59 -0.96* 

 p-value 0.21 0.94 0.24 0.57 0.43 0.41 0.98 0.21 0.71 0.13 0.33 0.13 0.0002 
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Table AII.3 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in the Pparα promoter.  

All groups n=8, rs – Spearman’s correlation coefficient.; **p<0.01. 

 

Table AII.4 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in the Pparγ promoter.  

All groups n=7, rs – Spearman’s  correlation coefficient; * p<0.05, **p<0.01. 

 

 

 

 

   1 7 10 11 12 13 15 16 19 20 Average 

CON d1 rS 0.09 0.08 0.09 -0.04 -0.11 0.15 0.35 0.88 0.17 0.43 0.63 

 p-value 0.84 0.85 0.83 0.93 0.79 0.72 0.39 0.00 0.68 0.29 0.09 

MD d1 rS -0.40 0.15 -0.33 0.02 -0.08 0.08 0.52 -0.26 0.13 0.00 0.04 

 p-value 0.32 0.73 0.43 0.95 0.85 0.86 0.19 0.54 0.75 1.00 0.93 

CON F d110 rS 0.29 0.13 -0.25 0.15 0.00 -0.01 0.49 -0.30 -0.50 0.18 0.09 

 p-value 0.49 0.77 0.56 0.73 1.00 0.99 0.22 0.47 0.21 0.66 0.84 

MD F d110 rS -0.32 0.05 0.38 -0.31 0.38 -0.44 -0.39 0.32 0.41 -0.68 0.25 

 p-value 0.44 0.91 0.35 0.45 0.35 0.27 0.34 0.43 0.31 0.06 0.55 

CON M d110 rS -0.60 -0.19 0.25 -0.32 -0.80 0.59 0.28 -0.16 -0.46 0.12 -0.45 

 p-value 0.12 0.65 0.56 0.44 0.02 0.13 0.50 0.70 0.26 0.78 0.27 

MD M d110 rS 0.23 0.27 0.05 -0.92** 0.33 0.58 0.64 0.63 0.37 . 0.39 

 p-value 0.58 0.52 0.91 0.001 0.42 0.13 0.09 0.09 0.36 . 0.35 

  1 2 5 9 10 15 16 17 18 20 21 Average 

CON d1 rS 0.63 0.66 0.89** 0.43 -0.23 0.58 0.32 0.25 0.61 0.28 0.86** 0.63 

 p-value 0.13 0.11 0.01 0.34 0.61 0.17 0.49 0.58 0.15 0.54 0.01 0.13 

MD d1 rS -0.06 0.52 -0.85* 0.06 -0.21 -0.59 -0.42 -0.02 0.00 -0.71 0.63 -0.33 

 p-value 0.90 0.23 0.02 0.90 0.66 0.17 0.35 0.97 1.00 0.07 0.13 0.47 

CON F d110 rS 0.20 -0.08 -0.67 0.25 0.31 -0.12 0.09 0.27 -0.15 0.07 -0.28 -0.16 

 p-value 0.67 0.87 0.10 0.60 0.49 0.80 0.85 0.55 0.74 0.89 0.54 0.74 

MD F d110 rS -0.19 0.49 0.64 0.68 -0.19 -0.06 0.23 -0.07 0.24 -0.23 0.28 0.26 

 p-value 0.69 0.26 0.12 0.09 0.69 0.90 0.62 0.87 0.60 0.62 0.54 0.57 

CON M d110 rS -0.14 -0.36 0.37 -0.25 0.20 0.11 0.09 0.00 -0.11 0.21 -0.13 -0.11 

 p-value 0.76 0.42 0.41 0.58 0.67 0.81 0.85 1.00 0.81 0.65 0.79 0.82 

MD M d110 rS -0.36 -0.18 0.59 0.68 -0.15 -0.13 0.81 -0.60 0.78* 0.19 -0.11 -0.24 

 p-value 0.42 0.70 0.16 0.10 0.75 0.78 0.03 0.15 0.04 0.69 0.81 0.61 
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Table AII.5 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in p53 exon 6.  

All groups n=8, rs – Spearman’s correlation coefficient; * p<0.05, **p<0.01. 

 

Table AII.6 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in Cdkn1a promoter region.  

All groups n=8, rs – Spearman’s correlation coefficient; * p<0.05, ***p<0.001. 

  1 2 5 6 11 14 15 17 18 20 Average 

CON d1 rS -0.46 0.67 -0.44 -0.25 0.39 0.34 0.62 0.10 0.48 -0.21 0.68 

 p-value 0.26 0.07 0.27 0.55 0.33 0.41 0.10 0.80 0.23 0.62 0.06 

MD d1 rS -0.16 0.51 -0.63 0.46 0.10 -0.18 0.18 -0.06 -0.26 0.29 0.17 

 p-value 0.70 0.20 0.09 0.25 0.81 0.67 0.68 0.89 0.54 0.49 0.68 

CON d110 F rS -0.56 -0.14 -0.42 -0.23 0.27 -0.16 0.03 0.43 0.21 -0.25 -0.26 

 p-value 0.15 0.76 0.30 0.58 0.52 0.71 0.94 0.29 0.62 0.56 0.54 

MD d110 F rS 0.69 -0.11 -0.44 0.64 -0.67 0.14 0.42 0.19 0.38 -0.52 -0.36 

 p-value 0.06 0.79 0.27 0.09 0.07 0.75 0.30 0.65 0.35 0.19 0.38 

CON d110 M rS -0.27 0.65 -0.19 -0.58 0.66 0.71* 0.58 0.34 0.34 -0.32 0.92*** 

 p-value 0.51 0.08 0.65 0.13 0.08 0.05 0.13 0.41 0.42 0.44 0.001 

MD d110 M rS 0.15 0.48 0.79* -0.42 0.27 -0.26 0.65 0.71* 0.10 0.53 0.56 

 p-value 0.73 0.23 0.02 0.30 0.52 0.54 0.08 0.05 0.81 0.18 0.15 

  1 2 3 4 5 6 7 8 10 11 12 13 14 15 Average 

CON d1 rS -0.50 -0.30 -0.44 -0.26 -0.37 -0.21 -0.01 -0.41 -0.42 0.31 0.35 -0.36 0.01 . -0.77* 

 p-value 0.21 0.47 0.28 0.53 0.37 0.62 0.98 0.32 0.30 0.46 0.40 0.39 0.99 . 0.03 

MD d1 rS -0.32 -0.17 -0.34 -0.62 -0.22 -0.32 -0.31 -0.46 0.22 0.33 -0.65 -0.29 0.06 . -0.16 

 p-value 0.44 0.68 0.40 0.10 0.60 0.44 0.46 0.25 0.60 0.43 0.08 0.48 0.89 . 0.71 

CON d110 F rS 0.47 0.52 -0.08 -0.03 -0.46 -0.29 0.66 0.38 -0.31 0.52 0.61 0.11 0.86** -0.24 -0.41 

 p-value 0.24 0.18 0.85 0.94 0.25 0.48 0.07 0.35 0.46 0.19 0.11 0.79 0.01 0.56 0.31 

MD d110 F rS 0.20 0.43 0.20 -0.22 0.25 0.22 -0.05 0.48 -0.04 0.10 0.16 0.12 -0.22 -0.24 0.46 

 p-value 0.64 0.29 0.64 0.60 0.56 0.60 0.91 0.23 0.93 0.82 0.70 0.77 0.60 0.56 0.25 

CON d110 M rS 0.62 0.43 0.20 -0.22 0.25 0.22 -0.05 0.48 -0.04 0.10 0.16 0.12 -0.22 -0.24 0.46 

 p-value 0.10 0.29 0.64 0.60 0.56 0.60 0.91 0.23 0.93 0.82 0.70 0.77 0.60 0.56 0.25 

MD d110 M rS -0.11 -0.30 -0.44 -0.06 0.23 0.14 -0.43 -0.01 -0.30 -0.33 -0.62 0.70* -0.38 -0.28 -0.12 

 p-value 0.80 0.48 0.27 0.88 0.58 0.74 0.28 0.98 0.46 0.42 0.10 0.05 0.35 0.50 0.77 
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Table AII.7 Correlations between global DNA methylation levels in the liver and methylation of individual CpG 

units in Dusp5exon 2.  

All groups n=8, rs – Spearman’s correlation coefficient; * p<0.05. 

   1 4 5 6 Average 

CON d1 rS 0.04 0.34 0.48 -0.23 0.16 
 p-value 0.93 0.42 0.23 0.58 0.70 
MD d1 rS 0.15 0.32 0.57 0.17 0.34 

 p-value 0.73 0.44 0.14 0.68 0.40 

CON F d110 rS -0.31 0.28 -0.21 -0.19 -0.08 

 p-value 0.45 0.50 0.62 0.65 0.85 

MD F d110 rS -0.09 0.59 0.58 0.39 0.63 
 p-value 0.83 0.13 0.14 0.34 0.10 
CON M d110 rS -0.02 0.36 0.79* 0.69 0.35 
 p-value 0.95 0.38 0.02 0.06 0.40 
MD M d110 rS -0.28 0.00 -0.46 -0.06 -0.10 

 p-value 0.51 1.00 0.26 0.89 0.81 

 

Dusp5 

No significant correlations were detected between global DNA methylation and specific 

methylation of Dusp5 exon 2, except strong positive correlation for the CpG unit 5 in the CON 

d110 male group (Table AII.7).  

Cdkn2a 

CON d1 offspring demonstrated strong negative correlations between global DNA methylation 

and methylation of the CpG unit 7 (Table AII.8). MD d1 offspring had strong positive 

correlations between global DNA methylation levels and average methylation of the promoter 

region and CpG units 5 and 14. CON d110 males had strong positive correlations between global 

DNA methylation and methylation of the CpG units 2 and 12 (Table AII.8).  
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Table AII.8 Correlations between global DNA methylation levels in the liver and methylation of individual CpG units in Cdkn2a promoter region.  

All groups n=8, rs – Spearman’s correlation coefficient; * p<0.05, **p<0.01. 

   1 2 3 4 5 7 8 10 11 12 13 14 Average 

CON d1 rS . -0.23 -0.22 0.09 0.25 -0.91** -0.04 -0.22 -0.08 -0.05 0.18 0.20 -0.33 

 p-value . 0.58 0.59 0.84 0.55 0.002 0.93 0.60 0.85 0.91 0.67 0.64 0.43 

MD d1 rS 0.42 0.07 0.34 0.15 0.72* -0.12 0.08 0.45 -0.03 0.57 -0.39 0.78* 0.71* 

 p-value 0.30 0.86 0.41 0.73 0.05 0.77 0.85 0.27 0.95 0.14 0.34 0.02 0.05 

CON F d110 rS -0.33 -0.27 0.36 0.42 -0.13 0.50 0.47 -0.18 0.34 -0.38 -0.07 -0.04 0.16 

 p-value 0.43 0.52 0.38 0.30 0.76 0.20 0.24 0.66 0.42 0.36 0.87 0.93 0.70 

MD F d110 rS -0.05 -0.37 -0.17 -0.55 -0.03 0.41 0.28 0.34 0.58 0.08 -0.34 -0.37 -0.16 

 p-value 0.91 0.37 0.68 0.16 0.95 0.31 0.50 0.41 0.13 0.86 0.42 0.37 0.70 

CON M d110 rS 0.32 0.86** -0.26 -0.67 -0.01 -0.65 0.57 -0.50 -0.49 0.72* 0.42 -0.52 -0.50 

 p-value 0.44 0.01 0.53 0.07 0.98 0.08 0.14 0.21 0.22 0.05 0.30 0.18 0.20 

MD M d110 rS 0.07 0.36 -0.31 -0.18 -0.32 0.04 0.19 0.06 -0.35 0.17 0.20 0.30 0.07 

 p-value 0.87 0.38 0.45 0.66 0.44 0.92 0.65 0.90 0.40 0.68 0.63 0.47 0.88 
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APPENDIX III 

GAGGAGAGGGAGAGCAGTTAGCTCTGTGGCTACAGGAAAAGTCACAGGGGGGACAAGGAAGACC 

CACTGCCTGGAGGGAGAGAGGGGCGAGAGGCAGAGACCCTGGCTAAGGGTGCCAGCCAGGCTTA 

GTGGGTAAGTCTGAATCTTAAAGGGTATTTAGTTTCTTCAGAATTTGAGCTTTTAAGCCCAGAAAG 

GAGACCTAGGCTGCCAGGATGGTGGGCAGGGCAGGGCAGGGGAGGGCAGGGACCGGGGATCAGC 

ATGGGGCTAAAGTCTAGTGGGCCCAGCCCTGCCTAGAAGAAACAATAGACCTCATGACATGCAAG 

GTAGGTCCCTTTCTACCTTGGGGGGGGGGGGGCAAAAATAAGGGAAAGGAGAGGGCCTTAGATAA 

AGAATCTTGTGTCCGCTGAACCTGGCTGGGGATTAGGCTGTGTGCTTTTGAGCCCTAGGTTGACCC 

GGAACTGTACCAGCCTCTTTCCCTGCCCCTTGAGCCACACTTTGACTAAATAAGGTCAGGTGAAGG 

CTCTGTGGGCAGCCACACAGAGGAAGAAGAACACATGCATACCCTGTCCCCCACCCTACCCCGCC 

TGCATGCCCTGGTGGCTCTTCAGTGGGCACCTCAAGGTGACCTCAGCATTTTCCTACCTGGCAAAG 

TCCAGGAGTGCATCTCCGGGGTGTGGTTCTGCAGCTTCTCCAAAATACCTCTGCAGGGCAGAAAGC 

AGAGATTAGGCTCTGAAACAGGCCAATAGTGTGATTGCTGCCCTCTCGTATGCCCCTTAGGAAACT 

GCTCTGGCCTCACAAGGACTCGGGGGTGTTCACAGACACCTTTTCAATGTCCCTTACTCCCAACAA 

ATTCTCAAGTCTCCCCGGAAAGAGGAACATCATCGTACCCCAGTCTTCCTAGCTGGAAGCTTCCTC 

AAATCCATAGGCACACACTCAGAGAGGCCAGAAAAGCCAGGGATAGAGGCTGGTGGATGGGGGA 

AGGGGGGCAGCATGGGTGTGTGTGGGGGGAGACAGGCCAGATGTTCTTGGAATGGGACACGGGG 

GTGATTGATGCGGACTGGAATTTGAAAGGGGAACATTCCCCACGTGCTTCATGCTCCGGGTGGAA 

AATGGGTGGGGTGGGGGCTCTCTCAGTCCTGCCAAGATAATATGGAGATGCCTCGCCCTGTCTAGG 

TCCCCACACCTGTCCACTGACTTTAACTCCTGCCTTCCCAGAGAGTCAGCCTTTGAGAGTCCTCCCT 

GCATACCATCCTCTACGGGTGATTATAGCGACAAGCCCTGCTTACAGCCATGGCCCCAGGGTTTTC 

CTCATTCTCCTGCTCTCCAGCTGCTCCCCTATCT 

 Figure AIII.1. Rat Igf2 DMR1 full sequence.  

Direct sequencing of the rat Igf2 DMR1 revealed a 175n shorter sequence compared with the sequence found under 

GeneBank accession number X17012.  CpG sites highlighted in blue are present in the rat Igf2 DMR1 sequence, 

CpG sites highlighted in yellow conserved between the mouse and rat Igf2 DMR1. 
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Figure AIII.2 Igf2 allelic expression in the liver of the CON and MD offspring at five different ages.   

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 

n=8; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, 

d365 n=8; data are mean ± SD. Data are average fluorescent signal intensity corresponding to amplification of 

maternal and paternal alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains; NTC – no template control. 
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Figure AIII.3 Igf2 allelic expression in the pancreas of the CON and MD offspring at five different ages.   

A – females, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 

n=6; B -males, CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, 

d365 n=7; data are mean ± SD. Data are average fluorescent signal intensity corresponding to amplification of 
maternal and paternal alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first 

number) and Lewis (second number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat 

strains; NTC – no template control. 

 

0

1

2

3

4

5

6

7

8

9

0.0 0.5 1.0 1.5 2.0

Le
w

is
 a

lle
le

Wistar allele

CON e20

MD e20

CON d1

MD d1

CON F d33

MD F d33

CON F d110

MD F d110

CON F d364

MD F d364

NTC

W 100%

40/60%

50/50%60/40%70/30%80/20%90/10%

L 100%

WxL

A

0

1

2

3

4

5

6

7

8

9

0.0 0.5 1.0 1.5 2.0

Le
w

is
 a

lle
le

Wistar allele

CON e20

MD e20

CON d1

MD d1

CON M d33

MD M d33

CON M d110

MD M d110

CON M d364

MD M d364

NTC

W 100%

40/60%

50/50%60/40%70/30%80/20%90/10%

L 100%

WxL

B



___________________________________________________________________ Appendix III 

334 

 

 

 

Figure AIII.4 Igf2 allelic expression in the kidney of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 

n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, 

d365 n=7. Data are average fluorescent signal intensity corresponding to amplification of maternal and paternal 

alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second 

number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template 

control. 
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Figure AIII.5 Igf2 allelic expression in the lung of the CON and MD offspring at five different ages.  

A – females, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 

n=7; B – males, CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, 

d365 n=7. Data are average fluorescent signal intensity corresponding to amplification of maternal and paternal 

alleles ± SD; W – Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second 

number) gDNA, WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template 

control. 
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Figure AIII.6 H19 allelic expression in the liver of the male CON and MD offspring at five different ages. 

 CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=7, d365 n=8. Data 

are average fluorescent signal intensity corresponding to amplification of maternal and paternal alleles ± SD; W – 

Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second number) gDNA, 
WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template control. 

 

Figure AIII.7 H19 allelic expression in the pancreas of the male CON and MD offspring at five different ages.  

CON e20 n=3, d1 n=7, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=9, d33 n=4, d110 n=7, d365 n=7. Data are 

average fluorescent signal intensity corresponding to amplification of maternal and paternal alleles ± SD; W – 

Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second number) gDNA, 

WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template control. 
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Figure AIII.8 H19 allelic expression in the kidney of the male CON and MD offspring at five different ages. 

 CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=4, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7 Data are 
average fluorescent signal intensity corresponding to amplification of maternal and paternal alleles ± SD; W – 

Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second number) gDNA, 

WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template control.. 

 

Figure AIII.9 H19 allelic expression in the lung of the male CON and MD offspring at five different ages. 

CON e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=5, MD e20 n=3, d1 n=8, d33 n=4, d110 n=8, d365 n=7. Data are 

average fluorescent signal intensity corresponding to amplification of maternal and paternal alleles ± SD; W – 

Wistar, L – Lewis, percentages are proportions of mixed Wistar (first number) and Lewis (second number) gDNA, 

WxL – gDNA extracted from a F1 cross between Wistar and Lewis rat strains; NTC – no template control. 
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APPENDIX IV 

AGCAGCCCGACTATCTAGCCCCCCACCACTCCNGGTGGCAATCCCACCGTCACCCAATCTCCCTTTCAGC

CTGGCTGCCGCTGAGGACCCGGGCCGGGGCAGCGGTGGGGTCGCGAGGCCTGGCTGGAAAGGGTACGG

GCACGCGGGGCACCGTCGCGGCTCGGGGCCACTGGCGGGCGGGTCCCCAGAACAAGCGCTGGGCGCGG

GGACTGCGGGGCGGCGGGCCCCGAGGGGCGCGGGGAGCAGCCGGCGCAGACAAAGAACGGCGCGGTC

CCCGCCGCCCTCGGCTTCCCCGCGCGTCCTCGCAGAACGGGCAGCTGTGAGCCCCGGGCTCCGGCTCCC

CGGGGCAGCCCGTCGGTCCCCGGCCGTTCACCGTTCCCGCAGCGGCCGGGCAGCCCTGCCCTTCCCGGC

CGAGCGGGGCGTGGGCGGGAGACGCGCGTGTGCGCGGGACGCAGCCCGGGGTGCGGACACAGCCCGA

GGGGGCGGGGACGGGCGCGGGGGCGGGGGCGCGGCTGGGACACGTGTGGCGGCGGCGGGGGAGGG

GGCGGCGCCCGGGGCTTTAAGAAGGTGCGGAGGGGGCGGGCGCTTTCCCAAGCCCGGCCGAGGGG

CGTCGCATGCACACGGGCAGCGGCGGCGCTCGGAGGCGGACGACGC 

Figure AIV.1 Sequence of the reelin promoter region containing missing sequence  

(bold, underlined). 
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