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ABSTRACT 
 

 

The developmental origins of health and disease hypothesis suggests that exposure to 

adverse prenatal environmental influences can determine an individual’s susceptibility 

to obesity in adult life. However, the specific causal mechanisms which underlie this 

hypothesis have yet to be identified. Focusing on the potential mechanistic role of the 

leptin endocrine axis, the main objective of this thesis was to investigate the long term 

effects of prenatal undernutrition and different levels of postnatal nutrition on leptin 

sensitivity and the development of diet-induced obesity (DIO) in the Wistar rat. 

 

A well established animal model of maternal undernutrition during pregnancy was used 

to induce prenatal undernutrition in experimental offspring. To investigate the 

interaction between prenatal nutrition and postnatal diet, and its effects on obesity 

development, female offspring were placed on three different diets: standard chow, a 

high fat diet or a calorie restricted diet. The effects of prenatal undernutrition and 

postnatal diet on leptin sensitivity were investigated, in adult offspring, by measuring 

the response to 14 days of peripheral leptin treatment. Changes in gene expression in the 

liver, retroperitoneal adipose tissue and soleus muscle were then characterised by 

custom microarray and quantitative real-time RT-PCR (QPCR) analysis.  

 

Adult female offspring exposed to prenatal undernutrition (UN offspring) were found to 

exhibit leptin resistance in adulthood, independent of postnatal DIO. This result 

demonstrates for the first time that exposure to prenatal undernutrition has a long term 

effect on adult leptin sensitivity. In UN offspring fed on a high-fat diet, leptin resistance 

significantly accelerated the development of DIO while in contrast, offspring 

maintained on calorie restriction remained lean. These findings suggest that prenatal 

nutrition can shape future susceptibility to DIO by altering postnatal leptin sensitivity. 

An analysis of gene expression suggests that prenatal undernutrition causes the 

development of peripheral tissue-specific leptin resistance, and may also further 

enhance an offspring’s susceptibility to DIO by altering the regulation of peripheral 
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tissue lipogenesis, mitochondrial function, glucocorticoid metabolism and insulin 

sensitivity. 

 

In conclusion, these studies identify peripheral leptin resistance as a key mechanism that 

can influence postnatal susceptibility to DIO in female offspring exposed to prenatal 

undernutrition. Furthermore, the identification of specific changes in peripheral gene 

expression highlights four additional metabolic mechanisms which may also facilitate 

the development of DIO in leptin resistant UN offspring. 
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Chapter 1. 

CHAPTER 1. INTRODUCTION 
 

 

1.1. The developmental origins hypothesis  

Environmental influences and lifestyle factors have a well established role in 

determining adult disease risk. However, over the past 15 years a new paradigm has 

emerged which greatly extends the scope of the interactions between environment and 

disease development. This new concept is called the developmental origins of health 

and disease hypothesis (Barker, 2004a). Formerly known as the fetal origins or Barker 

hypothesis, the developmental origins hypothesis proposes that the risks of developing 

chronic adult disease originate from exposure to adverse prenatal environmental 

influences (Barker, 1994). More specifically, adverse environmental stimuli acting 

during sensitive periods of prenatal development are believed to induce permanent 

physiological changes that increase disease risk in later adult life (Barker, 1994) (Figure 

1.1). This process has been termed fetal programming (Lucas, 1991). However, because 

the term programming has specific definitions within the fields of ethology and other 

biological sciences, its use to describe the processes underlying the developmental 

origins hypothesis is now discouraged (Barker, 2004b, Bateson, 2001).  

 

The general idea of a link between early life environment and adult health and disease 

has been around in one form or another since the early 1930s (Dubos et al., 1966, 

Forsdahl, 1977, Kermack et al., 1934). Nevertheless, this concept has only recently 

emerged into main stream medical research on the basis of a series of studies by Barker 

et al in the early 1990s (Barker et al., 1990, Barker et al., 1993, Barker et al., 1989a, 

Barker et al., 1989b, Hales et al., 1991). Over the past few years, the developmental 

origins hypothesis has formed the basis of a new field of research investigating the 

relationship between early life environmental influences and adult disease risk. Studies 

exploring this hypothesis have generated a substantial body of research that includes 

both epidemiological investigations in the human population and direct experimental 

studies in various animal models.  
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Figure  1.1 Diagram of the developmental origins of health and disease hypothesis. 

 

1.1.1. Epidemiological evidence for the developmental origins 
hypothesis  

A series of retrospective epidemiological studies undertaken by Barker and colleagues 

within the United Kingdom, in the late 1980s and early 1990s, provided the initial 

evidence for what has become known as the developmental origins hypothesis. 

Beginning in 1986, Barker and Osmond found a positive geographical association 

between past neonatal and infant mortality and current mortality from coronary heart 

disease (Barker and Osmond, 1986). These findings suggested a link between markers 

of an adverse early life environment and future risks of coronary heart disease (CHD) 

(Barker and Osmond, 1986). Over the next few years, Barker and colleagues published 

further epidemiological studies demonstrating strong associations between markers of 

impaired fetal growth and the incidence of CHD and its known risk factors. These 

studies found that indirect anthropomorphic markers of impaired fetal growth such as 
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low birth weight, reduced head and abdominal circumference and low ponderal index 

were associated with an increased incidence of CHD (Barker et al., 1989a, Barker et al., 

1989b), hypertension (Barker et al., 1990, Barker et al., 1989a), and type II diabetes 

(Barker et al., 1993, Hales et al., 1991) in adulthood. Notably, the relationships between 

birth size and adult disease risk extended across the normal spectrum of birth weights 

and were not strictly a function of extremes in birth size (Barker et al., 1989a, Hales et 

al., 1991). On the basis of these findings Barker concluded that CHD and its primary 

risk factors originated from impaired growth and development in-utero and during early 

infancy (Barker, 1993). Extending this conclusion Barker proposed a Fetal Origins 

hypothesis which posited maternal/fetal undernutrition as the primary mechanism 

responsible for fetal growth impairment and the enhancement of adult disease risk 

(Barker, 1994). 

 

 A sizeable body of epidemiological evidence has now been generated which confirms 

many of Barkers original findings (Table 1.1). This body of work provides appreciable 

evidence for a link between impaired fetal growth and an increased risk of metabolic 

and cardiovascular disease in adulthood. The implications of these findings have 

however, proved to be highly controversial, sparking sharp criticism of Barkers 

hypothesis and the evidence supporting it. Criticism has focused on methodological 

flaws in supporting epidemiological studies (Joseph and Kramer, 1996, Lucas et al., 

1999), on the causal role of maternal undernutrition (Hattersley and Tooke, 1999, 

Henriksen and Clausen, 2002) and on the effect size within the general population 

(Huxley et al., 2002, Schluchter, 2003).  

 

Criticism was initially focused on the methodological flaws of the early epidemiological 

studies. The flaws identified were selection bias through follow-up losses (Kramer and 

Joseph, 1996), the failure to adjust for confounding socio-economic factors (Joseph and 

Kramer, 1996), and inconsistencies between different studies (Paneth and Susser, 1995). 

Another criticism of Barkers original hypothesis concerned its overemphasis of 

maternal and fetal undernutrition as the primary casual mechanism (Henriksen and 

Clausen, 2002). 
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Table  1.1  Epidemiological studies supporting the developmental origins hypothesis 

Reference Cohort Early life 
measurement Adult outcomes Main finding 

     

(Barker et 
al., 1989b) 

5,654 male births 
Hertfordshire, UK 
 

Birth weight 
Weight at one year CHD mortality Men with lowest weights at birth and at one year had highest CHD mortality 

Negative association between weight at one year and CHD mortality 

(Barker et 
al., 1990) 

449 male and  
female births 
Preston, UK 
 

Birth weight 
Placental weight Blood pressure Negative association between birth weight and SBP in adulthood 

Positive association between placental weight and SBP in adulthood 

(Barker et 
al., 1993) 

407 male births 
Hertfordshire, UK 
266 male and 
female births 
Preston, UK 
 

Birth weight 
Impaired glucose tolerance 
Type II diabetes 
Plasma lipids/lipoproteins 

Negative association between birth weight and prevalence of metabolic 
syndrome 

(Curhan et 
al., 1996b) 

22,846 male health 
workers, USA 

Birth weight 
 

Hypertension 
Type II diabetes 
BMI 

Negative association between birth weight and the incidence of hypertension 
and diabetes. 
Positive association between birth weight and BMI 

(Stein et 
al., 1996) 

517male and 
female births in 
Mysore, India 

Birth weight 
Birth length 
Head circumference 

Non-fatal CHD Low birth weight, short birth length, small head circumference associated with 
the prevalence of CHD 

 
(Nilsson et 
al., 1997) 

 
149,378 male  
conscripts, Sweden 

Birth weight SBP Negative association between birth weight and SBP in adolescent conscripts 

 
(Rich-

Edwards et 
al., 1997) 

70,297 female 
nurses, USA Birth weight Non-fatal CHD and stroke Low birth weight associated with the incidence of non-fatal CHD and stroke. 

(Fall et al., 
1998) 

506 male and 
female births in 
Mysore, India 

 
Birth weight 
Birth length 
Head circumference 

Type II diabetes Low birth weight associated with an increased prevalence of type II diabetes 
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Table 1.1 cont.   Epidemiological studies supporting the developmental origins hypothesis 

 

Reference Cohort Early life 
measurement Adult outcomes Main finding 

(Leon et 
al., 1998) 

 
14,611 male and 
female births in 
Uppsala, Sweden 
 

Birth weight 
 CHD mortality Negative association between birth weight and mortality from CHD in men 

(Carlsson et 
al., 1999) 

2,237 male births 
Stockholm, 
Sweden 

Birth weight 
Type II diabetes 
Impaired glucose tolerance 
Impaired fasting glucose 

Low birth weight associated with type II diabetes, impaired glucose tolerance 
and fasting glucose 

(Forsen et 
al., 1999) 

3447 female births 
Helsinki Finland 

 
Birth weight 
Birth length 
Head circumference 
Placental weight 

CHD events Negative association between birth weight, birth length and CHD 

(Moore et 
al., 1999) 

584 male and 
female births 
Adelaide, Australia 

 
Birth weight 
Birth length 
Head circumference 
Chest circumference 
Placental weight 

SBP Negative association between birth weight, birth length, thinness  at birth and 
SBP 

(Rich-
Edwards et 
al., 1999) 

69,526 female 
nurses, USA 
 

Birth weight Type II diabetes Negative association between birth weight and the incidence of Type II 
diabetes 

(Forsen et 
al., 2000) 

7,086 female 
births, Helsinki 
Finland 
 

Birth weight 
Birth length 
Head circumference
Placental weight  

Type II diabetes Negative association between birth weight, birth length, ponderal index 
placental weight and the incidence of Type II diabetes 

(Schack-
Nielsen et 
al., 2002) 

327 male births  
Denmark  Birth weight Blood pressure  Negative association between birth weight and systolic blood pressure  

CHD, coronary heart disease; SBP, systolic blood pressure   



Chapter 1. 

While various animal studies have now demonstrated a direct causal relationship 

between maternal undernutrition, low birth weight and postnatal disease risk-factors 

(Ozaki et al., 2001, Vickers et al., 2000, Wilson and Hughes, 1997, Woodall et al., 

1996b), current evidence for such a direct relationship within non-famine human 

populations remains mixed (Jaddoe and Witteman, 2006). In recognition of recent 

animal and human studies, Barker’s fetal origins hypothesis has evolved into the more 

general developmental origins hypothesis. This hypothesis now recognises the complete 

spectrum of possible early life environmental influences that could influence both 

development and future adult health outcomes (Bateson et al., 2004, Gluckman et al., 

2005a).  

 

A more fundamental challenge to the developmental origins hypothesis has been the 

fetal insulin hypothesis proposed by Hattersley and Tooke (Hattersley and Tooke, 

1999). This hypothesis argues against an environmental basis for the associations 

between low birth weight and adult disease, proposing a purely genetic explanation 

(Hattersley and Tooke, 1999). Specifically, the fetal insulin hypothesis proposes that an 

insulin resistant genotype is responsible for both the incidence of low birth weight and 

future adult disease risk (Hattersley and Tooke, 1999). While work in this paradigm has 

identified a number of possible genetic variants associated with both low birth weight 

and adult disease, these studies have also demonstrated conflicting results across 

different populations (Jaddoe and Witteman, 2006).  

 

Despite vigorous challenges, the developmental origins hypothesis has found a general 

level of acceptance in the fields of medical research. In this respect, debate has shifted 

away from doubt over the existence of a link between early life environment and future 

disease risk and now focuses on the public health implications and causal mechanisms 

which underlie this relationship (Jaddoe and Witteman, 2006). In light of the inherent 

complexities of large-scale, long-term prospective clinical studies, animal studies have 

formed a critical part of recent research into the developmental origins hypothesis. 

Animal studies have demonstrated the fundamental biological plausibility of the 

relationship between early life environment and future disease processes, and provide 

the principal tools with which to explore the causal mechanisms underlying the 

developmental origins hypothesis. 

 

 6



Chapter 1. 

1.1.2. Animal studies testing the developmental origins hypothesis 

A wide variety of different animal models have been developed to investigate the causal 

mechanisms underlying the relationship between early life environment and adult 

disease risk. Various approaches have been developed in many different animal species 

including mice (Ozanne et al., 2004), rats (Woodall et al., 1996a), sheep (Bauer et al., 

1995), guinea pigs (Kind et al., 2002) and pigs (Bagby et al., 2002). However, a 

majority of studies have used the rat as a model organism because of its relatively short 

gestation period and quick postnatal maturation. The following sections focus on the 

different experimental approaches that have been developed in the rat. Overall, the 

studies undertaken in the rat can be divided into three general categories characterised 

by the type of experimental approaches that have been used to influence early 

development. These categories are nutritional, hormonal, and functional experimental 

approaches.  

 

1.1.2.1. Nutritional experimental approaches 

Nutritional manipulation during pregnancy is currently the most commonly used 

experimental approach in the rat. Maternal undernutrition during pregnancy was 

originally highlighted by Barker as a primary causal mechanism (Barker, 1994) and as a 

result this intervention was one of the first to be developed in animal studies. Two 

approaches have been taken toward the use of maternal undernutrition as an 

environmental intervention during pregnancy. The first approach uses global maternal 

undernutrition during pregnancy (Woodall et al., 1996b) and/or lactation (Garofano et 

al., 1998a), an approach which is well known to impair fetal and neonatal growth in the 

rat (van Marthens, 1977). The second approach restricts specific components of the 

maternal diet resulting in a selective undernutrition during pregnancy, the most common 

selective nutritional models have restricted maternal protein (Langley-Evans et al., 

1994) or iron intake (Lewis et al., 2001) during pregnancy.  

 

Global maternal undernutrition is the most straight forward approach to induce fetal 

undernutrition and involves restricting total maternal food intake during pregnancy 

(Woodall et al., 1996b). A variety of rat models have been developed using this 

technique differing in the magnitude, timing, and duration of maternal dietary 

restriction. The most commonly used levels of maternal food restriction included 70% 
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(Ozaki et al., 2001), 50% (Garofano et al., 1998a) and 30% (Woodall et al., 1996b) of 

normal food intake during pregnancy. The timing of dietary restriction can be restricted 

to early (Ozaki et al., 2001) or late (Garofano et al., 1998b) gestation, or maintained 

throughout the extent of pregnancy (Woodall et al., 1996b). Results from these studies 

typically find that exposure to maternal undernutrition results in fetal growth retardation 

and long term alterations in postnatal physiology. An exposure to 70% of normal 

maternal intake in the first half of pregnancy has been found to cause long term 

elevations in blood pressure and increased responsiveness to vasoconstrictors within 

male offspring (Ozaki et al., 2001). In contrast, a 50% restriction in the second half of 

gestation and during lactation leads to long term impairments in glucose homeostasis 

(Garofano et al., 1999), pancreatic development (Garofano et al., 1998a), lung 

maturation (Chen et al., 2004), and alterations to the hypothalamic-pituitary-adrenal 

(HPA) axis in both adult male and female offspring (Lesage et al., 2001). Similarly, an 

exposure to 30% of maternal food intake throughout gestation is associated with 

elevations in systolic blood pressure (Woodall et al., 1996b), reductions in kidney mass 

(Woodall et al., 1996b), hyperphagia (Vickers et al., 2000), DIO (Vickers et al., 2000), 

and fasting hyperinsulinemia in both adult male and female offspring (Vickers et al., 

2000).  

 

As a proof of principle, these rat models demonstrate a plausible role for global 

maternal undernutrition in the development of adult disease risk factors. However, the 

use of global maternal undernutrition has been criticised for a lack of applicability in 

today’s modern society, where the majority of mothers have access to adequate levels of 

nutrition during pregnancy. Critics have highlighted placental insufficiency as a more 

appropriate model of fetal growth impairment for modern western societies (Henriksen 

and Clausen, 2002). Nevertheless, global maternal undernutrition still provides a useful 

model for developing nations where significant maternal nutritional deficiencies still 

exist, and low birth weights are common (Yajnik, 2004).  

 

The common alternative to global maternal undernutrition is specific macro- or 

micronutrient restriction during pregnancy. The most extensively studied rat model 

using selective maternal nutritional restriction during pregnancy is the maternal low 

protein (MLP) model. This approach involves feeding pregnant rat dams a low protein 

diet during gestation containing 5-8% (w/w) protein (casein), generally a little under 

 8



Chapter 1. 

half the protein content but equivalent in energy to the control diet (Holness and 

Sugden, 1999, Langley-Evans et al., 1994, Snoeck et al., 1990, Woods et al., 2001).  

 

In general, offspring exposed to a MLP diet during pregnancy exhibit fetal growth 

retardation in late gestation and demonstrate reduced birth weight (Desai et al., 1996, 

Langley et al., 1994, Snoeck et al., 1990). During lactation, catch-up growth can occur 

in the absence of a MLP diet, however, if MLP feeding is maintained during weaning 

postnatal growth can be permanently restricted (Desai et al., 1996). A number of 

adverse postnatal outcomes have been identified in the offspring of mothers 

experiencing protein restriction during pregnancy. Notably, these findings have 

demonstrated a marked gender difference and a dependence on the specific formulation 

of the MLP diet (Langley-Evans, 2000, Langley-Evans, 2006).  

 

The most extensively studied outcome in MLP offspring is blood pressure, which on 

average is found to be elevated in offspring at an early age (Langley-Evans et al., 1994, 

Manning and Vehaskari, 2001, Woods et al., 2001). Elevations in blood pressure within 

MLP offspring are typically associated with reduced nephron numbers and reductions in 

kidney size (Jones et al., 2001, Langley-Evans et al., 1999b). Another commonly 

documented postnatal outcome in MLP offspring is alterations in glucose homeostasis. 

Typically, fasting plasma insulin and glucose levels are reduced in young MLP 

offspring, marking an improvement in insulin sensitivity in early adulthood (Hales et 

al., 1996, Petry et al., 2001). However, MLP offspring demonstrate a swift decline in 

glucose homeostasis leading to glucose intolerance in late adulthood (Hales et al., 1996, 

Petry et al., 2001). In male offspring, impaired glucose tolerance develops into insulin 

resistant diabetes associated with hyperinsulinemia by an age of 17 months (Petry et al., 

2001). In female offspring, glucose intolerance develops much later, at 21 months, and 

is associated with relative hypoinsulinemia (Petry et al., 2000). Postnatal alterations in 

glucose homeostasis are associated with impaired pancreatic development (Snoeck et 

al., 1990) and age-dependent changes in peripheral insulin sensitivity (Ozanne et al., 

1996a, Ozanne et al., 1996b). More recently, studies have shown that offspring exposed 

to maternal protein restriction during pregnancy exhibit a reduced life span (Aihie Sayer 

et al., 2001) and sex-specific changes in appetite and food preference (Bellinger et al., 

2004). Like other restrictive nutritional approaches, the MLP model has suffered 

criticisms about its relevance in today’s modern society. However, proponents of this 
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approach highlight its relevance to cultures or socio-economic groups for whom dietary 

protein sources are scarce or expensive (Langley-Evans, 2006).  

 

In recognition of the criticisms levelled against restrictive nutritional models, models of 

maternal overnutrition during pregnancy have also been developed. The current 

experimental approach used to induce maternal overnutrition is maternal high-fat 

feeding during pregnancy. Maternal high-fat diets typically containing between 20-40% 

saturated animal fat (Cerf et al., 2006, Guo and Jen, 1995, Khan et al., 2003). In 

contrast to models of prenatal nutritional restriction, the offspring of high-fat fed 

mothers do not demonstrate growth retardation and are of normal or slightly higher birth 

weight (Guo and Jen, 1995, Khan et al., 2003). Prenatal exposure to maternal high-fat 

feeding is associated with various adverse postnatal outcomes which share a number of 

similarities to the outcomes observed in restrictive animal studies. Adult offspring 

exposed to maternal high-fat feeding demonstrate higher blood glucose (Cerf et al., 

2006, Guo and Jen, 1995, Srinivasan et al., 2006), hypertriglyceridemia (Guo and Jen, 

1995, Srinivasan et al., 2006), hyperinsulinemia (Khan et al., 2005, Srinivasan et al., 

2006), glucose intolerance (Srinivasan et al., 2006), increased adiposity (Buckley et al., 

2005, Guo and Jen, 1995), and gender-specific hypertension (Khan et al., 2003). In 

contrast to studies using nutritional restriction, maternal overnutrition examines causal 

mechanisms that some investigators consider more relevant to the current dietary habits 

of western societies, specifically addressing the increasing availability of high-fat food 

and the epidemic rise of DIO (Levin, 2006).  

 

1.1.2.2. Functional experimental approaches 

The concept of the fetal supply line encompasses the highly integrated supply system 

operating between the mother, placenta and fetus (Harding, 2003). The nutritional 

studies described above attempt to affect prenatal environment by altering nutritional 

inputs into the fetal supply line. An alternative approach involves a direct impairment of 

the functional capacity of the fetal supply line itself. The central organ of the fetal 

supply line is the placenta, and in the clinical setting placental dysfunction is a well 

established cause of fetal growth impairment (Baschat and Hecher, 2004). Well before 

the inception of the developmental origins hypothesis, bilateral uterine artery ligation 

was developed in the rat to model the immediate neonatal outcomes of placental 
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dysfunction (Wigglesworth, 1974). More recent experimental studies investigating the 

developmental origins have now adopted this experimental approach to study the long-

term postnatal outcomes of placental insufficiency. Proponents of this approach stress 

its relevance to western societies where placental dysfunction is recognised as the most 

likely cause of fetal growth failure and low birth weight babies (Henriksen and Clausen, 

2002). Studies in the rat using this model clearly shown that placental insufficiency is 

responsible for fetal growth retardation, reduced birth weight and adverse postnatal 

outcomes (Jansson and Lambert, 1999, Merlet-Benichou et al., 1994). In adulthood, 

offspring exposed to placental insufficiency develop impairments in renal development 

(Merlet-Benichou et al., 1994), elevated blood pressure (Jansson and Lambert, 1999), 

impaired glucose tolerance (Simmons et al., 2001), and further demonstrate a 

progressive development of obesity and type II diabetes (Simmons et al., 2001).  

 

As an alternative to direct surgical intervention, the fetal supply line can also be 

disturbed by altering nutrient partitioning between mother, placenta and fetus. This can 

be achieved by inducing gestational diabetes which effectively disrupts nutrient 

partitioning across the fetal supply line (Holemans et al., 2003). In the pregnant rat, 

gestational diabetes can be induced through the use of streptozotocin, a chemical 

selectively toxic to the β-cells of the pancreatic islets (Aerts and van Assche, 1977). 

Streptozotocin-induced diabetes is dose dependent and can generate two distinct models 

(Holemans et al., 2003). Low doses induce mild gestational diabetes associated with 

macrosomia (Oh et al., 1988), while high doses cause maternal insulin-deficient 

diabetes resulting in fetal growth retardation and low birth weight (Holemans et al., 

1991a). Studies investigating the postnatal outcomes of insulin-deficient gestational 

diabetes demonstrate the development of insulin resistance in liver and skeletal muscle 

(Holemans et al., 1991b, Ryan et al., 1995) of adult offspring, in addition to significant 

endothelial dysfunction (Holemans et al., 1999). With the incidence of obesity and type 

II diabetes increasing world wide, gestational diabetes as a causal model for shaping 

adult disease risk appears to be increasingly relevant in today’s modern society 

(Holemans et al., 2003).  
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1.1.2.3. Hormonal experimental approaches 

Hormones are key regulators of growth and development and as such, alterations in 

maternal/fetal hormone concentrations represent a clear mechanism through which 

environmental influences can shape both fetal growth and future disease risk. The most 

prominent hormonal intervention used in the rat is prenatal glucocorticoid overexposure 

(Benediktsson et al., 1993).  

 

The fetus is protected from excess glucocorticoid exposure during pregnancy by the 

placental enzyme 11β-hydroxysteroid dehydrogenase type 2 (Hsd11β2) which 

inactivates maternal glucocorticoids (Beitins et al., 1973). In the rat, fetal glucocorticoid 

over-exposure can be brought about by one of two different pharmacological 

manipulations. The first involves the treatment of pregnant rat dams with 

dexamethasone (Dex) (Benediktsson et al., 1993), a synthetic glucocorticoid which can 

cross the placenta. This approach directly exposes the fetus to an excess of synthetic 

glucocorticoids. An alternative to Dex treatment is to treat pregnant rat dams with 

carbenoxolone, an inhibitor of Hsd11β2 activity (Lindsay et al., 1996) which exposes 

the fetus to an excess of maternal glucocorticoids. Regardless of the superficial 

pharmacological differences between these two treatments, the postnatal outcomes of 

glucocorticoid exposure using these two experimental approaches appear to be virtually 

identical (Lindsay et al., 1996).  

 

In the rat, fetal glucocorticoid exposure significantly reduces birth weight (Benediktsson 

et al., 1993, Lindsay et al., 1996) and is associated with postnatal elevations in blood 

pressure (Benediktsson et al., 1993), enhanced activation of the HPA axis (Welberg et 

al., 2000), glucose intolerance (Nyirenda et al., 1998), and fasting hyperinsulinemia and 

hyperglycaemia (Nyirenda et al., 1998). A notable feature of glucocorticoid exposure in 

the rat is the presence of a clearly defined window of susceptibility in the last trimester 

of pregnancy. Prenatal glucocorticoid exposure outside this specific window has no 

effect on fetal growth and does not have any long term postnatal outcomes (Levitt et al., 

1996, Seckl et al., 2000, Welberg et al., 2000, Woods and Weeks, 2005).  

 

Over-exposure to maternal glucocorticoids may also form part of the mechanisms 

underlying the effects of prenatal nutritional restriction. Studies in both MLP models 

and global undernutrition have found that nutritional restriction during pregnancy can 
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reduce the mRNA expression and activity of placental Hsd11β2, thereby increasing 

fetal exposure to maternal glucocorticoids (Bertram et al., 2001, Langley-Evans et al., 

1996b, Lesage et al., 2001). Moreover, the suppression of maternal glucocorticoid 

synthesis in MLP mothers during pregnancy can completely prevent the development of 

postnatal hypertension and renal dysfunction observed in adult MLP offspring 

(Langley-Evans, 1997). These findings suggest that prenatal glucocorticoid exposure 

may be a common mechanism through which a broad range of nutritional insults can 

induce a related set of postnatal outcomes.  

 

An alternative approach to glucocorticoid excess examines the postnatal outcomes of 

prenatal exposure to inflammatory cytokines. In this model pregnant rats are treated 

with either interleukin-6 (Il-6) or tumour necrosis factor-α (TNF-α) during pregnancy 

(Dahlgren et al., 2001, Samuelsson et al., 2006a). In contrast with most other 

developmental models, prenatal cytokine exposure does not cause fetal growth 

retardation or result in low birth weight (Dahlgren et al., 2001, Samuelsson et al., 

2006a). Offspring exposed to prenatal cytokines develop obesity (Dahlgren et al., 

2001), gender-specific alterations in insulin sensitivity and secretion (Dahlgren et al., 

2001), hypertension (Samuelsson et al., 2006a, Samuelsson et al., 2004), impairments 

in spatial learning (Samuelsson et al., 2006b) and a dysregulation of hypothalamic-

pituitary-adrenal (HPA) axis activity (Samuelsson et al., 2004). These studies, using 

maternal cytokine treatment, represent a model of maternal infection during pregnancy 

(Dahlgren et al., 2001). Systemic maternal infection is associated with a stimulation of a 

maternal inflammatory response resulting in the production of inflammatory cytokines 

like Il-6. Recent studies suggest that the placenta may be permeable to these factors 

enabling inappropriate fetal exposure to inflammatory maternal cytokines during 

maternal infection (Dahlgren et al., 2006). This model of cytokine exposure is 

applicable to human health outcomes as maternal infection is not an infrequent 

occurrence in both developed and developing societies (Boggess, 2005). 
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1.2. Biological mechanisms   

Experimental animal studies have now clearly shown that adverse prenatal 

environmental influences can cause long term physiological changes that result in an 

increased risk of adult disease. Research now focuses on identifying the specific 

physiological mechanisms which underlie the relationship between adverse prenatal 

environmental stimuli and adult disease risk. The majority of experimental studies focus 

on the prenatal developmental period as this is the time of greatest biological plasticity.  

 

Two general prenatal mechanisms have been proposed: developmental disruption and 

developmental adaptation (Bateson et al., 2004, Gluckman et al., 2005a). 

Developmental disruption describes the teratogenic effects of highly adverse 

environmental stimuli. Teratogenic environmental influences directly disrupt prenatal 

development causing tissue malformations and functional deficits which are essentially 

maladaptive in nature (Plagemann, 2005). In contrast, developmental adaptation entails 

a more subtle homeostatic developmental adaptation to specific environmental stimuli 

(Bateson et al., 2004). Under adverse environmental conditions, homeostatic 

adaptations are believed to sustain developmental processes necessary for immediate 

survival at the expense of those which are not (Gluckman et al., 2005c). While 

providing an immediate survival advantage, such adaptations are believed to have 

adverse consequences in later life (Gluckman et al., 2005a).  

 

Three molecular mechanisms have been proposed to underpin both disruptive and 

adaptive developmental responses to adverse prenatal environmental stimuli (Gluckman 

and Hanson, 2004). The mechanisms are: the remodelling of tissue development, the re-

setting of homeostatic endocrine axes, and the permanent alteration of gene expression. 

Examples of these three molecular mechanisms have been identified in a wide range of 

different rat studies.  

 

1.2.1. Tissue remodelling 

Tissue remodelling involves direct physical changes in both tissue cell number and cell 

type, influencing overall organ size, composition, and function. The development of the 

major tissues is most sensitive to adverse environmental stimuli during embryonic and 

fetal development. At this time embryonic progenitor cells lines undergo waves of 
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migration, proliferation and differentiation as part of the process of organogenesis. 

Adverse environmental stimuli which occur during this sensitive developmental period 

can irreversibly remodel tissue formation by disrupting or reorganising cellular 

proliferation and differentiation. This type of response may either be part of a direct 

teratogenic response to a harmful stimulus (Plagemann, 2005), or part of a homeostatic 

adaptation which allows a conservation of resources in a sub-optimal developmental 

setting (Gluckman and Hanson, 2004).  

 

Many examples of tissue remodelling have been identified in various rat studies. The 

most well established example occurs in the kidney, where a number of studies have 

identified a remodelling of kidney size and composition. In offspring exposed to 

maternal protein restriction during pregnancy, kidney mass (Langley-Evans et al., 

1999b) and nephron number (Langley-Evans et al., 1999b, McMullen et al., 2004) are 

both reduced while renal apoptosis is enhanced (Welham et al., 2002). Likewise, the 

induction of placental insufficiency by uterine artery ligation also reduces offspring’s 

renal mass and nephron number (Merlet-Benichou et al., 1994). Similarly, maternal iron 

restriction during pregnancy is also associated with nephron deficits in new born 

offspring (Lisle et al., 2003).  

 

Another example of tissue remodelling occurs in the pancreas where islet cell 

development appears to be particularly sensitive to adverse prenatal environmental 

stimuli. In MLP rat studies, offspring of protein restricted mothers exhibit significant 

alterations in pancreas morphology including reduced β-cell mass, increased β-cell 

apoptosis, reduced β-cell proliferation, reduced islet insulin content and impaired islet 

vascularization (Dahri et al., 1991, Snoeck et al., 1990). Likewise, 50% global maternal 

undernutrition has also been found to induce similar defects in pancreas development 

reducing offspring’s β-cell mass and islet insulin content (Garofano et al., 1997, 

Garofano et al., 1998a, Garofano et al., 1998b).  

 

The organisational development of neural nuclei within the brain also appears to be 

susceptible to adverse prenatal environmental influences. Significant alterations in 

neuronal density and the architecture of discrete hypothalamic nuclei have been 

observed in offspring exposed to maternal protein restriction (Plagemann et al., 2000) 
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and gestational diabetes (Plagemann et al., 1999a). Conversely, changes in hippocampal 

structure and morphology have also been documented in offspring overexposed to 

inflammatory cytokines (Samuelsson et al., 2006b) and excess glucocorticoids (Levitt et 

al., 1996) during prenatal development.  

 

In summary, structural reorganisation of tissue development provides a well defined 

mechanism by which adverse prenatal environmental stimuli can permanently alter 

tissue function in later life.  

 

1.2.2. Endocrine re-setting  

Endocrine signalling plays an important role in the regulation of most major 

physiological processes. Fetal growth and development is one such process organised 

by a complex interplay between maternal and fetal endocrine systems (Fowden, 1995). 

Re-organisation or re-setting of fetal endocrine function is a key mechanism through 

which environmental stimuli can influence growth, development and later postnatal 

outcomes (Gluckman and Hanson, 2005). Endocrine function is tightly regulated by a 

complex network of feedback inputs which works to modulate hormone production and 

target tissue sensitivity. Thus, adverse prenatal environmental cues can permanently re-

set or disrupt endocrine function by affecting hormone production and target sensitivity 

or by altering feedback control mechanisms.  

 

The re-setting of endocrine function has been implicated in a number of different 

endocrine systems including the renin-angiotensin system (RAS) (Langley-Evans et al., 

1999a), the HPA axis (Lesage et al., 2001), and the insulin endocrine axis (Simmons et 

al., 2001). The RAS mediates the regulation of blood pressure, fluid homeostasis and 

plays a central role in kidney development. In offspring exposed to maternal protein 

restriction during pregnancy RAS activity is suppressed during fetal development 

(Woods et al., 2001) but is enhanced postnatally in adulthood (Langley-Evans et al., 

1999a). The suppression of fetal RAS activity is implicated in the failure of 

nephrogenesis during development (Woods et al., 2001), while the postnatal up-

regulation of RAS provides a mechanism for the development of hypertension in adult 

offspring (Langley-Evans et al., 1999a).  
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The HPA axis is involved in the regulation of a diverse number of biological processes 

but has a key role in mediating stress responses. In this context, it is not surprising that a 

number of different rat studies have identified a re-setting of the HPA axis in offspring 

exposed to adverse prenatal environmental stimuli. Studies using the MLP diet 

(Langley-Evans et al., 1996a), 50% maternal undernutrition (Lesage et al., 2001), 

glucocorticoid exposure (Shoener et al., 2006) and maternal cytokine exposure 

(Samuelsson et al., 2004) have all shown effects on the HPA axis which appear to 

indicate reduced feedback inhibition at the level of the hypothalamus and enhanced 

HPA axis activity. The hypothalamus is the central hub for a number of different 

endocrine axes, any alterations at this site may have follow-on effects on a number of 

different hypothalamic endocrine axes, such as the hypothalamic-pituitary-thyroid axis 

(Slone-Wilcoxon and Redei, 2004).  

 

The insulin endocrine axis plays a central role in the regulation of glucose homeostasis. 

In various rat studies structural remodelling of pancreatic development is associated 

with alterations in the postnatal activity of the insulin endocrine axis (Fernandez-Twinn 

and Ozanne, 2006). Studies using the MLP model have found that young offspring 

demonstrate improved glucose tolerance and insulin sensitivity. However, these 

offspring experience a rapid age-dependent loss of glucose tolerance which is associated 

with β-cell exhaustion in females, and increasing insulin resistance in males (Hales et 

al., 1996).  A similar phenotypic progression is observed in studies using uterine artery 

ligation to induce placental insufficiency, with both male and female offspring 

experiencing an age-dependent decline in glucose tolerance and insulin sensitivity, 

accompanied by a loss of pancreatic β-cell mass (Simmons et al., 2001). Conversely, 

offspring exposed to prenatal glucocorticoid excess demonstrate postnatal 

hyperglycaemia, hyperinsulinemia and impaired glucose tolerance linked to enhanced 

hepatic gluconeogenesis (Nyirenda et al., 1998).  

 

Notably, most of the examples of endocrine re-setting are associated with changes in the 

form and function of endocrine organs and target tissues. In this context, tissue 

remodelling provides one mechanism for alterations in postnatal endocrine function. 

Conversely, endocrine signalling has a well established role in regulating tissue 

development and growth, thus endocrine resetting may, in turn provide a mechanism for 

tissue remodelling. In this light, tissue remodelling and endocrine re-setting may act as 
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interdependent mechanisms through which prenatal environmental influences can shape 

development and future postnatal physiology.  

 

1.2.3. Changes in gene expression  

An individual’s genetic inheritance provides the basic plans for growth and 

development. However, the extent to which these plans are carried out is determined by 

the level of constraint imposed by the uterine environment (Harding, 2003). Changes in 

the pattern of gene expression represent the most fundamental mechanism by which 

prenatal environmental influences can exert a direct effect on early development 

(Gluckman and Hanson, 2005). At a molecular level, changes in gene expression may 

be both a cause and a consequence of tissue remodelling and endocrine re-setting.  

 

Prenatal environmental influences can effect gene expression in at least two distinct 

ways. Firstly, gene expression may be transiently altered by effects on the activity of 

transcription factors, gene promoters, and gene repressors. Secondly, environmental 

stimuli may induce more stable, heritable alterations in gene expression through the 

epigenetic modification of DNA and associated histone proteins.  

 

Epigenetic changes in gene expression involve the processes of DNA methylation and 

histone acetylation. DNA methylation involves the covalent addition of methyl groups 

to cytosine DNA residues (Singal and Ginder, 1999). Typically, promoter 

hypermethylation is associated with gene silencing while hypomethylation is associated 

with active gene expression (Newell-Price et al., 2000). Histone acetylation involves the 

addition of an acetyl group to lysine histone residues (Peterson and Laniel, 2004). 

Changes in histone acetylation affect chromatin conformation which can also influence 

gene expression. Typically, histone acetylation is associated with transcriptionally 

active gene loci, characterised by an extended chromatin conformation (Peterson and 

Laniel, 2004). The patterning of epigenetic modification is established during 

gametogenesis and early embryogenesis and is particularly sensitive to disruptive 

environmental influences during this time (Jaenisch and Bird, 2003). In this context, a 

disruption of epigenetic patterning can provides a key mechanism through which 

prenatal environmental stimuli can generate changes in gene expression that can be 

stably maintained into adulthood (Jaenisch and Bird, 2003). 
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Many studies have identified changes in gene expression in the tissues of adult offspring 

exposed to adverse prenatal environmental stimuli (Bertram et al., 2001, Guan et al., 

2005, Lopes Da Costa et al., 2004, McMullen et al., 2004, Nyirenda et al., 1998). 

However, it is only recently that investigators have begun to explore the epigenetic 

basis of these changes. Studies using the uterine artery ligation model have found that 

uteroplacental insufficiency can permanently alter DNA methylation patterns (Pham et 

al., 2003), histone acetylation (MacLennan et al., 2004) and chromatin structure (Ke et 

al., 2006), in the tissues of adult offspring. In the kidney, uteroplacental insufficiency 

leads to a specific hypomethylation of the p53 gene, which is subsequently associated 

with an increase in p53 mRNA expression and an enhancement of renal apoptosis 

(Pham et al., 2003). In the brain, uteroplacental insufficiency is also associated with 

global hypomethylation and a reduction in histone acetylation (Ke et al., 2006). 

Changes in the DNA methylation pattern have also been identified in the offspring of 

protein restricted mothers. A recent study has demonstrated hepatic hypomethylation, 

associated with increased peroxisome proliferator activated receptor-α (PPAR-α) and 

glucocorticoid receptor (GR) gene expression in the liver of MLP offspring (Lillycrop 

et al., 2005).  

 

The epigenetic modification of gene expression patterns provides a fundamental 

mechanism which allows prenatal environmental influences to induce changes in gene 

expression which can be stably maintained into adulthood. Consequently, changes in 

gene expression will have a long term effect on postnatal physiology and may either 

directly stimulate disease processes or enhance postnatal disease susceptibility.  

 

1.3. Type II diabetes mellitus and obesity  

Recent epidemiological studies have linked the development of type II diabetes and 

obesity with impaired fetal growth and development (Table 1.1). Further animal studies 

have subsequently shown that exposure to adverse prenatal environmental stimuli can 

induce physiological changes in adult offspring which resemble key components of 

these metabolic diseases (Fernandez-Twinn and Ozanne, 2006). These findings have 

important implications for public health as type II diabetes and obesity are rapidly 
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becoming the most common, chronic, non-communicable diseases seen in today’s 

modern society.  

 

Type II diabetes mellitus and obesity are two interrelated metabolic diseases 

characterised by systemic disturbances in the regulation of carbohydrate, fat and protein 

metabolism. Diabetes mellitus is a chronic multi-faceted metabolic disease of multiple 

aetiology, commonly characterised by a disruption of glucose homeostasis (Alberti and 

Zimmet, 1998). Type II diabetes is the most common variant accounting for 90% of 

diabetes cases (Alberti and Zimmet, 1998). This form of diabetes is caused by a relative 

deficiency in insulin activity, typically brought about by a systemic resistance to insulin 

action (Alberti and Zimmet, 1998). Insulin resistance is responsible for the development 

of chronic hyperglycaemia and other metabolic disturbances that progressively damage 

various tissues, resulting in eventual organ failure (Stumvoll et al., 2005). The principal 

pathological outcomes related to type II diabetes include: cardiovascular disease (CVD) 

(Nigro et al., 2006), kidney failure (Breyer et al., 2005), and diabetic neuropathy (Jawa 

et al., 2004), retinopathy (Jawa et al., 2004) and foot disease (Boulton et al., 2005). The 

specific aetiologies of type II diabetes are unknown, although obesity has been 

identified as a principal risk factor (Rodgers et al., 2002). The World Health 

Organisation (WHO) estimates that approximately 58% of cases of type II diabetes can 

be attributed to the complications of overweight and obesity (Rodgers et al., 2002).  

 

Like type II diabetes, obesity is the consequence of a fundamental disorder in energy 

homeostasis. Obesity is caused by an excessive accumulation of adipose tissue to a 

point where it poses a significant disease risk factor. The aetiology of obesity is 

characterised by a fundamental imbalance between energy intake and energy 

expenditure, typically brought about by overeating and living a sedentary lifestyle. The 

metabolic imbalances caused by an excessive accumulation of adipose tissue have 

progressively pathological effects on blood pressure (Rahmouni et al., 2005a), 

cholesterol and lipid metabolism (Howard et al., 2003), insulin secretion and insulin 

sensitivity (Kahn et al., 2001). Together type II diabetes and obesity represents the most 

significant risk factors for CVD which is one of the major causes of global morbidity 

and mortality in adulthood (Rodgers et al., 2002).  
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1.3.1. Current trends in the incidence of obesity and type II diabetes  

WHO currently acknowledges that the global prevalence of type II diabetes and obesity 

has reached epidemic proportions (Rodgers et al., 2002). Current global estimates 

suggest that there are 217 million people with type II diabetes (Wild et al., 2004), while 

the number of clinically obese adults exceeds 300 million (WHO, 2000). Furthermore, 

WHO estimates that the average global prevalence of type II diabetes and obesity has 

increased 2-3 fold over the past 20yrs (WHO, 2000, Wild et al., 2004).  

 

Recent studies investigating global trends in obesity and type II diabetes have found that 

the rising incidence of these metabolic diseases is a global phenomenon and is not 

solely confined to the developed nations of the world (Chopra et al., 2002, Monteiro et 

al., 2004, Popkin and Gordon-Larsen, 2004, Wild et al., 2004). In contrast with earlier 

estimates, it is becoming increasingly apparent that the rate of increase in obesity and 

type II diabetes is much greater in the developing world (Green et al., 2003, Popkin and 

Gordon-Larsen, 2004). Furthermore, in both modern and developing societies there is a 

socioeconomic shift in the burden of obesity and type II diabetes, with the prevalence of 

these metabolic disorders increasing most rapidly in lower socioeconomic groups and 

within certain disadvantaged ethnic minorities (Monteiro et al., 2004). Overall, these 

trends suggest that the burden of obesity and type II diabetes is shifting towards the 

poor and economically disadvantaged peoples of the world (Monteiro et al., 2004, 

Popkin and Gordon-Larsen, 2004). Of greater concern is an emerging demographic 

expansion which sees the prevalence of obesity and type II diabetes increasing in both 

juvenile and adolescent populations (Hannon et al., 2005, Laron, 2004). These 

demographic trends predict a future amplification of the present epidemic as the current 

population ages.  

 

The relatively rapid increase in the prevalence of obesity and type II diabetes strongly 

suggests that recent changes in environment and lifestyle are the primary causal factors 

responsible for the present epidemic (Popkin, 2006). In support of this hypothesis 

various studies have demonstrated a close relationship between current trends in the 

obesity epidemic and recent nutritional and economic transitions (Chopra et al., 2002, 

Popkin, 2006, Popkin and Gordon-Larsen, 2004, Prentice, 2006). In both developed and 

developing societies, economic and nutritional transitions, over the past 20-30 years, 

have lead to a reduction in physical activity and an increase in the availability of refined 
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energy-dense foods, fostering an increasingly obesogenic environment (Popkin, 2006, 

Rodgers et al., 2002). The parallel evolution of the present obesity epidemic along with 

these societal transitions have led WHO to identify the overeating of energy-dense 

foods and reduced physical activity as the basic cause of the current epidemic in 

metabolic disease (Chopra et al., 2002, Waxman, 2003). However, despite the 

widespread effects of an increasingly obesogenic societal environment, individual 

differences in behaviour and physiology are still responsible for determining 

susceptibility to obesity and type II diabetes. While certain components of behaviour 

may be influenced by education, socioeconomic environment and cultural inheritance, 

the biological mechanisms which determine an individual’s susceptibility to obesogenic 

environmental influences have yet to be identified.  

 

1.3.2. Thrifty genotype, thrifty phenotype and predictive adaptive 
response 

Three related hypothesis have been developed to describe possible biological 

mechanisms which can determine an individual’s susceptibility to the development of 

type II diabetes and obesity. These hypotheses are: the thrifty genotype, the thrifty 

phenotype, and the predictive adaptive response (PAR) model. 

 

The thrifty genotype 

The thrifty genotype hypothesis was proposed by Neel in 1962 to explain the high 

prevalence of obesity and type II diabetes observed within certain ethnic subpopulations 

that demonstrated an increased susceptibility to metabolic disease. Neel’s hypothesis 

suggests that a gene-environment interaction determines individual susceptibility to 

obesity and diabetes (Neel, 1962). The thrifty genotype hypothesis proposes that 

famines and regular hungry seasons have imposed selective pressures on human 

evolution that favoured thrifty gene variants (Neel, 1962, Prentice, 2005, Zimmet and 

Thomas, 2003) (Figure 1.2). These thrifty genes are believed to generate an energy-

sparing metabolism characterised by an enhanced capacity to store surplus energy as fat 

(Prentice, 2005, Zimmet and Thomas, 2003). Under environmental conditions 

characterised by cyclical food shortages and famine, a thrifty genotype is believed to 

provide a strong selective survival advantage (Prentice, 2005, Zimmet and Thomas, 

2003). However, when exposed to an abundant and stable food supply, the thrifty 

 22



Chapter 1. 

genotype will consequently increase an individual’s susceptibility to the development of 

obesity and type II diabetes (Prentice, 2005, Zimmet and Thomas, 2003).  

 

In the context of the thrifty genotype hypothesis, the emerging epidemics in obesity and 

type II diabetes can be seen to be the result of a mismatch between humankind’s thrifty 

evolutionary inheritance and an increasingly obesogenic nutritional environment 

(Prentice, 2005, Zimmet and Thomas, 2003) (Figure 1.2). Over the last 40 years the 

search for thrifty genes has yielded a large list of possible candidates (Damcott et al., 

2003, Neel, 1999). However, no common thrifty gene variants have been conclusively 

identified to-date that can provide direct evidence in support of this hypothesis 

(Speakman, 2006).  
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Figure  1.2 Diagram of the thrifty genotype hypothesis.  

Adapted from Zimmet and Thomas, 2003.  
 

The thrifty phenotype 

In light of the recent studies suggesting a link between impaired prenatal development 

and an increased risk of type II diabetes and obesity in adulthood, Hales and Barker 

have proposed a thrifty phenotype hypothesis (Hales and Barker, 1992). In contrast to 

the thrifty genotype, the thrifty phenotype hypothesis suggests that a metabolically 

thrifty phenotype is induced by exposure to adverse prenatal environmental influences 
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(Hales and Barker, 1992). Specifically, the induction of a thrifty phenotype is believed 

to be an adaptive response to fetal undernutrition aimed at conserving resources for 

immediate survival in a suboptimal intra-uterine environment (Hales and Barker, 1992, 

Hales and Barker, 2001). Two principal characteristics of the thrifty phenotype are the 

presence of peripheral insulin resistance in the skeletal muscle and liver, and a 

disturbance in pancreatic endocrine function (Hales and Barker, 2001). A thrifty 

phenotype is not believed to increase disease risk if individuals continue to be poorly 

nourished after birth (Hales and Barker, 1992, Hales and Barker, 2001). However, if a 

thrifty phenotype is exposed to postnatal overnutrition the risks of developing obesity 

and type II diabetes are greatly enhanced, as increased nutritional inputs are likely to 

overload the reduced metabolic capacity of the thrifty phenotype (Hales and Barker, 

1992, Hales and Barker, 2001). By no means excluding the possibility of a genetic 

component, the thrifty phenotype hypothesis emphasises a complementary role for 

prenatal environmental influences in determining susceptibility to postnatal obesogenic 

environmental factors (Hales and Barker, 1992).  

 

Like the thrifty genotype hypothesis, the thrifty phenotype can also explain certain 

trends in the current epidemic of metabolic disease. Specifically, the thrifty phenotype 

may provide a mechanism to explain the rapid increases in obesity and type II diabetes 

that are occurring in developing nations undergoing rapid societal transition (Hales and 

Barker, 2001). In transitional developing societies there is a rapid shift from historical 

nutritional subsistence to nutritional abundance. This transition exposes the thrifty 

phenotype, shaped by past generations of nutritional restriction, to an inappropriately 

rich postnatal nutritional environment resulting in the development of metabolic disease 

(Hales and Barker, 2001). Consequently, as the scale of societal transition increases the 

incidence of metabolic disease is rapidly amplified as more and more individuals are 

exposed. While direct evidence for the thrifty phenotype hypothesis in the human 

population is limited, various animal studies have provided experimental evidence in 

support of the fundamental biological plausibility of this hypothesis (Fernandez-Twinn 

and Ozanne, 2006).   
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The predictive adaptive response model 

Incorporating features from both the thrifty genotype and thrifty phenotype hypotheses 

Gluckman and Hanson have recently developed an alternative PAR model to explain 

associations between early life environment and the risks of developing metabolic 

disease in adulthood (Gluckman and Hanson, 2005). The PARs model proposes that the 

fetus makes predictive developmental responses, termed PARs, in response to prenatal 

environmental stimuli (Gluckman et al., 2005b). These adaptive responses have no 

immediate value but form a predictive response that shapes physiological development 

in expectation of a postnatal environmental range forecast by prenatal environmental 

stimuli (Gluckman et al., 2005b). PARs are believed to provide a significant selective 

advantage by allowing an organism to select a developmental path that optimises 

survival within the predicted environmental range (Gluckman et al., 2005b). For 

example, in response to prenatal undernutrition the fetus forecasts a nutritionally poor 

postnatal environment and makes developmental adaptations appropriate to a restricted 

postnatal nutritional environment. However, any advantage derived from PARs is 

dependent on the match between the predicted and actual postnatal environmental 

ranges. Mismatch between predictive developmental adaptations and the postnatal 

environment is believed to directly contribute to disease risk (Gluckman et al., 2005b) 

(Figure 1.3).  

 

The natural maternal constraint of fetal growth is believed to set an upper limit to the 

range of environments the fetus can predict, favouring developmental adaptations which 

foster metabolic thriftiness (Gluckman et al., 2005b). Increasing maternal constraint 

through maternal undernutrition or placental disease further emphasises this tendency, 

resulting in adaptive predictions of increasing postnatal nutritional scarcity and 

consequently greater metabolic thrift (Figure 1.3).  
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Figure  1.3 Diagram of the predictive adaptive response model.  

The degree of mismatch between prenatal prediction and actual postnatal environment determines the risk 
of disease in adult life. Adapted from Gluckman et al., 2005a. 
 

Along the lines of the thrifty genotype hypothesis, nutritionally thrifty PARs are 

believed to have provided early hunter-gatherers with a strong selective survival 

advantage (Gluckman et al., 2005b). However, recent changes in life style and 

environment are greatly increasing the mismatch between nutritionally thrifty fetal 

PARs and the current obesogenic postnatal environment, increasing the risks of 

developing obesity and type II diabetes (Gluckman et al., 2005b) (Figure 1.3). Evidence 

for the existence of PARs and the PAR model is currently restricted to a variety of 

natural examples. One such example is the migratory desert locust (Locusta migratoria) 

which in response to maternal cues signalling current population levels, can adopt a 

physical and metabolic migratory phenotype that provides a postnatal survival 

advantage in adult life when offspring are born into an environment of high population 

densities (Applebaum and Heifetz, 1999). 

 

The induction of metabolic thrift resulting in an enhanced capacity to conserve and store 

energy as fat is a common theme of the three hypotheses discussed above. The thrifty 

genotype hypothesis suggests that thrifty gene variants determine individual 

susceptibility to obesogenic environmental influences. However, over the past 40 years 

no thrifty genes have been conclusively identified in the human population. In contrast, 
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both the thrifty phenotype hypothesis and the PAR model suggest that prenatal 

environmental influences induce the development of a thrifty metabolism that 

determines obesity susceptibility. In support of a developmental origin for obesity 

susceptibility, recent epidemiological and animal studies have demonstrated a link 

between markers of impaired fetal development and an increased risk of obesity in 

adulthood.  

 

1.3.3. Evidence for the developmental origins of obesity  

The thrifty phenotype hypothesis and PARs model suggest that the risks of developing 

obesity in adulthood are determined by the effects of adverse environmental stimuli on 

prenatal development. Studies investigating this relationship in the human population 

have examined the association between two reasonable but imperfect markers of adult 

obesity and parental development, adult body mass index (BMI, kg/m2) and birth 

weight (Martorell et al., 2001).  

 

A range of studies have identified a significant association between birth weight and 

adult BMI; however, these studies have provided conflicting reports on the exact nature 

of this relationship (Rogers, 2003). Some studies have demonstrated a positive linear 

relationship between birth weight and adult BMI, linking higher birth weights with 

increased fatness in adulthood (Curhan et al., 1996b, Kuh et al., 2002). Others have 

found a J- or U-shaped relationship between birth weight and adult BMI, suggesting 

that both low and high birth weights are associated with adult obesity (Curhan et al., 

1996a, Parsons et al., 2001) (Figure 1.4). Altogether the majority of studies appear to 

provide relatively consistent evidence for a positive linear relationship between birth 

weight and adult BMI (Martorell et al., 2001, Rogers, 2003). 
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Figure  1.4 U-shaped relationship between adult BMI and birth weight 

Adapted from Martorell et al., 2001.  
 

A key component of the positive linear relationship between birth weight and adult BMI 

appears to reflect the impact of gestational diabetes and maternal obesity. Gestational 

diabetes causes a well documented enhancement of fetal growth resulting in large-for-

date babies (Kjos and Buchanan, 1999). In turn, these babies exhibit a significantly 

increased risk of obesity in early childhood and later adult life (Kale et al., 2005, 

Plagemann et al., 1997, Schaefer-Graf et al., 2005). Likewise, the children of obese 

mothers tend to be of above average birth weight and also appear to have an enhanced 

risk of obesity in childhood (Eriksson et al., 2001, Kuh et al., 2002, Simmons and 

Breier, 2002). These findings are strongly supported by animal studies modelling 

gestational diabetes and maternal high-fat feeding during pregnancy, which demonstrate 

a similar enhancement in susceptibility to obesity in adult offspring (Harder et al., 1999, 

Holemans et al., 2004, Levin and Govek, 1998).  

 

A number of large cohort studies have identified a characteristic J- or U-shaped 

relationship between birth weight and adult obesity (Figure 1.4). One of the first studies 

to document such a relationship was accomplished by Curhan et al who identified a U-

shaped relationship between birth weight and adult BMI within two large cohorts of 
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female nurses in the United States (Curhan et al., 1996a). However, these findings were 

not replicated in a similar study of male health professionals which demonstrated a 

positive linear relationship between birth weight and adult BMI (Curhan et al., 1996b). 

Despite these conflicting findings, a number of studies in the UK have provided further 

evidence to support the existence of a U-shaped relationship between birth weight and 

adult obesity in both genders (Fall et al., 1995, Law et al., 1992, Parsons et al., 2001).  

 

As an alternative to BMI, investigators in the UK have also investigated waist:hip ratios 

(WHR) and waist circumference as a measure of central obesity. These studies have 

found evidence for a negative relationship between birth weight and central adiposity, 

suggesting that impaired fetal growth increases the risks of abdominal obesity (Fall et 

al., 1995, Law et al., 1992). Notably, the relationship between birth weight and central 

adiposity in these studies is only apparent after an adjustment for current BMI (Fall et 

al., 1995, Law et al., 1992). One interpretation of these findings suggests that it is the 

change in relative size between birth and adulthood which determines obesity risk rather 

than effects of the prenatal environment (Lucas et al., 1999). The potential role of 

postnatal centile crossing in the development abdominal obesity is particularly clear in 

studies in India which have clearly demonstrated an increased risk of abdominal obesity 

in small babies which experience accelerated childhood growth in the immediate 

postnatal period (Yajnik, 2000).  

 

Further evidence for a link between impaired fetal growth and an increased risk of 

obesity in adulthood is derived from a series of studies which investigates health 

outcomes in people born during Dutch famine of 1944-1945. One study, in a cohort of 

300,000 19 year old male conscripts has found that prenatal exposure to famine 

conditions during the first two trimesters of pregnancy increases the prevalence of 

obesity in adult life, while exposure in the last trimester or during early infancy has the 

opposite effect, reducing the prevalence of obesity in adulthood (Ravelli et al., 1976). 

However, a recent follow-up study examining a sub-sample of the same men at 50 years 

of age found that prenatal exposure to famine had no detectible effects on the incidence 

of obesity in men (Ravelli et al., 1999). In contrast, this study also examined a sample 

of women born during the same time period and found that in women exposure to 

famine in early gestation increased adult BMI and waist circumference (Ravelli et al., 

1999). Complicating matters further, a similar study investigating health outcomes in 

 29



Chapter 1. 

people born during the siege of Leningrad found no effects of famine exposure on adult 

BMI or central obesity (Stanner and Yudkin, 2001). However, key differences in the 

post famine environment in these two famine events may account for this lack of 

concordance (Stanner and Yudkin, 2001).  

 

Generally, human studies linking low birth weight to the prevalence of obesity in 

adulthood are somewhat inconsistent. However, various animal studies have clearly and 

consistently demonstrated a direct relationship between prenatal undernutrition, fetal 

growth retardation and a susceptibility to obesity in adulthood. Consistent with the 

general theme of the Dutch famine studies, studies in the rat have shown that maternal 

undernutrition during gestation can increase susceptibility to diet-induced obesity in 

both adult male and female offspring (Anguita et al., 1993, Bieswal et al., 2006, Jones 

and Friedman, 1982, Vickers et al., 2000, Vickers et al., 2005, Vickers et al., 2001). 

Likewise, exposure to maternal protein restriction can alter offspring’s appetite 

(Bellinger and Langley-Evans, 2005), feeding behaviour (Bellinger et al., 2006) and 

food preference (Bellinger et al., 2004), enhancing an offspring’s susceptibility to 

abdominal obesity (Bellinger et al., 2006, Guan et al., 2005). Altogether, these animal 

studies represent a basic proof of principle which supports the suggestion that exposure 

to prenatal undernutrition can influence the development of obesity in adulthood. 

 

Overall, there is a reasonable amount of evidence in both human and animal studies 

which suggests that adverse prenatal environmental influences, associated with both 

high and low birth weights, can influence an individual’s susceptibility to diet-induced 

obesity in adulthood. However, the specific mechanisms that underlie the effects of 

adverse prenatal environmental stimuli on adult obesity risk have yet to be identified. It 

is currently hypothesised that adverse prenatal environmental stimuli increase the risks 

of developing obesity by affecting the development of the physiological systems that 

regulate energy homeostasis (Breier et al., 2001). 
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1.4. The regulation of energy homeostasis  

The existence of a physiological system regulating energy homeostasis has been 

inferred from the basic observation, that for the majority of people, body weight is 

either stable or slowly increasing during adult life (Weigle, 1994). The stability of body 

weight requires a homeostatic balance between energy intake and energy expenditure, 

precisely regulated over both short and long term periods. Since there is a fundamental 

mismatch between the periodic frequency of energy intake and the continuous processes 

of energy expenditure, the ability to store energy is essential for the maintenance of 

energy homeostasis. Fat stored in the adipose tissue is the principal medium of energy 

storage. Nutritional energy is stored as fat when short term energy intake exceeds 

energy expenditure. Obesity develops when energy intake chronically exceeds energy 

expenditure, resulting in excess fat deposition and consequently increased body weight 

gain.  

 

The regulation of energy homeostasis, and consequently body weight, requires a 

complex system capable of accurately sensing both current energy balance and long-

term energy stores. Over the past 20 years a common model for the regulation of energy 

homeostasis has emerged which describes a basic feedback loop between peripheral 

tissues and the central nervous system (CNS) (Speakman, 2004) (Figure 1.5).  
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Figure  1.5 Schematic of the basic feedback loop regulating energy homeostasis. 

Adapted from Speakman, 2004. 
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In this model, peripheral signals relay information on energy balance and energy stores 

to the CNS, which then directs compensatory responses in food intake and energy 

expenditure that act to balance energy homeostasis (Figure 1.5). 

 

Within the CNS the hypothalamus has been identified as the main region responsible for 

the integration of peripheral signals with central outputs controlling appetite and energy 

expenditure (Schwartz, 2006). Two complementary peripheral signalling systems have 

been identified which have a key role in relaying information on both short and long 

term energy balance (Speakman, 2004). One of these signalling systems is the insulin 

endocrine axis which regulates short term energy balance by sensing immediate changes 

in blood glucose concentrations. Working in conjunction with the insulin endocrine axis 

is a second system, based on the leptin endocrine axis. The leptin axis regulates long 

term energy balance by sensing changes in the body’s long term energy stores. In 

addition to the main insulin and leptin endocrine axes, various gut hormones (e.g. 

ghrelin, cholecystokinin) have also been found to have a complementary role in the 

regulation of energy homeostasis. Overall, the integrated activities of the insulin and 

leptin endocrine axes are essential for energy homeostasis, defects in insulin and leptin 

activity are respectively associated with the development of diabetes and obesity.  

 

1.4.1. The insulin endocrine axis  

Insulin is a peptide hormone which functions as the principal regulator of glucose 

homeostasis. Produced by the β-cells of the islets of Langerhans (pancreatic islets), 

insulin consists of two polypeptide chains, an A-chain of 21 amino acids and a B-chain 

of 30 amino acids, linked by two disulphide bridges. In the β-cells insulin is synthesised 

from a proinsulin precursor which contains a connecting peptide (c-peptide) joining the 

amino terminal end of the A-chain with the carboxy-terminal end of the B-chain 

(Steiner and Oyer, 1967). Proinsulin is cleaved by prohormone convertases prior to 

insulin release, causing mature insulin and cleaved c-peptide to be secreted in equimolar 

amounts (Rubenstein et al., 1969). Insulin synthesis and secretion is principally 

stimulated by rising blood glucose levels. While glucose is the primary insulin 

secretagogue, glucose-stimulated insulin secretion can also be influenced by a wide 

range of dietary (fatty acids, amino acids), hormonal (leptin, somatostatin, glucose-
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dependent insulinotropic peptide), and neural inputs (cholinergic and adrenergic 

innervations) (MacDonald et al., 2005).  

 

Insulin has a number of important biological effects but its essential actions are 

involved in the regulation of blood glucose and energy metabolism. Insulin activates a 

transmembrane tyrosine kinase receptor consisting of two extra-cellular α-subunits and 

two transmembrane β-subunits. The binding of insulin stimulates receptor 

autophosphorylation leading to the recruitment of insulin receptor substrate (IRS) 

docking proteins (White, 1998). The recruitment of IRS proteins leads to the activation 

of two main signalling pathways, the phosphatidylinositol 3-kinase (PI3K)–

AKT/protein kinase B (PKB) pathway, which mediates insulin’s main metabolic actions 

(Taniguchi et al., 2006), and the Ras mitogen-activated protein kinase (MAPK) 

pathway, which regulates insulin’s mitogenic actions (Taniguchi et al., 2006). 

Differential mRNA splicing yields two different receptor isoforms that either lack (IRA) 

or contain (IRB) an extra 12 amino acids in the C-terminus of the α-subunit (Joost, 

1995). The two receptor isoforms demonstrate a differential affinity for insulin and 

unique expression patterns throughout the body (Joost, 1995).  

 

In classical peripheral target tissues such as the liver, adipose tissue and skeletal muscle, 

insulin stimulates glucose up-take and promotes glycogen synthesis, fatty acid and 

triglyceride biosynthesis, while concomitantly suppressing lipolysis and 

gluconeogenesis (Newsholme and Dimitriadis, 2001). Conversely, a reduction in insulin 

activity, when blood glucose is low, stimulates a catabolic response leading to a 

breakdown and release of stored glucose and fatty acids (Newsholme and Dimitriadis, 

2001). In this manner, insulin homeostatically maintains blood glucose levels and 

immediate energy balance through a co-ordinated control of peripheral carbohydrate, 

lipid and protein metabolism.  

 

Insulin’s classic effects on peripheral target tissues have been well documented for 

some time now. In contrast, the actions of insulin within the CNS have received 

relatively little attention. Studies investigating the effects of insulin within the CNS 

have found that insulin has a potent anorexigenic effect in the CNS, suppressing food 

intake and reducing body weight (Air et al., 2002, McGowan et al., 1990, Woods et al., 
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1979). Circulating insulin is able to enter the CNS by crossing the blood-brain barrier 

(BBB) via a saturable receptor mediated transport mechanism (Baura et al., 1993, King 

and Johnson, 1985, Woods and Porte, 1977). Insulin’s effects within the CNS are 

thought to be principally mediated by the activation of insulin receptors located on 

neurons within the arcuate nucleus (ARC) of the ventromedial hypothalamus (Plum et 

al., 2005). The ARC forms a central component of the neural circuits which regulate 

food intake and energy expenditure (Schwartz, 2006). Two distinct populations of ARC 

neurons have been shown to express receptors for both insulin and leptin, one of which 

is anabolic in nature, the other catabolic (Schwartz, 2006). Insulin suppresses the 

activity of anabolic neurons coexpressing the orexigenic neuropeptides, neuropeptide Y 

(NPY) and agouti-related protein (AgRP) (Schwartz et al., 1991). Concomitantly, 

insulin stimulates catabolic neurons which express pro-opiomelanocortin (POMC) that 

is cleaved to form the anorexic neuropeptide α-melanocyte-stimulating hormone (α-

MSH) (Benoit et al., 2002). The activation of anorexigenic neurons and the suppression 

of orexigenic neurons in the ARC reduces appetite and inhibits ingestive behaviour 

(Plum et al., 2005).  

 

Together, insulin’s central and peripheral effects are essential for maintenance of short 

term energy balance. Insulin activity is stimulated by rising blood glucose brought on 

by feeding, in this context blood glucose concentrations are the main signal for short 

term energy balance. In response to the immediate positive energy balance caused by 

feeding, insulin returns energy balance to equilibrium by stimulating the storage of 

excess energy and preventing further energy intake. Conversely, declining blood 

glucose between meals signals an immediate negative energy balance, reducing insulin 

secretion, promoting the breakdown of energy stores, and stimulating energy intake. In 

summary, the insulin endocrine axis acts to buffer short-term fluctuations in blood 

glucose and energy balance that are characteristic of natural periodic feeding patterns. 

 

In the context of the developmental origins hypothesis, a disruption of the insulin 

endocrine axis provides an obvious mechanism to explain the links between adverse 

prenatal environmental stimuli and an increased susceptibility to obesity in adulthood. 

Alterations in pancreatic development and peripheral insulin sensitivity form a common 

phenotypic feature of rat models investigating the developmental origins hypothesis 

(Martin-Gronert and Ozanne, 2005, Reusens and Remacle, 2006). More recently, 
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further studies have identified alterations in hypothalamic development associated with 

central insulin resistance in rats exposed to neonatal over-feeding (Plagemann et al., 

1999b, Plagemann et al., 1999c). These characteristic changes in hypothalamic 

development appear to stimulate hyperphagia and the development of adult obesity 

(Plagemann et al., 1999b, Plagemann et al., 1999c). Altogether, a substantial body of 

animal work now suggests that alterations in insulin endocrine function may form the 

underlying mechanisms through which adverse early life environmental stimuli can 

influence susceptibility to obesity in adulthood.  

 

1.4.2. The leptin endocrine axis 

Leptin is an adipose derived peptide hormone that functions as a major regulator of 

appetite, peripheral metabolism and long term energy homeostasis. Discovered in 1994, 

leptin deficiency was identified as the primary cause of obesity in the ob/ob mouse 

(Zhang et al., 1994). Produced by the white adipose tissue, plasma leptin levels are 

directly proportional to total body fat mass and body mass index (Considine et al., 1996, 

Maffei et al., 1995b). In this context, leptin functions as a lipostat, providing a signal 

proportional to the total extent of the body’s long term energy reserves. Leptin secretion 

appears to be mediated by constitutive mechanisms that control mRNA expression in 

relation to adipocyte size (Frederich et al., 1995). However, a range of hormonal factors 

have been identified which can acutely increase (insulin, glucocorticoids, 

proinflammatory cytokines) or decrease (noradrenaline) basal leptin synthesis and 

secretion (Ahima and Osei, 2004). These acute changes in leptin secretion suggest that 

leptin may also be involved in sensing short term fluxes in energy balance. This 

hypothesis is supported by various studies which have shown that leptin levels are 

acutely influenced by feeding and fasting, increasing when energy balance is positive 

and decreasing when it is negative (Boden et al., 1996, Harris et al., 1996, Saladin et 

al., 1995). Notably, these acute alterations in leptin secretion appear to be mediated by 

insulin which can stimulate a postprandial rise in leptin shortly after feeding (Barr et al., 

1997, Saladin et al., 1995). This interconnectivity between insulin and leptin activity 

forms an adipoinsular axis that integrates the short and long term regulation of energy 

homeostasis (Kieffer and Habener, 2000).  
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Leptin was originally identified as an anti-obesity hormone involved in the central 

regulation of body weight and energy homeostasis. Leptin treatment was found to 

reduce body weight by inhibiting food intake and stimulating the depletion of body fat 

in both normal and leptin deficient mice (Halaas et al., 1995, Maffei et al., 1995a, 

Pelleymounter et al., 1995, Zhang et al., 1994). In this context, leptin resistance has 

been identified as a primary causal mechanism responsible for the development of 

obesity (Zhang and Scarpace, 2006). In the years since its discovery, the role of leptin 

has expanded to include effects on reproduction, haematopoiesis, angiogenesis, 

osteogenesis, and on immune function (Ahima and Osei, 2004). Altogether, leptin 

appears to have a permissive effect on various biological systems, facilitating the 

activity of energy dependent biological processes when adipose energy stores and leptin 

levels are high (Ahima and Osei, 2004). As a signal for long term energy stores, leptin 

acts as both a negative feedback signal limiting excess energy storage, and as an 

activation signal for energy dependent biological processes.  

 

Leptin activates a transmembrane receptor of the extended class I cytokine-receptor 

family. The leptin receptor (OB-R) exists as 5 alternatively spliced isoforms that share a 

common extracellular binding and transmembrane domains, but has a variable 

intracellular domain (Fruhbeck, 2006). The OB-Rs can be divided into long (OB-Rb – 

Full length), short (OB-Ra, c, d, and f – truncated intracellular domain) or secreted (OB-

Re – truncated proximal of the transmembrane domain) forms. However, only the full 

length OB-Rb isoform is capable of complete signal transduction (Baumann et al., 

1996). Leptin signalling is transmitted by a JAK/STAT (Janus kinase/Signal transducers 

and activators of transcription) signalling pathway (Banks et al., 2000, Ghilardi and 

Skoda, 1997). Activation of OB-Rb causes the autophosphorylation of receptor bound 

JAK2 which stimulates the activation and dimerization of STAT3 (Vaisse et al., 1996). 

Activated STAT3 dimers are translocated into the nucleus where they regulate gene 

transcription. In addition to the principal JAK2/STAT3 pathway, leptin signalling also 

interacts with insulin signalling pathways by activating MAPK and IRS/PI3K 

(Fruhbeck, 2006). Various studies suggest that there may be functional cross-talk 

between the leptin and insulin signalling systems (Fruhbeck, 2006). In a recent study, 

the co-administration of insulin and leptin in the hypothalamus was found to 

quantitatively enhance JAK2/STAT3 signalling (Carvalheira et al., 2005). However, 

 36



Chapter 1. 

other studies have yielded inconsistent results and the exact nature of the cross talk 

between these two signalling systems remains poorly characterised (Fruhbeck, 2006).  

 

The expression of OB-Rb is primarily concentrated in the hypothalamus, specifically in 

the arcuate (ARC), paraventricular (PVN), dorsomedial (DMN), and ventromedial 

(VMN) nuclei (Elmquist et al., 1998). In this context, leptin activity in the CNS is 

dependent on the transport of leptin across the BBB. Leptin is transported across the 

BBB by a saturable receptor-mediated transport system located in the brain 

microvasculature and choroid plexus (Banks et al., 1996). The impairment of the BBB 

transport of leptin has been proposed as a causal mechanism for the development of 

leptin resistance and obesity (Banks et al., 1996). The concentration of OB-Rb in the 

hypothalamus initially led investigators to conclude that leptin’s main effects were 

almost exclusively mediated by its effects in the CNS. However, most tissues, including 

the adipose tissue, skeletal muscle, liver and pancreas have also been found to express 

OB-Rb, albeit at levels much lower than the hypothalamus (Kieffer et al., 1996, Kutoh 

et al., 1998, Liu et al., 1997, Wang et al., 1997). Various studies have now found that 

leptin has direct effects on peripheral tissues that are independent of leptin’s effects in 

the CNS (Ceddia et al., 1999, Ceddia et al., 2000, Muoio et al., 1999, Steinberg and 

Dyck, 2000). 

 

In the hypothalamus, leptin activates, in parallel with insulin, anorexigenic neurons 

expressing POMC/α-MSH (Cheung et al., 1997), and suppresses the activity of 

orexigenic neurons coexpressing NPY/AgRP (Stephens et al., 1995). Altogether, 

leptin’s effects on hypothalamic neural activity reduces energy intake by suppressing 

appetite, and increases energy expenditure by stimulating the sympathetic nervous 

system (Ahima and Osei, 2004). Concurrent with these effects in the CNS leptin also 

has a direct effect in peripheral tissues (Ceddia, 2005). In the liver (Huang et al., 2006), 

adipose tissue (Orci et al., 2004), pancreas (Unger and Zhou, 2001) and skeletal muscle 

(Steinberg and Dyck, 2000), leptin has a direct effect on lipid metabolism, suppressing 

lipogenesis and triglyceride biosynthesis, and stimulating lipolysis and fatty acid 

oxidation (Ceddia, 2005). These peripheral effects are mediated, in the short term by an 
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acute activation of lipid oxidation and, in the long term, by sustained changes in gene 

expression.  

 

Leptin’s more immediate effects on fatty acid oxidation appear to be controlled through 

an activation of AMP-activated protein kinase (AMPK), a key regulator of cellular 

energy metabolism (Minokoshi et al., 2002, Solinas et al., 2004, Steinberg et al., 2003, 

Wang et al., 2005a). The activation of AMPK leads to a concomitant inhibition of 

lipogenic metabolic fluxes and an activation of β-oxidation (Figure 1.6). In the longer 

term leptin affects the expression of several key genes involved in lipid metabolism.  
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Figure  1.6 Schematic model of leptin’s effects on peripheral lipid metabolism 

The stimulation of the leptin receptor activates AMPK which suppresses Acc activity. Decreased Acc 
activity reduces malonyl-CoA formation leading to a disinhibition of Cpt-1 activity, enhancing β-
oxidation. Furthermore, reduced levels of malonyl-CoA also limit the rate of de-novo lipogenesis further 
increasing oxidative metabolic flux. At the level of gene transcription, leptin suppresses the expression of 
lipogenic genes and stimulates the expression of oxidative genes. 
FA fatty acid; MUFA monounsaturated fatty acid; TG triglyceride; CE cholesterol esters.  
Adapted from Ceddia, 2005, and Muoio and Lynis Dohm, 2002. 
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Several studies have shown that leptin can directly suppress the expression of lipogenic 

genes such as acetyl-CoA carboxylase (Acc), fatty acid synthase (Fas) and stearoyl-CoA 

desaturase 1 (Scd-1), and stimulates the expression of genes involved in lipid oxidation, 

such as, acyl-CoA oxidase (Aco) and carnitine palmitoyltransferase 1 (Cpt-1) (Ceddia, 

2005, Muoio and Lynis Dohm, 2002). In conjunction with the activation of AMPK, 

leptin-mediated changes in gene expression shift the cellular metabolic flux away from 

triglyceride biosynthesis and fat storage, toward fatty acid oxidation and the breakdown 

triglyceride energy stores (Figure 1.6). 

 

Together the central and peripheral effects of leptin act as a negative feedback signal 

limiting energy intake and stimulating energy expenditure when energy stores are 

abundant and leptin levels are high (Ahima and Osei, 2004). The combined effects of 

leptin act to reduce body weight by depleting body fat through the stimulation of 

peripheral lipid oxidation and by the induction of a negative energy balance (Halaas et 

al., 1997, Licinio et al., 2004). Conversely, decreased leptin activity contributes to a 

positive energy balance that facilitates weight gain and the accumulation of adipose 

tissue. In the long term, the leptin endocrine axis regulates energy homeostasis and body 

weight by limiting large fluctuations in adipose tissue energy stores. Defects in the 

leptin endocrine axis, such as leptin resistance, invariably foster the development of 

excess adiposity and obesity.  

 

Alterations in the development of the leptin endocrine represent another possible 

mechanism which may underlie the relationship between adverse prenatal 

environmental stimuli and an increased susceptibility to obesity in adulthood. In support 

of this hypothesis, recent studies in the mouse have identified a period in early neonatal 

life where the development of leptin-sensitive hypothalamic neural networks appears to 

be uniquely susceptible to disruption (Bouret et al., 2004, Pinto et al., 2004). Moreover, 

during this phase of neonatal development, leptin was found to play a key role in the 

neurotrophic patterning of the hypothalamus (Bouret et al., 2004, Pinto et al., 2004). In 

comparison to wild-type mice, leptin deficient ob/ob mice exhibited a marked 

disruption of leptin-sensitive neural pathways (Bouret et al., 2004). Notably, leptin 

treatment had no effects on these neuroanatomical defects in adult ob/ob mice, but in 

contrast, completely restored normal developmental patterns when administered to 
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neonatal mice (Bouret et al., 2004). Consistent with these recent studies, earlier work by 

Plagemann et al, in the rat, has shown that neonatal overnutrition can also adversely 

affect hypothalamic development, causing a dysregulation of energy homeostasis in 

adulthood (Plagemann et al., 2000, Plagemann et al., 1999c). In a related rat model, 

neonatal leptin treatment has been used to prevent the development of obesity and 

hyperphagia in offspring which have been exposed to prenatal undernutrition during 

pregnancy (Vickers et al., 2005). This study by Vickers et al suggests that prenatal 

events, prior to the neonatal period, may also influence the development of the leptin 

endocrine axis, and that neonatal intervention can ameliorate these alterations. 

Altogether, these studies have shown, firstly that the development of the leptin 

endocrine axis is susceptible to disruptive stimuli during early life development, and 

secondly, that early life alterations in the development of leptin endocrine axis can be 

stably maintained into adulthood.  

 

Recent studies have only just begun to explore the links between adverse prenatal 

environmental influences and the development of the hypothalamic leptin endocrine 

axis. In contrast, the long term effects of adverse prenatal environmental influences on 

peripheral leptin sensitivity remain unknown.  

 

1.5. Scope of thesis 

Recent research suggests that the risks of developing chronic non-communicable 

diseases, like obesity, can be influenced not only by genetic and adult life-style factors, 

but also by environmental influences acting during early development (Barker, 2004a, 

Gluckman and Hanson, 2004, Hales and Barker, 2001). This idea is known as the 

developmental origins of health and disease hypothesis (Barker, 2004b). In a public 

health context this hypothesis provides a theoretical framework which can be used to 

explain the increasing epidemic of obesity and type II diabetes in today’s modern 

society.  

 

Evidence from both human and animal studies now firmly supports the existence of a 

link between adverse prenatal environmental influences and an increased risk of 

developing obesity in adulthood. Moreover, recent animal studies have suggested that 

long term alterations in leptin activity may explain this relationship. However, our 
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present understandings of long term effects of adverse prenatal environmental influence 

on leptin activity in adulthood remain limited. 

 

The overall goal of this thesis was to identify the mechanisms through which prenatal 

and postnatal nutritional influences affect susceptibility to diet-induced obesity, in the 

adult Wistar rat. This research focused on an investigation into the long term effects of 

prenatal undernutrition on adult leptin sensitivity, and on how these prenatal effects can 

interact with different levels of postnatal nutrition to modify obesity risk. The specific 

aims of the studies described in this thesis were:  

 

• To determine whether exposure to prenatal undernutrition is associated with 

the development of leptin resistance in adult offspring (UN offspring) 

independently of postnatal dietary influences. 

 

• To investigate the interaction between prenatal nutrition and postnatal diet 

and its effects on obesity development and leptin sensitivity in adult UN 

offspring fed either a high-fat or a calorie restricted diet.  

 

• To identify changes in peripheral gene expression associated with the 

development of leptin resistance and obesity in UN offspring.  

 

• To determine whether differences in leptin sensitivity are associated with 

alterations in the ability of leptin treatment to affect peripheral gene 

expression. 

 

Four discrete experimental studies were designed to fulfil the aims of this thesis. The 

first study, described in chapter 2, was used to establish a regime of peripheral leptin 

treatment that could be used to test leptin sensitivity in both lean and obese Wistar rats. 

Additionally, this study was also used to determine the obesogenic properties of a 

custom-made high-fat diet, enriched in saturated fats, and specially designed to rapidly 

induce DIO. The second study, described in chapter 3, set-up the experimental paradigm 

that forms the central body of work described in this thesis. Using a well established rat 

model of maternal undernutrition during pregnancy, in conjunction with postnatal high-
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fat feeding and calorie restriction, this study investigated interactions between prenatal 

undernutrition and postnatal diet and its effects on adult leptin sensitivity and the 

development of DIO. Leptin sensitivity was tested within this study using the treatment 

regime which had been established in the work of the previous chapter. Using the 

experimental paradigm established in Chapter 3, the third and fourth experimental 

studies of this thesis (Chapters 4 & 5) investigated the effects of prenatal undernutrition, 

postnatal diet and leptin treatment on gene expression in the liver, retroperitoneal 

adipose tissue and soleus muscle. In Chapter 4, a custom microarray platform was 

developed to screen the peripheral gene expression patterns of a focused selection of 

genes involved in the regulation of growth, development and peripheral energy 

metabolism. In Chapter 5, quantitative real-time RT-PCR was used to confirm the 

expression patterns of six genes identified in the large-scale microarray study of the 

previous chapter.  
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CHAPTER 2.  IN VIVO CHARACTERISATION OF 
RECOMBINANT RAT LEPTIN IN THE LEAN AND 
OBESE WISTAR RAT 

 

 

2.1. Introduction 

The development of obesity by means of high-fat feeding in the rat is currently one of 

the most common experimental models used to study the pathophysiology of DIO 

(Gauthier et al., 2006, Levin et al., 2004, Ricci and Levin, 2003, Scarpace et al., 2005, 

Smith et al., 2002). A wide range of different high-fat diets have been used to produce 

DIO in the rat. Consequently the macronutrient composition, fat content, and type of fat 

used, can vary widely from lab to lab (Buettner et al., 2004, Perez-Echarri et al., 2005, 

Warwick et al., 2000, Woods et al., 2003). While different diets used in different strains 

have, to some extent, yielded different results, high-fat feeding in the rat typically 

stimulates hyperphagia, increased energy intake and weight gain, culminating in the 

development of obesity. In conjunction with the development of obesity, high-fat 

feeding has also been found to rapidly induce leptin resistance (El-Haschimi et al., 

2000, Levin and Dunn-Meynell, 2002, Lin et al., 2000, Tulipano et al., 2004, Van Heek 

et al., 1997, Wilsey et al., 2003). On the basis of a large number of studies, in both 

animal models as well as in the human population, leptin resistance has been implicated 

as a key mechanism involved in the development of obesity (Zhang and Scarpace, 

2006). Consequently, the assessment of leptin sensitivity has become an important 

parameter in the study of the pathophysiology of DIO.  

 

The development and production of recombinant leptin has facilitated the study of 

leptin function in both in vitro and in vivo settings. Initially, production of recombinant 

leptin was limited to human (Varnerin et al., 1998) and murine (Guisez et al., 1998) 

leptin variants, however the field has progressed rapidly with the production of cow (Ji 

et al., 1998), sheep (Gertler et al., 1998), dog (Iwase et al., 2000), chicken (Raver et al., 

1998), pig (Ramsay et al., 1998) and eventually rat leptin (Park et al., 2001). A 
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significant proportion of studies investigating the functions of leptin have used the 

laboratory rat as a model organism. Because of the relatively close similarities between 

rat, mouse and human leptin, the majority of treatment studies in the rat have used 

recombinant human (Al-Barazanji et al., 2001, Chen and Heiman, 2000) or mouse 

leptin (Passos et al., 2004, Steinberg et al., 2003). Rat and human leptin are 82% 

identical, differing in 28 amino acid residues; 6 of which are located in the terminal 

signal sequence and 22 in the secreted protein. Of these differences, 13 are non-

conserved changes which could significantly alter the biological activity of the protein. 

Conversely, rat and mouse leptin share greater similarity and are 96% identical, 

differing in only 6 amino acid residues located within the secreted protein, and of these 

differences, only 3 are non-conserved changes.  

 

Quantitative tests of recombinant rat leptin bioactivity have shown that in a homologous 

in vitro system, rat leptin is significantly more potent than human in activating the rat 

leptin receptor (Ju et al., 2001, Park et al., 2001). Conversely, a comparison of the 

weight reducing effects of murine and human leptin, has found that within the rat, 

human leptin appears to be more potent than murine in stimulating weight loss (Al-

Barazanji et al., 2001). A study by Jackson and Herzer has also found that human leptin 

has a significant natriuretic effect in the rat, a response which is not found with identical 

doses of rat leptin (Jackson and Herzer, 1999). Given the close similarities between rat 

and mouse leptin it is generally assumed that the two have matching pharmacological 

properties in the rat. However, a number of studies have raised the possibility that there 

exists a subtle difference in the bioactivity of rat and murine leptin, in the rat 

(Gullicksen et al., 2002, Qian et al., 1998a). A direct comparison between the effects of 

murine and rat leptin has found that murine leptin is less effective at stimulating adipose 

tissue apoptosis in the rat (Choi et al., 2003). Together these findings highlight the 

importance of using a homologous approach in regards to leptin treatment. While 

recombinant rat leptin has only recently become commercially available, to date, the 

majority of studies continue to use murine leptin in the rat.  

 

The present study seeks to describe the obesogenic effects of a custom-made high-fat 

diet and to characterise the physiological responses to different doses of recombinant rat 

leptin in both lean and obese female Wistar rats. Adult female Wistar rats fed ad-libitum 

on chow or a high-fat diet were treated with either saline or recombinant rat leptin at 
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four different doses: 0.1μg/g/day, 0.5μg/g/day, 1.0μg/g/day, 5.0μg/g/day, administered 

by subcutaneous injection for 7 days. To fully characterise the effects of leptin 

treatment, a diverse range of plasma endocrine and metabolite measurements were made 

in addition to a detailed observation of body weight and food intake.  

 

2.2. Materials and methods  

2.2.1. Materials  

Recombinant rat leptin was kindly produced and provided by Professor Arieh Gertler 

(Institute of Biochemistry, Food Science and Nutrition, The Hebrew University of 

Jerusalem, Rehovot, Israel). In brief, recombinant rat leptin (r-rat leptin) was prepared 

by expression of full-length leptin cDNA in E. coli, isolation of inclusion bodies, 

refolding and purification to homogeneity by ion-exchange and gel filtration 

chromatography. The in vitro biological activity of r-rat leptin was assessed in Professor 

Gertler’s laboratory in BAF/3 cells stably transfected with the long form of the human 

leptin receptor (LEPRb) and was found to be equal to r-human leptin (data not shown). 

 

2.2.2. Animal study design  

50-day-old virgin female Wistar rats, in a weight range from 142-188g, were housed in 

pairs in standard rat cages containing wood shavings as bedding with free access to 

water. Female rats were chosen for this study because their smaller size allowed the 

efficient use of limited r-rat leptin supplies. Both males and females develop a 

comparable obesity phenotype previously identified by Vickers et al. (Vickers et al., 

2001). All rats were kept in the same room, with a constant temperature maintained at 

25ºC and a 12-h light:12-h dark cycle (Lights on 06:00 – 18:00). Rats were randomised 

into two weight-matched groups, a control and a high-fat fed group (n = 40/group). The 

control group was fed ad libitum on standard rat chow (Teklad Global 18% Protein 

rodent diet No: 2018, Harlem Teklad Global Diets, UK). The high-fat fed group was fed 

ad-libitum on a custom-made high-fat diet (see Appendix I). The chow diet provided 

3.4kcal/g (dry weight) and was comprised of 18.9% protein, 5.7% fat, and 57.3% 

carbohydrate. The high-fat diet consisted of Teklad diet supplemented with high quality 

beef fat, butter fat, corn oil, molasses sugar, casein, and Teklad vitamin (40060) and 
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mineral (AIN-36, 170915) mixes (see Appendix I). The high-fat diet provided 5kcal/g 

(dry weight) and was comprised of 27.7% protein, 30% fat and 31.1% carbohydrate. 

The protein/energy ratio and vitamin and mineral content of the two diets were identical 

and in accordance with the requirements for standard rat diets. After one week of 

acclimatisation to new diets, the body weight and energy intake of all offspring were 

recorded weekly. Total food intake was measured for each cage of paired animals and 

energy intake was calculated as kilocalories consumed per gram of body weight. At a 

postnatal age of 130 days, daily measurements of body weight and energy intake began, 

and continued for the remainder of the study. At 134 days of age, pre-treatment body 

(rectal) temperatures were measured in all animals. At 135 days of age, pre-treatment 

systolic blood pressure was recorded in all animals using tail cuff plethysmography. At 

137 days of age, both chow and high-fat fed groups were randomly divided into a 

further five weight-matched treatment groups (n = 8/group), receiving either saline (S) 

or r-rat leptin at a dose of  0.1, 0.5, 1.0,  or 5.0 μg/g/day for 7 days, given by twice daily 

subcutaneous injection (0800 h and 1700 h). On day 5 of leptin treatment, the body 

(rectal) temperature of all rats was measured, and on the following day, systolic blood 

pressure was recorded. On day 7 of leptin treatment, exploratory locomotor activity was 

measured using an open field activity test. At the end of 7 days of treatment, all rats 

were fasted overnight and euthanized two hours after a final injection of leptin. Animals 

were euthanized by decapitation under halothane anesthesia. Blood was collected into 

heparinized vacutainers and stored on ice (4oC) until centrifugation and removal of 

supernatants for analysis. Body length (nose-anus) and organ weights were recorded. 

Carcass weight (including skin and subcutaneous adipose tissue) was measured by 

weighing the body after the removal of all visceral organs. All animal work was 

approved by the Animal Ethics Committee of the University of Auckland. 

 

2.2.3. Body temperature measurement  

Pre-treatment core body (rectal) temperature was recorded 3 days prior to the start of 

treatment and was measured again after 5 days of treatment. Core body (rectal) 

temperature was measured using a sensor tip (MLT1403 Rectal probe for rats, 

ADInstruments) gently inserted approx. 3cm into the rectum. Measurements were read 

from a digital thermocouple thermometer (Digi-Sense® Dual J-T-E-K Thermocouple 

Thermometer, Cole-Parmer Instrument Co). All body temperature recordings were 
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made between 1200-1300hrs. Temperature measurements were recorded after approx. 

20 seconds, when temperature readings stabilised. All animals were gently restrained by 

hand during temperature measurement. Between measurements the sensor tip was 

sterilised with a mild antiseptic solution.  

2.2.4. Blood pressure measurement  

The technique of tail cuff plethysmography was used to determine systolic blood 

pressure. Systolic blood pressure was recorded 2 days prior to the start of treatment and 

was measured again after 6 days of treatment. Recordings were made according to 

manufacturer’s instructions using an automated blood pressure analyser and cuff pump 

(IITC model 179 Blood Pressure Analyser and model 20 NW pump, IITC Life Science). 

All systolic blood pressure recordings were made between 1200-1300hrs. To elevate the 

ambient temperature of the rats to approx. 26-27oC, all animals were acclimatised for 30 

minutes in a pre-heated room (approx. 28-29oC) prior to measurement. Covered pre-

warmed clear Perspex holders were used to restrain animals during blood pressure 

measurements. To acclimatise animals to restraint, rats were placed in holders for 5-10 

minutes prior to recordings. After animals were acclimatised to restraint, the tail cuff 

situated around the base of the tail was inflated to 240mmHg. A photoelectric sensor in 

the tail cuff detected blood pressure pulses during deflation of the tail cuff. Tail cuff 

deflation rate was set at 3mmHg/sec. Systolic blood pressure was recorded at the 

beginning of a sequence of tail pulses larger than the moving average of the baseline. 

Three clear blood pressure recordings, free of movement artefact, were used to calculate 

the average systolic blood pressure for each animal. Between each animal, restraint 

tubes were thoroughly cleaned with water.   

 

2.2.5. Activity testing 

Exploratory locomotor activity was assessed on the final day of treatment using a 

system of automated animal activity meters (Opto-Varimex-3 Animal Activity meter 

and Auto Track computer system, Columbus Instruments).  The Opto-Varimex-3 

animal activity meter is an infrared photo-cell based system consisting of a 43 x 43cm 

open field observation area, enclosed within a clear Plexiglass box 25cm in height. 15 

infrared photocells are arrayed across each vertical axis of the enclosure and activity is 

measured by counting beam interruptions. The Auto Track computer system provides 
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automated monitoring of up to 8 activity boxes simultaneously. Exploratory locomotor 

activity was characterised by four key output parameters: distance travelled in cm, 

resting time, stereotypic time, and ambulatory time in seconds. Naive experimental 

animals were placed in the centre of the open field and subsequent activity was 

measured over a 15 minute testing period. During the testing period the open field 

enclosures were covered with towels to minimise disturbances to the animals. Between 

measurements, open field enclosures were cleaned thoroughly with water.   

 

2.2.6. Plasma measurements  

Radioimmunoassay for rat leptin  

Leptin in rat blood plasma was measured using a specific in-house radioimmunoassay 

(RIA) (Vickers et al., 2000). The primary antibody used for this assay was raised 

against a synthetic fragment of bovine leptin (amino acids 30-45) in New Zealand white 

rabbits. Plasma samples were assayed undiluted or diluted 1:2 – 1:4 in leptin assay 

buffer (Appendix II). The available RIA standard was murine-leptin (Crystal Chem) 

used in concentrations ranging 0.4 – 20 ng/ml. A modification of the Chloramine-T 

method was used for the iodination of murine-leptin (Hunter and Greenwood, 1962). 

Tubes containing 50μl of sample or RIA standard were incubated for 24 hours at 4oC 

with 50μl of primary antibody at a working dilution of 1:25,000. Following incubation 

with the primary antibody, 50μl of tracer (125I-rm-leptin, 10,000 cpm per tube) was 

added to all tubes, and samples were then incubated for a further 24 hours at 4oC. To 

separate bound from free ligand, 1 ml of secondary antibody complex was added to all 

samples and standards which were then incubated for 1 hour at RT. Following a 

centrifugation at 3800 rpm/30 min/4◦C, tubes were decanted and the pellets counted by 

gamma counter. Assay validation, including leptin cold recoveries and parallel 

displacement of plasma to the standard curve, were also performed. Rat plasma samples 

showed parallel displacement to the standard curve and recovery of unlabelled rm-leptin 

was 101.4 ± 2.7% (mean ± SEM, n = 26). The assay ED50 was 0.266 ng/ml, and the 

intra-assay coefficient of variation was less than 10%.  

 

Radioimmunoassay for rat insulin-like growth factor-1 (IGF-1) 

IGF-1 in rat blood plasma was measured using a specific in-house IGFBP-blocked RIA 

(Blum and Breier, 1994). The primary antibody used for this assay was raised in New 
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Zealand white rabbits and has low affinity for IGF-II (Blum and Breier, 1994). Plasma 

samples were diluted (1:200-1:400) in acidic buffer A (refer to Appendix II) to 

dissociate IGFs from IGFBPs. The standard preparation for the RIA was rat-IGF-1 

(GrowPep) used in concentrations ranging 0.08 – 10 ng/ml. A modification of the 

Chloramine-T method was used for the iodination of rat-IGF-1 (Hunter and Greenwood, 

1962). Tubes containing 100μl of diluted sample or RIA standard were incubated for 48 

hours at 4oC with 100μl of primary antibody and 100ul of tracer (125I-rat-IGF-1, 15-

20,000 cpm per tube). The primary antibody was diluted in buffer B (refer to Appendix 

II) in the presence of excess IGF-2 (25ng/tube) to a working dilution of 1:50000. After 

incubation, bound and free ligands were separated by the addition of 1ml of secondary 

antibody complex; samples were then incubated for a further hour at RT. Following 

centrifugation at 3800 rpm/30 min/4◦C, tubes were decanted and the pellets counted by 

gamma counter. Assay validation, including IGF-1 cold recoveries and parallel 

displacement of plasma to the standard curve, were performed. Rat plasma samples 

showed parallel displacement to the standard curve and recovery of unlabelled rat-IGF 

was 95.5 ± 7% (mean ± SEM, n = 41). Assay ED50 was 0.66 ng/ml, and the intra-assay 

coefficient of variation was less than 10%.  

 

Radioimmunoassay for rat insulin 

Insulin in rat blood plasma was measured using a specific in-house RIA (Woodall et al., 

1996a). The primary antibody used for this assay was raised against an ovine insulin 

fragment in guinea pigs. Plasma samples were assayed diluted 1:4 in insulin assay 

buffer (refer to Appendix II). The standard preparation for the RIA was rat-insulin 

(Crystal Chem) used in concentrations ranging 0.01 – 5 ng/ml. A modification of the 

Chloramine-T method was used for the iodination of rat-insulin (Hunter and 

Greenwood, 1962). Tubes containing 50ul of diluted sample or standard were incubated 

for 24 hours at RT with 100ul of primary antibody at a working dilution of 1:80,000. 

Following incubation with the primary antibody, 100μl of tracer (125I-rat-insulin, 10,000 

cpm per tube) was added to all tubes, samples were then incubated for a further 24 

hours at 4oC. To separate bound from free ligand, 1 ml of secondary antibody complex 

was added to all samples and standards and all tubes were incubated for 3 hours at RT. 

Following centrifugation at 3800 rpm/30 min/4◦C, tubes were decanted and the pellets 

counted by gamma counter. Assay validation, including insulin cold recoveries and 
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parallel displacement of plasma to the standard curve, were performed. Rat plasma 

samples showed parallel displacement to the standard curve and recovery of unlabelled 

rat-insulin was 96.5 ± 4.4% (mean ± SEM, n = 11). Assay ED50 was 0.029 ng/ml, and 

the intra-assay coefficient of variation was less than 10%.  

 

Blood plasma glucose measurements  

Blood plasma glucose concentrations were measured using an YSI Glucose Analyser 

(Model 2300, Yellow Springs Instrument Co.). Briefly, 25μl of plasma was aspirated 

into the analyser, glucose concentrations were then measured by an immobilised 

enzyme biosensor. Glucose is oxidised within the biosensor membrane by the enzyme 

glucose oxidase producing equivalent amounts of hydrogen peroxide. The hydrogen 

peroxide is then oxidised by a platinum electrode producing a current directly 

proportional to the concentration of glucose in the sample.  

 

Blood plasma free fatty acid measurements  

Blood plasma free fatty acids concentrations were measured using a Roche diagnostic 

kit in accordance with the manufacturer’s instructions (Free fatty acids, half micro test 

Cat#11 383 175 001, Roche Applied Science). Briefly, 50μl of plasma sample was used 

in a two step colorimetric enzymatic reaction. In the first step, plasma free fatty acids 

are converted to fatty acyl-CoA by the enzyme acyl-CoA synthetase. In the second step, 

acyl-CoA is oxidised by the enzyme acyl-CoA oxidase, producing hydrogen peroxide 

which reacts with dye substrates in the presence of peroxidase to generate a red dye 

(absorbance 546nm). The increase in absorbance at 546nm is directly proportional to 

the concentration of free fatty acids in the sample.    

 

Blood plasma free glycerol and triglyceride measurements  

Blood plasma free glycerol and triglyceride concentrations were measured using a 

Sigma diagnostic kit in accordance with the manufacturer’s instructions (Serum 

Triglyceride Determination Kit Cat #TR0100, Sigma). Briefly, 10μl of plasma was used 

to measure both free glycerol and triglyceride in a multi-step colorimetric enzymatic 

reaction. Free glycerol in plasma samples was measured first. Free glycerol was 

converted to glycerol-1-phosphate by the enzyme glycerol kinase and then oxidised by 

glycerol phosphate oxidase, producing hydrogen peroxide. The hydrogen peroxide 
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reacts with dye substrates in the presence of peroxidase to generate a red dye 

(absorbance 540nm). The increase in absorbance at 540nm is directly proportional to 

the concentration of free glycerol in the sample. Total triglycerides in the sample are 

then enzymatically degraded with lipoprotein lipases to yield glycerol and free fatty 

acids. Glycerol liberated from plasma triglycerides is then converted to hydrogen 

peroxide in the manner described above. The increase in absorbance at 540nm is now 

directly proportional to total glyceride concentration. True serum triglyceride 

concentrations are calculated by subtraction of free glycerol concentration from total 

glyceride concentration.  

 

2.2.7. Data analysis  

Statistical analyses were carried out using SigmaStat for Windows version 3.10 (Systat 

Software Inc.). Data are presented as means ± SEM. Pre-treatment growth curves and 

energy intake were analysed by two-way repeated measurements ANOVA, followed by 

Holm-Sidak post hoc analysis. Pre-treatment differences in body temperature and blood 

pressure were analysed by one-way ANOVA. The change in body temperature and 

blood pressure with leptin treatment were analysed independently within each diet 

group by two-way repeated measures ANOVA, followed by Holm-Sidak post hoc 

analysis. The effects of leptin treatment on body weight and energy intake were tested 

within each diet group independently by two-way repeated measures ANOVA followed 

by Holm-Sidak post hoc analysis. The effects of diet on leptin-mediated body weight 

change and energy intake were determined within each dose group by two-way repeated 

measures ANOVA followed by Holm-Sidak post hoc analysis. Activity measurements, 

tissue weights, and plasma measurements were analysed by two-way ANOVA followed 

by Holm-Sidak post hoc analysis.  
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2.3. Results  

2.3.1. Growth curves and energy intake prior to leptin treatment 

Body weight was significantly increased in rats fed on a high-fat diet after three weeks 

of high-fat feeding (P<0.0001, Figure 2.1 A.). Overall, the rate of weight gain was 

increased in rats fed on a high-fat diet, increasing the difference in body weight between 

chow and high-fat fed rats over time (Figure 2.1 A.).  
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Figure  2.1 Growth curves and energy intake.  

A. Growth curves prior to leptin treatment. * P<0.0001 (High-fat vs. Chow). B. Energy intake prior to 
leptin treatment. * P< 0.05 (Chow vs. High-fat). Data are mean ± SEM, n = 40 per group, differences 
determined by repeated-measures ANOVA. 
 

 

 

Overall, there was no significant difference in energy intake between high-fat and 

chow-fed rats over the pre-treatment period. However, there was an interaction between 

diet and age (P<0.05, Figure 2.1 B.), with energy intake being significantly greater in 

chow-fed rats at 13 and 15 weeks of age. At the level of individual macronutrients, fat 

intake was enhanced (P<0.0001, Figure 2.2) and carbohydrate intake reduced 

(P<0.0001, Figure 2.2) in high-fat fed rats. Conversely, protein intake was identical in 

both chow and high-fat fed rats (Figure 2.2).  
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Figure  2.2 Specific macronutrient energy intake.  

Fat * P<0.0001 (High-fat (HF) vs. Chow (C)), Carbohydrate † P<0.0001 (Chow (C) vs. High-fat (HF)). 
Data are mean ± SEM, n = 20 per group, differences determined by repeated-measures ANOVA. Note: 
Macronutrient content derived from diet composition analysis (Appendix I). 
 

2.3.2. Body temperature and systolic blood pressure prior to leptin 
treatment  

Prior to the onset of leptin treatment, core body temperature was found to be 

significantly lower in high-fat fed rats relative to chow (P<0.01, Figure 2.3 A.). In 

contrast, systolic blood pressure was significantly higher in high-fat rats (P<0.005, 

Figure 2.3 B.). 
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Figure  2.3 Body temperature and systolic blood pressure.  

A. Core body temperature prior to leptin treatment.* P<0.01 Chow vs. High-fat. B. Systolic blood 
pressure prior to leptin treatment. * P<0.005 High-fat vs. Chow. Data are mean ± SEM, n = 40 per group, 
differences determined by one-way ANOVA. 
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2.3.3. Effects of leptin treatment on body weight and energy intake  

In chow-fed rats, leptin treatment caused a dose-dependent reduction in body weight 

(treatment effect, P<0.005, Figure 2.4 A.). The magnitude of weight loss in chow-fed 

rats was greatest in rats receiving 5.0μg/g of leptin; weight loss with this dose became 

significant on day 4 of leptin treatment (P<0.005, Figure 2.4 A.). By day 7 of treatment, 

weight loss in chow-fed rats receiving 5.0μg/g of leptin was significantly greater than 

with any other dose (P<0.01, Figure 2.4 A.). Weight loss in chow-fed rats receiving 1.0, 

0.5, and 0.1μg/g of leptin reached significance on day 5 of leptin treatment (P<0.01, 

Figure 2.4 A.), however there was no difference in weight loss between these different 

doses. In high-fat fed rats, leptin treatment also caused a dose dependent reduction in 

body weight (treatment effect, P<0.05, Figure 2.4 B.). The magnitude of weight loss 

was greatest in high-fat fed rats receiving 5.0μg/g and 1.0μg/g of leptin. Weight loss in 

these groups became significantly greater than saline treated rats on day 5 of leptin 

treatment (P<0.005, Figure 2.4 B.). By day 7 of treatment, weight loss in rats receiving 

5.0μg/g and 1.0μg/g of leptin became significantly greater than that observed in rats 

receiving 0.5μg/g of leptin (P<0.01, Figure 2.4 B.). Weight loss in high-fat fed rats 

receiving 1.0 and 0.5μg/g of leptin reached significance on day 6 of leptin treatment 

(P<0.01, Figure 2.4 B.); however, there was no difference in weight loss between these 

different doses. High-fat fed rats receiving 0.1μg/g of leptin did not experience any 

significant weight loss relative to matched saline treated animals.  

 

The effect of diet on leptin-mediated weight loss was analysed independently across 

each level of dose. High-fat feeding did not have a statistically significant effect on 

leptin-mediated weight loss in rats receiving 0.1, 0.5, and 1.0μg/g of leptin. However, in 

rats receiving 5.0μg/g of leptin, high-fat feeding significantly reduced leptin stimulated 

weight loss relative to chow-fed animals. The average weight loss over the treatment 

period with 5.0μg/g of leptin was -2.24 ± 0.27g in chow-fed rats, but only -1.46 ± 0.20 

in high-fat fed rats (P<0.05).  

 

Leptin treatment had no effect on food intake in either chow or high-fat fed rats (Figure 

2.4 A. and B.). 

 

 

 54



Chapter 2. 

 

 

 

 

 

 

 

 

 

 

0 1 2 3 4 5 6 7 8

-6

-4

-2

0

2

* *

†

*

†

A.

†

§

Saline
Dose 0.1 μg/g
Dose 0.5 μg/g
Dose 1.0 μg/g
Dose 5.0 μg/g

day

C
ha

ng
e 

in
 b

od
y 

w
ei

gh
t

(%
)

0 1 2 3 4 5 6 7 8

-6

-4

-2

0

2
B.

* * §
†

†

day

 

Figure  2.4 Effects of leptin treatment on body weight 

A. Body weight change in chow-fed offspring.* P<0.005 Dose 5.0μg/g vs. Saline, § P<0.01 Dose 5.0μg/g 
vs. Dose 1.0, 0.5, 0.1μg/g and saline, † P<0.01 Dose 1.0, 0.5 and 0.1 vs. Saline. B. Body weight change in 
high-fat fed offspring. * P<0.005 Dose 5.0 and 1.0μg/g vs. Saline and Dose 0.1μg/g, § P<0.01 Dose 5.0 
and 1.0μg/g vs. Dose 0.5, 0.1μg/g and saline, † P<0.01 Dose 0.5μg/g vs. Saline. Data are mean ± SEM, n 
= 8 per group, differences determined by repeated-measures ANOVA. 
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Figure  2.5 Effects of leptin treatment on food intake 

A. Change in food intake in chow-fed offspring. B. Change in food intake in high-fat fed offspring. Data 
are mean ± SEM, n = 4 per group 
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2.3.4. Body temperature and systolic blood pressure following leptin 
treatment.  

In chow-fed rats, leptin treatment had no effects on body temperature (Figure 2.6 A.). In 

high-fat fed rats, leptin treatment had a dose-dependent effect on body temperature, 

significantly increasing core body temperature (treatment effect P<0.005, Figure 2.6 

B.). Core body temperature was increased in high-fat fed rats with 1.0, 0.5 and 0.1μg/g 

of leptin (P<0.01, Figure 2.6 B.); however, a dose of 5.0μg/g had no effect. Systolic 

blood pressure was not affected by leptin treatment in either chow or high-fat fed 

offspring (Figure 2.7 A. and B.). 
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Figure  2.6 Effects of leptin treatment on body temperature 

A. Change in body temperature in chow-fed offspring. B. Change in body temperature in high-fat fed 
offspring. * P<0.01 Post- vs. Pre-treatment. Data are mean ± SEM, n = 8 per group, differences 
determined by repeated-measures ANOVA. 
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Figure  2.7 Effects of leptin treatment on systolic blood pressure.  

A. Change in systolic blood pressure in chow-fed offspring. B. Change in systolic blood pressure in high-
fat fed offspring. Data are mean ± SEM, n = 8 per group 
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2.3.5. Effects of leptin treatment on activity  

Neither leptin treatment nor diet had a significant effect on any activity parameters 

measured in this study (Table 2.1). 

 

Table  2.1 Activity parameters 
      

Diet Dose  Distance 
travelled (cm) 

Resting time  
(sec) 

Ambulatory 
time (sec) 

Stereotypic time 
(sec) 

      
Chow Saline 3779 ± 415 427 ± 28 157 ± 15 316 ± 16 
Chow Leptin 0.1μg/g 3428 ± 382 422 ± 24 148 ± 15 330 ± 12 
Chow Leptin 0.5μg/g 3607 ± 305 443 ± 16 153 ± 11 304 ± 10 
Chow Leptin 1.0μg/g 3706 ± 361 415 ± 26 159 ± 14 326 ± 12 
Chow Leptin 5.0μg/g 3939 ± 323 405 ± 11 166 ± 10 329 ± 6 
      
High-fat Saline 4237 ± 319 372 ± 23 179 ± 11 349 ± 14 
High-fat Leptin 0.1μg/g 3517 ± 317 434 ± 17 151 ± 11 315 ± 9 
High-fat Leptin 0.5μg/g 4153 ± 209 383 ± 22 173 ± 7 344 ±16 
High-fat Leptin 1.0μg/g 3765 ± 781 440 ± 43 157 ± 27 303 ± 24 
High-fat Leptin 5.0μg/g 4202 ± 378 367 ± 27 179 ± 14 354 ± 18 
Data are the means ± SEM (n = 8). No significant differences 

 

2.3.6. Tissue data  

High-fat feeding significantly increased nose-anus length, carcass weight, 

retroperitoneal fat mass and the % of retroperitoneal fat mass in high-fat fed animals 

(P<0.001, Table 2.2). Leptin treatment did not have any significant effects on any 

parameters of body size or fat mass (Table 2.2). 

 

Table  2.2 Body size and fat mass 
      

Diet Dose  Nose-anus 
length (cm) 

Carcass      
weight (g) 

Retroperitoneal 
fat mass (g) 

Retroperitoneal 
fat (%) 

      
Chow Saline 208 ± 2.39 215 ± 6.11 3.13 ± 0.36 1.39 ± 0.18 
Chow Leptin 0.1μg/g 210 ± 1.67 216 ± 4.53 3.33 ± 0.35 1.53 ± 0.14 
Chow Leptin 0.5μg/g 210 ± 3.02 213 ± 5.35 3.45 ± 0.43 1.61 ± 0.18 
Chow Leptin 1.0μg/g 208 ± 2.51 216 ± 9.40 3.11 ± 0.58 1.39 ± 0.21 
Chow Leptin 5.0μg/g 205 ± 1.86 215 ± 8.85 3.07 ± 0.59 1.41 ± 0.22 
      
High-fat Saline 210 ± 1.88 ** 258 ± 13.90 ** 6.84 ± 1.16 ** 2.59 ± 0.33 **

High-fat Leptin 0.1μg/g 216 ± 1.75 ** 248 ± 8.35 ** 6.13 ± 0.47 ** 2.47 ± 0.16 **

High-fat Leptin 0.5μg/g 213 ± 2.27 ** 245 ± 8.24 ** 6.83 ± 0.79 ** 2.77 ± 0.29 **

High-fat Leptin 1.0μg/g 217 ± 3.39 ** 247 ± 11.30 ** 6.29 ± 1.05 ** 2.46 ± 0.32 **

High-fat Leptin 5.0μg/g 2.17 ± 2.01 ** 247 ± 8.06 ** 6.18 ± 1.01 ** 2.47 ± 0.39 **

Data are the means ± SEM (n = 8). **P < 0.001 High-fat vs. Chow.  
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High-fat feeding significantly increased heart weight (P<0.001, Table 2.3) and the 

weight of the soleus muscle (P<0.001, Table 2.3), liver (P<0.05, Table 2.4), kidney 

(P<0.05, Table 2.4) and adrenal (P<0.05, Table 2.4), but had no effect on brain weight 

or the weight of the Extensor digitorum longus (EDL) muscle (Table 2.3). Leptin 

treatment had no effects on organ weight (Tables 2.3 & 2.4) 

 

Table  2.3 Brain, heart and skeletal muscle weights 
      
Diet Dose  Brain (g) Heart (g) Soleus (g) EDL (g) 
      
Chow Saline 2.00 ± 0.04 1.03 ± 0.03 0.30 ± 0.02 0.29 ± 0.02 
Chow Leptin 0.1μg/g 1.96 ± 0.03 1.00 ± 0.01 0.29 ± 0.01 0.26 ± 0.01 
Chow Leptin 0.5μg/g 1.99 ± 0.03 1.05 ± 0.03 0.27 ± 0.01 0.25 ± 0.01 
Chow Leptin 1.0μg/g 1.95 ± 0.03 0.96 ± 0.03 0.31 ± 0.02 0.26 ± 0.01 
Chow Leptin 5.0μg/g 2.00 ± 0.04 0.96 ± 0.03 0.31 ± 0.01 0.26 ± 0.01 
      
High-fat Saline 1.92 ± 0.05 1.10 ± 0.05 ** 0.34 ± 0.01 ** 0.28 ± 0.01 
High-fat Leptin 0.1μg/g 2.02 ± 0.02 1.12 ± 0.03 ** 0.33 ± 0.01 ** 0.28 ± 0.01 
High-fat Leptin 0.5μg/g 1.98 ± 0.03 1.13 ± 0.02 ** 0.33 ± 0.02 ** 0.27 ± 0.01 
High-fat Leptin 1.0μg/g 2.02 ± 0.02 1.17 ± 0.07 ** 0.33 ± 0.01 ** 0.27 ± 0.01 
High-fat Leptin 5.0μg/g 2.00 ± 0.03 1.13 ± 0.06 ** 0.33 ± 0.01 ** 0.27 ± 0.01 
Data are the means ± SEM (n = 8). **P < 0.001 High-fat vs. Chow.  

 

 

Table  2.4 Liver, spleen, kidney and adrenal weights 
      
Diet Dose  Liver (g) Spleen (g) Kidneys (g) Adrenals (g) 
      
Chow Saline 8.48 ± 0.28 0.77 ± 0.02 2.05 ± 0.07 0.101 ± 0.008 
Chow Leptin 0.1μg/g 8.19 ± 0.30 0.75 ± 0.03 1.95 ± 0.05 0.096 ± 0.004 
Chow Leptin 0.5μg/g 8.06 ± 0.27 0.69 ± 0.02 1.98 ± 0.03 0.091 ± 0.005 
Chow Leptin 1.0μg/g 7.48 ± 0.35 0.69 ± 0.04 1.89 ± 0.08 0.093 ± 0.003 
Chow Leptin 5.0μg/g 7.88 ± 0.44 0.70 ± 0.05 1.99 ± 0.06 0.096 ± 0.007 
      
High-fat Saline 9.01 ± 0.49 * 0.77 ± 0.02 2.21 ± 0.09 * 0.102 ± 0.007 *
High-fat Leptin 0.1μg/g 8.55 ± 0.25 * 0.72 ± 0.02 2.05 ± 0.05 * 0.101 ± 0.006 *
High-fat Leptin 0.5μg/g 8.61 ± 0.37 * 0.67 ± 0.03 2.16 ± 0.05 * 0.105 ± 0.009 *
High-fat Leptin 1.0μg/g 8.57 ± 0.28 * 0.73 ± 0.01 2.12 ± 0.06 * 0.110 ± 0.006 *
High-fat Leptin 5.0μg/g 8.49 ± 0.28 * 0.69 ± 0.03 2.12 ± 0.08 * 0.106 ± 0.007 *

Data are the means ± SEM (n = 8). *P < 0.05 High-fat vs. Chow.  
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2.3.7. Plasma hormones and metabolites 

In saline treated animals, high-fat feeding significantly increased plasma leptin levels 

(P<0.05, Table 2.5) and as expected, leptin treatment caused a dose-dependent increase 

in plasma leptin (Table 2.5). High-fat feeding significantly reduced plasma IGF-1 

levels, but only in animals treated with saline or 0.5μg/g of leptin (P<0.005, Table 2.5). 

Leptin treatment significantly reduced plasma IGF-1 levels in both chow and high-fat 

fed offspring (P<0.005, Table 2.5) independently of dose. Plasma insulin levels were 

significantly increased by high-fat feeding (P<0.05, Table 2.5) and were unaffected by 

leptin treatment in either chow or high-fat fed rats (Table 2.5). 

 

 

Table  2.5 Plasma hormones 
     
Diet Dose  Leptin (ng/ml) IGF-1 (ng/ml) Insulin  (ng/ml) 
     
Chow Saline 5.13 ± 0.87 428 ± 26.1 1.37 ± 0.23 
Chow Leptin 0.1μg/g 22.13 ± 2.96 † 317.5 ± 23.7# 1.02 ± 0.18 
Chow Leptin 0.5μg/g 94.75 ± 21.6 †, ‡ 342.6 ± 26.4# 1.39 ± 0.41 
Chow Leptin 1.0μg/g 321.4 ± 74.9 †, ‡, § 306.8 ± 26.5# 0.65 ± 0.16 
Chow Leptin 5.0μg/g 1593 ± 224 †, ‡, §, ||  296.0 ± 26.0# 0.91 ± 0.42 
     
High-fat Saline 19.8 ± 5.27 * 313.1 ± 12.2⊥ 2.31 ± 1.11 *
High-fat Leptin 0.1μg/g 48 ± 12.2  † 308.8 ± 11.9# 1.52 ± 0.23 *
High-fat Leptin 0.5μg/g 134.3 ± 21.5 †, ‡ 281.4 ± 14.3#⊥ 1.55 ± 0.43 *
High-fat Leptin 1.0μg/g 308 ± 30.2 †, ‡, § 287.0 ± 15.8#

Data are the means ± SEM (n = 8). *P < 0.05 High-fat vs. Chow. ⊥P < 0.05 Chow vs. High-fat. †P < 
0.0001 Leptin dose vs. Saline. ‡ P < 0.0001 Leptin dose vs. Leptin 0.1ug/g. § P < 0.0001 Leptin dose vs. 
Leptin 0.5μg/g. || P < 0.001 Leptin dose vs. Leptin 1.0μg/g. # P < 0.05 Leptin vs. Saline. 

1.76 ± 0.62 *
High-fat Leptin 5.0μg/g 1756 ± 274 †, ‡, §, ||  291.5 ± 19.2# 1.23 ± 0.19 *

 
 

 

Neither high-fat nutrition nor leptin treatment had any affect on plasma glucose or free 

fatty acid concentrations (Table 2.6). Leptin treatment had no effect on plasma free 

glycerol concentrations, however, high-fat feeding significantly increased plasma free 

glycerol levels (P<0.0001, Table 2.6). In saline treated rats high-fat feeding significantly 

increased plasma triglycerides (P<0.05, Table 2.6), and in both chow and high-fat fed 

rats treatment with 5.0 and 1.0μg/g doses of leptin significantly reduced plasma 

triglycerides (P<0.05, Table 2.6).  
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Table  2.6 Plasma metabolites 
      

Diet Dose  
Glucose 
(mmol/l) 

Free fatty acids 
(mmol/l) 

Free glycerol 
(mmol/l)) 

Triglycerides 
(mmol/l) 

      
Chow Saline 8.26 ± 0.35 0.63 ± 0.03 0.22 ± 0.01 0.30 ± 0.02 
Chow Leptin 0.1μg/g 9.16 ± 0.31 0.51 ± 0.05 0.23 ± 0.02 0.35 ± 0.05 
Chow Leptin 0.5μg/g 9.10 ± 0.44 0.65 ± 0.05 0.24 ± 0.02 0.32 ± 0.04 
Chow Leptin 1.0μg/g 8.02 ± 0.42 0.74 ± 0.07 0.23 ± 0.02 0.25 ± 0.03 †  
Chow Leptin 5.0μg/g 7.21 ± 0.45 0.79 ± 0.09 0.22 ± 0.02 0.27 ± 0.02 †
      
High-fat Saline 9.07 ± 0.37 0.67 ± 0.07 0.32 ± 0.02 ** 0.50 ± 0.08 *

High-fat Leptin 0.1μg/g 8.56 ± 0.26 0.62 ± 0.02 0.35 ± 0.02 ** 0.36 ± 0.03 

High-fat Leptin 0.5μg/g 8.54 ± 0.26 0.65 ± 0.09 0.35 ± 0.04 ** 0.36 ± 0.06 

High-fat Leptin 1.0μg/g 8.60 ± 0.31 0.62 ± 0.06 0.29 ± 0.02 ** 0.31 ± 0.03 †

High-fat Leptin 5.0μg/g 8.39 ± 0.24 0.54 ± 0.04 0.30 ± 0.04 ** 0.28 ± 0.03 †

Data are the means ± SEM (n = 8). **P < 0.0001 High-fat vs. Chow. *P < 0.05 High-fat vs. Chow. †P < 
0.05 Saline vs. Leptin. 
 

2.4. Discussion 

2.4.1. The development of diet-induced obesity  

The present study describes the development of DIO in the female Wistar rat fed ad-

libitum on a custom-made high-fat diet (30%w/w fat). Consistent with the current body 

of literature, chronic high-fat feeding was found to increase weight gain and cause DIO. 

In the majority of studies, weight gain with high-fat feeding is generally attributed to the 

development of hyperphagia and a subsequent increase in energy intake (Farley et al., 

2003, Harrold et al., 2000, Ricci and Levin, 2003, Warwick, 2003, Warwick and 

Schiffman, 1992, Woods et al., 2003). In contrast, the present study has found that DIO 

developed in the absence of hyperphagia or an increased energy intake. This result is in 

agreement with a range of studies which have also shown that high-fat feeding does not 

consistently stimulate an increased energy intake (Choo, 2003, Levin et al., 1986, Lin et 

al., 2001, Morens et al., 2005, Roberts et al., 2002). While genetic differences in 

various rat stains may contribute to the present inconsistencies in high-fat diet-induced 

hyperphagia, recent research suggests that dietary macronutrient composition may also 

play a major role (Friedman, 1998, Klaus, 2005, Morens et al., 2005, Ramirez and 

Friedman, 1990, Westerterp-Plantenga, 2003).  

 

A recent review of the literature by Simpson and Raubenheimer has lead to a suggestion 

that protein intake is a key determinant of overall energy intake on an unbalanced diet 
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(Simpson and Raubenheimer, 2005). Specifically, Simpson and Raubenheimer 

hypothesize that hyperphagia is stimulated by the consumption of an energy dense diet 

that has a reduced protein/energy ratio relative to carbohydrate and fat content. In this 

scenario, hyperphagia and increased energy intake is caused by the drive to maintain a 

set protein intake forcing an over-consumption of carbohydrate and fat; this 

phenomenon has been termed the protein leverage hypothesis (Simpson and 

Raubenheimer, 2005). In this context, a consideration of the macronutrient composition 

of the diet used in the present study may help explain the absence of hyperphagia. The 

high-fat diet used in the present study had an energy density 1.5 times greater than 

standard chow and contained 5 times more fat and only 50% of the carbohydrate 

content. However, protein supplementation ensured that the protein/energy ratio of the 

high-fat diet was identical to that of standard chow. The reason for this supplementation 

was to prevent the possibility of secondary protein deficiency. If the regulation of 

protein intake can determine overall food intake in the manner suggested by Simpson 

and Raubenheimer, then the overall energy intake of two different diets with the same 

protein/energy ratio should be identical. In the present study both total energy intake 

and protein intake in chow and high-fat fed animals were identically matched, a result 

consistent with the protein leverage hypothesis. However, to achieve this level of 

protein intake, high-fat fed rats were forced to consume 3.7 times more fat than chow 

fed offspring. These findings are not only consistent with the hypothesis of Simpson 

and Raubenheimer but are also consistent with the well-established ability of rats to 

self-regulate total calorie intake (Kleiber, 1975, Peterson and Baumgardt, 1971a, 

Peterson and Baumgardt, 1971b, Yoshida et al., 1958). In contrast to the generally 

accepted idea of high-fat feeding causing a dysregulation in appetite control, the present 

study has found that chronic high-fat feeding did not impair the ability of Wistar rats to 

self-regulate total calorie and protein intake.  

 

The results of the present study show that chronic high-fat feeding in the female Wistar 

rat causes DIO in the absence of hyperphagia or increased energy intake. However, the 

development of obesity in the absence of an increased energy intake is 

thermodynamically impossible unless there is a change in energy expenditure. To test 

whether high-fat feeding altered energy expenditure parameters, physical activity and 

body temperature were measured. Spontaneous exploratory locomotor activity was 

measured using an open field activity test as described previously by Vickers et al 
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(Vickers et al., 2003). Using this type of open field test the present study has found that 

high-fat feeding had no effect on spontaneous locomotor activity. However, significant 

limitations in the testing procedure require these results to be interpreted with caution. 

Open field tests are frequently used in the measurement of exploratory behaviour and 

anxiety. The present locomotor testing was not able to be done within the home cage of 

the rats, as a result spontaneous activity cannot be separated from exploratory locomotor 

movements and other behavioural components involved in an exposure to novel 

surroundings. The testing window used in this study covered a 30 minute period during 

the middle of the rodent’s sleep cycle. Since rodents are most active during their night 

cycle, testing spontaneous activity for 30 minutes during the middle of the sleep cycle 

may not be an appropriate proxy for total spontaneous activity. 

 

Core body temperature was also measured in this study to provide an indication of 

resting energy expenditure. The present study has found that high-fat fed animals had a 

significantly lower resting core body temperature relative to chow-fed animals. This 

finding suggests that high-fat feeding may have reduced the thermogenic capacity 

and/or resting metabolic rate of high-fat fed rats. This may help to explain the 

development of DIO in the absence of hyperphagia, in the present study. This 

hypothesis is in accordance with the findings of other studies which have shown that 

high-fat feeding can suppress energy expenditure and reduce body temperature (Choo, 

2003, Crescenzo et al., 2003, Ruffin and Nicolaidis, 2000, Storlien et al., 1986, Wilsey 

et al., 2003).  

 

The development of DIO in this study was characterised by a significant increase in 

total body weight and by changes in body composition, specifically an increase in the 

percentage of fat pad mass. Interestingly, high-fat feeding also increased body length, 

and the weight of the carcass, selected skeletal muscles and a range of abdominal and 

thoracic organs. This increase in overall body size by high-fat feeding can be explained 

by the work of Estornell et al, who has demonstrated that DIO can stimulate protein 

synthesis in the rat, increasing overall organ growth (Estornell et al., 1994, Estornell et 

al., 1995). The results of the current study support the findings of Estornell et al, and 

suggest that the high-fat diet used in this study may have also stimulated protein 

synthesis (Estornell et al., 1994, Estornell et al., 1995). Consistent with a large number 

of studies, high-fat feeding and the development of DIO increased fasting blood plasma 
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leptin, insulin, glycerol and triglyceride levels (Farley et al., 2003, Harrold et al., 2000, 

Ricci and Levin, 2003, Warwick, 2003, Warwick and Schiffman, 1992, Woods et al., 

2003).  

 

In summary, the findings presented within this thesis show that chronic high-fat feeding 

did not impair appetite regulation and failed to cause hyperphagia or increase energy 

intake in the female Wistar rat. In contrast, an increased intake of saturated fats reducing 

thermogenic capacity and/or resting metabolic rate is implicated as the most likely 

mechanism causing the development of DIO in high fat fed rats. In conclusion, this 

study highlights the role of diet composition in determining energy intake and 

emphasises the independent obesogenic effects of dietary fat. 

 

2.4.2. Effects of recombinant rat leptin in lean and obese Wistar rats  

The second part of this study involved a characterisation of the physiological responses 

to different doses of recombinant rat leptin in lean and obese, adult female Wistar rats. 

Due to limitations in the availability of recombinant rat leptin, a full logarithmic range 

of doses could not be used to generate a classic dose-response relationship. The range of 

doses used in the present study (0.1, 0.5, 1.0, and 5.0μg/g) represents a spectrum of 

leptin doses commonly seen in other rodent studies using peripheral leptin treatment 

(Campfield et al., 1995, Chen and Heiman, 2000, Doh et al., 2005, Eckel et al., 1998, 

El-Haschimi et al., 2000, Halaas et al., 1997, Lin et al., 2001). Both a central and 

peripheral administration of leptin stimulates a well-characterised reduction in body 

weight and food intake; hence changes in these two parameters are most commonly 

used to assess leptin sensitivity in vivo (Campfield et al., 1995, Halaas et al., 1997, 

Halaas et al., 1995, Pelleymounter et al., 1995). In the present study, treatment with 

recombinant rat leptin caused a dose-dependent reduction in body weight in both chow 

and high-fat fed rats. A direct comparison of the response to leptin treatment in chow 

and high-fat fed animals found a difference in absolute weight loss at the highest dose 

of leptin. Further differences in the weight reducing effects of leptin in high-fat fed rats 

can be seen when the time course of weight loss and the separation between different 

doses is considered. On average, significant weight loss in high-fat fed rats was delayed 

relative to that observed in chow fed animals. Furthermore, treatment with 0.1μg/g of 

leptin failed to induce weight loss in high-fat fed animals but was able to stimulate 
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significant weight loss in chow fed animals. Together these findings suggest that high-

fat fed rats were less responsive to the weight reducing effects of recombinant rat leptin. 

In contrast with the significant weight reducing effects of leptin, leptin treatment failed 

to reduce food intake in either chow or high-fat fed rats. While there was a trend 

towards a leptin-mediated reduction in food intake, this effect did not reach statistical 

significance. However, this result has to be treated with caution, because sample size for 

this set of comparisons was reduced, limiting the statistical power of the analysis. 

Sample size was limited because food intake was measured per cage rather than per 

animal (with 2 rats per cage). Hence the number of individual food intake measurements 

for each group was reduced by half (from 8 to 4). Consequently, the power of the 

analysis (at α 0.05) for the treatment effect was greatly reduced.  

 

To characterise the effect of leptin treatment on energy expenditure parameters, body 

temperature was measured before and after 5 days of leptin treatment, while physical 

activity was measured after 6 days of leptin treatment. On average, leptin treatment 

significantly increased body temperature in high-fat fed rats and had no effect in chow-

fed rats. Notably, in high-fat fed rats there was a significant dose effect, with rats 

receiving 5.0μg/g of leptin failing to demonstrate a leptin-mediated increase in body 

temperature. Overall these findings are consistent with the results of other studies which 

have shown that leptin treatment only increases the metabolic rate of subjects that 

normally have low or suppressed metabolic rates (Doring et al., 1998, Halaas et al., 

1995, Hwa et al., 1997, Stehling et al., 1996). That leptin treatment only increased core 

body temperature in high-fat fed rats supports the suggestion that high-fat feeding has 

suppressed metabolic rates in high-fat fed animals. At the highest dose, leptin treatment 

failed to increase body temperature. One explanation for this result may be the induction 

of a negative post-plateau response inhibiting leptin’s thermogenic response at high 

pharmacological doses.  

 

Voluntary exploratory locomotor was measured as a proxy for active energy 

expenditure. While some studies in the leptin deficient rodent have suggested that leptin 

treatment can increase total locomotor activity (Coppari et al., 2005, Pelleymounter et 

al., 1995), leptin treatment was found to have no effects on total exploratory activity in 

either chow or high-fat fed rats in the present study. However, given the limitations of 
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the tests performed, some caution must be taken when interpreting these results (see 

section 2.4.1). 

 

To characterise the effect of leptin treatment on blood pressure, systolic blood pressure 

was measured before and after 6 days of leptin treatment. The documented effects of 

leptin treatment on blood pressure are highly conflicting. Different studies have 

documented both depressor and pressor responses (Carlyle et al., 2002, Dunbar et al., 

1997, Fruhbeck, 1999, Lembo et al., 2000, Rahmouni et al., 2005b, Tanida et al., 2006). 

Current research suggests that the pressor effects of leptin may override the more minor 

depressor responses, stimulating an increase in mean arterial blood pressure (Carlyle et 

al., 2002, Dunbar et al., 1997, Rahmouni et al., 2005b, Tanida et al., 2006). However, 

the present study found that leptin treatment had no effect on systolic blood pressure in 

either chow or high-fat fed rats. One possible explanation for this outcome may be 

attributed to the route of leptin administration. Studies suggest that leptin-induced 

elevations in blood pressure are principally mediated by the central stimulation of 

sympathetic nerve activity (Aizawa-Abe et al., 2000, Haynes et al., 1997, Shek et al., 

1998, Tanida et al., 2006). Consequently, the clearest elevations in blood pressure are 

observed in studies where leptin is administered centrally, by intracerebroventricular 

(ICV) injection (Carlyle et al., 2002, Shek et al., 1998). In the present study leptin was 

administered by peripheral subcutaneous injection and this may account for the absence 

of strong centrally-mediated leptin-dependent effects on systolic blood pressure.  

 

The current study has demonstrated a dose-dependent reduction in body weight with 

leptin treatment. The ability of leptin treatment to stimulate weight loss is a well 

documented phenomenon and is characterised by a specific depletion of body fat (Chen 

et al., 1996, Chen and Heiman, 2000, Shimabukuro et al., 1997). In the present study, 

leptin treatment did not appear to have a potent lipolytic effect on adipose tissue mass. 

However, the effects of leptin treatment were only assessed within the retroperitoneal 

fat pad. Recently, Fruhbeck et al have shown that different adipose tissue depots have a 

differential sensitivity to the lipolytic effects of leptin (Fruhbeck and Gomez-Ambrosi, 

2002). In this context, the absence of a leptin-mediated-effect on retroperitoneal adipose 

tissue cannot be generalised to include other fat depots or to total body fat.  
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In the present study recombinant rat leptin was administered over a 7 day period. 

During this period body temperature, blood pressure and locomotor activity parameters 

were respectively measured on days 5, 6 and 7 of treatment. The measurement of body 

temperature and blood pressure required experimental animals to be restrained for short 

periods of time over a consecutive period of two days. A careful investigation of 

individual food intake and body weight over this time period reveals a uniform drop in 

food intake and body weight between day 6 and 7 of treatment. In the rat, restraint stress 

has been shown to cause acute weight loss and inhibit energy intake (Harris, 1998, 

Harris et al., 1998). The weight loss and reductions in food intake observed in all 

animals over day 6 and 7 of treatment suggests that the measurement of body 

temperature and blood pressure may have stressed the experimental subjects. The 

possible induction of restraint stress has the potential to confound certain end point 

measurements within the present study. Hence, interpretations of the effects of leptin 

treatment on blood plasma hormones and metabolites must keep in mind the possibility 

of confounding effects. 

 

The effects of leptin treatment on various blood plasma hormones and metabolites were 

assessed after a 12 hour fast and within 3 hours of a final dose of leptin. As expected, 

plasma leptin levels were found to increase in a dose-dependent manner within treated 

animals. Fasting plasma levels of IGF-1 were reduced by leptin treatment independently 

of dose in both chow and high-fat fed animals; this result appears to be consistent with 

the current literature (Gat-Yablonski et al., 2004, Kim et al., 2004a). Similarly, leptin 

treatment has been found to suppress pancreatic insulin secretion through both direct 

and indirect mechanisms (Ishida et al., 1997, Kim et al., 2004a, Muzumdar et al., 2003, 

Pelleymounter et al., 1995, Seufert et al., 1999, Tulipano et al., 2004). However, within 

the present study, leptin treatment did not appear to have any effects on fasting plasma 

insulin levels. Whilst there was a general trend towards a suppression of insulin levels 

with the two highest doses of leptin, this difference did not reach statistical significance 

because of a high degree of natural variation within groups. Unfortunately, this level of 

variability in insulin measurements is inherent in female animals due to the effects of 

the oestrus cycle on insulin secretion (Costrini and Kalkhoff, 1971). The effect of leptin 

treatment on the following plasma metabolites: - blood glucose, free fatty acids, free 

glycerol and total triglycerides - were also characterised in the present study. The results 

of the present study show that 7 days of peripheral leptin treatment had no effects on the 
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levels of plasma glucose, free fatty acids, or free glycerol. Conversely, in both chow and 

high-fat fed rats, treatment with high dose leptin 1.0 and 5.0μg/g caused a significant 

reduction in total plasma triglycerides. These findings are consistent with the results of 

others which have demonstrated similar reductions in plasma triglycerides within both 

the mouse and rat (Barzilai et al., 1997, Chen and Heiman, 2000).   

 

In summary, the second part of this study has described the physiological efficacy of a 

range of different doses of recombinant rat leptin, administered by subcutaneous 

injection in lean and obese female Wistar rats. Dose dependent effects of leptin 

treatment were observed on body weight, body temperature, and on fasting plasma 

triglycerides. Differences in leptin-mediated weight loss in chow and high-fat fed 

offspring suggest that high-fat fed rats were less sensitive to the weight reducing effects 

of leptin. In contrast, high-fat fed rats remained responsive to the effects of leptin 

treatment on body temperature, fasting plasma triglycerides, and IGF-1. However, 

indications of weight loss and reduced food intake after the measurement of blood 

pressure and body temperature suggests restraint stress may be a confounding factor. On 

this basis, future studies using leptin treatment should avoid the use of potentially 

stressful interventions during treatment to avoid confounding end point measurements. 

On the basis of the outcomes described in this study, it was decided that a dose of 

2.5μg/g administered by subcutaneous injection over a period of 14 days would 

represent the most physiologically efficacious treatment paradigm with which to test 

leptin sensitivity.  
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CHAPTER 3.  PRENATAL INFLUENCES ON 
LEPTIN SENSITIVITY AND SUSCEPTIBILITY TO 
DIET-INDUCED OBESITY…. 

 

 

3.1. Introduction 

Recent research suggests that the risks of developing obesity are influenced by exposure 

to adverse prenatal nutritional environmental stimuli (Beall et al., 2004, Budge et al., 

2005, Martorell et al., 2001, McMillen and Robinson, 2005). Previous studies in a 

model of maternal undernutrition during pregnancy in the Wistar rat clearly demonstrate 

that exposure to prenatal undernutrition enhances offspring’s susceptibility to DIO in 

later adult life (Vickers et al., 2000, Vickers et al., 2001, Vickers et al., 2002). The 

pathogenesis of obesity in this rat model is associated with the concomitant 

development of both hyperinsulinemia and hyperleptinemia, possible markers of both 

insulin and leptin resistance respectively (Vickers et al., 2000, Vickers et al., 2001, 

Vickers et al., 2002). Leptin resistance is currently implicated as a key mechanism 

involved in the development of obesity. Various experimental models have shown that 

leptin resistance can arise as a result of both genetic defects (Ricci and Levin, 2003, 

Tulipano et al., 2004) and dietary influences (El-Haschimi et al., 2000, Fernandez-

Galaz et al., 2002). However, as of yet, no studies have effectively investigated the 

effects of adverse prenatal environmental stimuli on leptin sensitivity in adult offspring.  

 

The study described in the previous chapter (Chapter 2) has validated the use of 

peripheral recombinant rat leptin to test leptin sensitivity in vivo within a rat model of 

DIO. Using a similar treatment paradigm, the present study seeks to directly test leptin 

sensitivity in adult female Wistar rats exposed to prenatal undernutrition throughout 

gestation. In light of the well established influences of postnatal diet on leptin 

sensitivity, this study will also explore the possible interactions between prenatal 

undernutrition and postnatal diet in the development of leptin resistance and obesity. To 

provide a dietary contrast for animals on a standard chow diet, experimental offspring 
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were exposed to a high-fat diet or a regime of calorie restriction, providing a contrast 

between both a high and low nutritional planes. The principle hypotheses of this study 

are that exposure to prenatal undernutrition results in the development of leptin 

resistance within adult offspring, and that this leptin resistance may be amplified by 

postnatal high-fat nutrition and ameliorated by chronic calorie restriction. Leptin 

sensitivity in adult offspring was assessed by measuring the response to 14 days of 

peripheral leptin treatment using a dose of 2.5μ/g/day. The principle leptin response 

variables were changes in body weight and food intake across the treatment period, and 

an end point characterisation of plasma endocrine and metabolite measurements. 

 

3.2. Materials and methods 

3.2.1. Materials  

Recombinant rat leptin was kindly produced by Professor Arieh Gertler (Institute of 

Biochemistry, Food Science and Nutrition, The Hebrew University of Jerusalem, 

Rehovot, Israel). See Chapter 2 section 2.2.1 for a brief description.  

 

3.2.2. Animal model and study design  

Virgin Wistar rats (age 100 ± 5 days, n = 30 per group) were time mated using a rat 

oestrus cycle monitor to assess the stage of oestrus of the animals before introducing the 

male. Day 1 of pregnancy was determined by the presence of spermatozoa after a 

vaginal lavage. Upon confirmation of mating, rats were housed individually in standard 

rat cages containing wood shavings as bedding with free access to water. All rats were 

kept in the same room with a constant temperature maintained at 25ºC and a 12-h 

light:12-h dark cycle (Lights on 06:00 – 18:00). Pregnant animals were randomly 

assigned to receive a standard chow diet (Teklad Global 18% Protein rodent diet No: 

2018, Harlem Teklad Global Diets, UK) either ad-libitum (AD-mothers) or at 30% of 

ad-libitum intake (UN-mothers) throughout pregnancy. Food intake and maternal 

weights were recorded daily until birth. After birth, pups were weighed and litter size 

recorded. To prevent the carry-over of prenatal undernutrition into the immediate 

neonatal period, pups from UN-mothers were cross-fostered onto dams that had 

received ad-libitum feeding throughout pregnancy. Both AD and UN litters were 
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reduced to eight pups to assure adequate and standardised nutrition until weaning. After 

weaning, female offspring from the two groups of dams (AD offspring and UN 

offspring) were divided into three postnatal nutritional groups (n = 16) to be fed either 

ad-libitum on standard chow (C), ad-libitum on a high-fat diet (HF: 30% fat wt/wt), or a 

calorie restricted chow diet (70% of ad-libitum chow intake) (CR). Female rats were 

chosen for this study because their smaller size allowed the efficient use of limited r-rat 

leptin supplies. Both males and females develop a comparable obesity phenotype 

previously identified by Vickers et al. (Vickers et al., 2001).  The chow diet provided 

3.4kcal/g (dry weight) and contained 18.9% protein, 5.7% fat and 57.3% carbohydrate. 

The high-fat diet comprised Teklad diet 2018 supplemented with high quality beef fat, 

butter fat, corn oil, molasses sugar, casein, and Teklad vitamin (40060) and mineral 

(AIN-36, 170915) mixes (Appendix I). The high-fat diet provided 5kcal/g (dry weight) 

and contained 28.7% protein, 30% fat and 31.1% carbohydrate. The protein/energy ratio 

and vitamin and mineral content in the two diets were identical and in accordance with 

the requirements for standard rat diets. The body weight of all offspring was recorded 

every second day. Energy intake was calculated over a 7 day interval at three distinct 

periods: pre-pubertal (day 30 – 36), post-pubertal (day 60 – 66), and at maturity (day 

130 – 136). Food intake was measured for each cage and energy intake was calculated 

as kilocalories consumed per gram of body weight. At 112 days of age systolic blood 

pressure was measured within a randomly selected sub-cohort from each group (n = 8). 

One week prior to leptin treatment, daily body weight and food intake measurements 

were begun and continued for the remainder of the study. Three days prior to leptin 

treatment, all animals began to receive daily subcutaneous injections of saline (0.9%) to 

acclimatise them to the treatment protocol. At 142 ± 5 days of age all experimental 

groups were divided into two further treatment groups  receiving r-rat leptin 

(2.5μg/g/day) (L) (n = 8 per group) or saline (S) (n = 8 per group) for 14 days by twice 

daily subcutaneous injection (0800 h and 1700 h). Body weight and food intake were 

measured daily throughout the treatment period. At the end of treatment rats were fasted 

overnight and euthanized 2 hours after a final injection of leptin. Animals were 

euthanized by decapitation under halothane anesthesia. Blood was collected into 

heparinized vacutainers and stored on ice (4oC) until centrifugation and removal of 

supernatants for analysis. Liver, retroperitoneal adipose tissue and soleus skeletal 

muscle tissue samples were dissected from each animal, flash frozen in liquid nitrogen 

and stored at -80oC for later molecular analysis. Body length (nose-anus) and organ 
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weights were recorded. For this study all animals were skinned (subcutaneous adipose 

tissue removed) and lean carcass weight was measured by weighting the body after the 

removal of all visceral organs. All animal work was approved by the Animal Ethics 

Committee of the University of Auckland. 

 

3.2.3. Plasma measurements  

Radioimmunoassay for rat leptin and insulin 

Radioimmunoassay for rat leptin and insulin were performed as described in Chapter 2. 

Section 2.2.6. For all assays intra- and inter-assay coefficients of variation were <10%. 

 

Radioimmunoassay for rat c-peptide 

Rat plasma c-peptide concentrations were measured using a commercially available rat 

specific RIA kit in accordance with the manufacturer’s instructions (Rat c-peptide RIA 

kit, Cat# RCP-21K, LINCO Research). The primary antibody used in this assay was a 

guinea pig anti-Rat c-peptide Antibody with 100% specificity to rat, mouse and hamster 

c-peptide. Plasma samples were assayed diluted 1:2 in assay buffer. Purified 

recombinant rat c-peptide in assay buffer was used in the following concentrations, 25 - 

1600 pM. Tubes containing 100μl of sample or standard were incubated for 24 hours at 

4oC with 100μl of rat c-peptide antibody. Following incubation with the primary 

antibody, 100μl of 125I-Rat c-peptide tracer was added to all tubes which were then 

incubated for a further 24 hours at 4oC. To separate bound from free ligands 1 ml of 

cold (4°C) precipitating reagent  was added to all samples and standards and all tubes 

were incubated for a further 20 minutes at 4°C. For rat c-peptide, assay ED-50 was 

204.56 pM and the intra- and inter-assay coefficients of variation were <5% and <10% 

respectively. 

 

Radioimmunoassay for total rat ghrelin  

Total rat plasma ghrelin concentrations were measured using a commercially available 

rat specific RIA kit in accordance with the manufacturer’s instructions (Rat ghrelin 

(total) RIA kit, Cat# GHRT-89HK, LINCO Research). The primary antibody used in 

this assay was a rabbit anti-Rat ghrelin antibody with 100% specificity to rat, human 

and canine ghrelin. Plasma samples were assayed diluted 1:2 – 1:4 in assay buffer. 

Purified rat ghrelin standard in assay buffer was used in the following concentrations, 
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100 – 10,000 pg/ml. Tubes containing 100μl of sample or standard were incubated for 

24 hours at 4oC with 100μl of rat ghrelin Antibody. Following incubation with the 

primary antibody, 100μl of 125I-Rat ghrelin tracer was added to all tubes which were 

then incubated for a further 24 hours at 4oC. To separate bound from free ligands, 1 ml 

of cold (4°C) Precipitating Reagent was added to all samples and standards and all tubes 

were incubated for a further 20 minutes at 4°C. For rat ghrelin, assay ED-50 was 

775pg/ml and the intra- and inter-assay coefficients of variation were <5% and <15% 

respectively. 

 

Blood plasma metabolites 

The measurement of the concentration of blood plasma metabolites, glucose, free fatty 

acids, free glycerol and total triglycerides were performed as described in Chapter 2. 

section 2.2.6. 

 

3.2.4. Data analysis  

Statistical analyses were carried out using SigmaStat for Windows version 3.10 (Systat 

Software Inc.). Results are presented as means ± SEM unless otherwise stated. 

Differences in birth weight, food and energy intake, body weight and length, fat mass, 

tissue weights, plasma hormone and metabolite measurements, were analysed by three-

way factorial ANOVA (prenatal nutrition, postnatal diet and leptin treatment as factors) 

followed by Holm-Sidak post hoc analysis. Pre-treatment growth curves were analysed 

by two-way repeated measurements ANOVA followed by Holm-Sidak post hoc 

analysis. The effects of leptin treatment on body weight and energy intake were 

determined within each diet group independently, by repeated measures ANOVA 

followed by Holm-Sidak post hoc analysis. The effects of diet on leptin-mediated 

changes in body weight and energy intake were determined independently within AD 

and UN offspring by repeated measures ANOVA followed by Holm-Sidak post hoc 

analysis. 
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3.3. Results  

3.3.1. Effects of undernutrition on maternal weight gain during 
pregnancy and birth phenotype.  

Maternal undernutrition throughout pregnancy caused weight loss in undernourished 

(UN) mothers from day 1 of pregnancy until day 15 when weight loss plateaued (Figure 

3.1). After day 16 of pregnancy UN mothers began to gain weight, reaching their pre-

pregnancy weights just prior to birth (Figure 3.1).  
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Figure  3.1Weight change during pregnancy. 

 (AD vs. UN mothers P<0.0001). Data are mean ± SEM, n = 28 per group, differences determined by 
repeated-measures ANOVA. 
 

 

Exposure to maternal undernutrition throughout pregnancy caused fetal growth 

retardation in female UN offspring as reflected by a significant reduction in birth weight 

(P<0.0001, Figure 3.2A) and body length (P<0.0001, Figure 3.2B). At birth, UN 

offspring were on average, 29% lighter and 10% shorter than the offspring from ad-

libitum fed (AD) mothers.  
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Figure  3.2 Birth phenotype of female offspring.  

A. Distribution of female pup birth weights (AD vs. UN offspring P<0.0001). B. Distribution of female 
pup lengths at birth (AD vs. UN offspring P<0.0001). C. Representative images of female AD and UN 
offspring at four days of age. Data are mean ± SD, n = 90 per group, differences determined by one-way 
ANOVA. 
 

3.3.2. Effects of prenatal undernutrition and postnatal diet on growth 
and adult phenotype.  

Throughout the neonatal period until weaning, the body weight of UN offspring 

remained significantly reduced relative to AD offspring (P<0.0001, inset Figure 3.3). 

After weaning, postnatal calorie restriction significantly reduced weight gain trajectory 

and final adult body weight in both AD and UN offspring, relative to matched chow-fed 

offspring (Figure 3.3). Conversely, postnatal high-fat feeding increased the postnatal 

weight gain trajectory and final adult body weight of both AD and UN offspring 

(P<0.0001, Figure 3.3). After weaning, the weight gain of UN offspring fed on chow 

and calorie restriction matched those of corresponding AD offspring (Figure 3.3). As a 

consequence, the body weight of UN offspring fed on chow and calorie restriction 

remained significantly lower than matched AD offspring throughout the postnatal 
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period (P<0.0001, Figure 3.3). In contrast, UN offspring fed on a high-fat diet 

demonstrated significantly greater weight gain than matched AD offspring, resulting in 

catch-up growth (P<0.05, Figure 3.3). By 6 weeks of age high-fat fed UN offspring had 

caught-up to the weight of AD offspring fed on chow, and by 11 weeks of age had 

caught-up to the weight of high-fat fed AD offspring (Figure 3.3).  
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Figure  3.3 Postnatal growth curves of female AD and UN offspring.  

Effect of prenatal nutrition: P < 0.001 (AD Chow vs. UN Chow and AD Calorie Rest. vs. UN Calorie 
Rest.); effect of postnatal nutrition: P < 0.001 (Chow vs. Calorie Rest., Chow vs. High-fat and Calorie 
Rest. vs. High-fat); interaction prenatal x postnatal: P<0.05. Data are mean ± SE, n = 16 per group, 
differences determined by repeated-measures ANOVA. 
 

In the pre-pubertal period, total food and energy intake within UN offspring was 

significantly lower than matched AD offspring across all postnatal diet groups (P<0.05, 

Table 3.1). In UN offspring maintained on chow and calorie restriction, total food and 

energy intake remained lower throughout the post-pubertal period and into maturity 

(P<0.05, Table 3.1). In contrast, total food and energy intake increased in high-fat fed 

UN offspring during the post-pubertal period matching intake in high-fat fed AD 

offspring (Table 3.1). However, when energy intake is corrected for total body weight, 

all the differences in energy intake between AD and UN offspring disappear (Table 
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3.1). At all time points total food and energy intake was significantly lower in both AD 

and UN offspring on calorie restriction, relative to matched chow-fed offspring (P<0.05, 

Table 3.1). However, when energy intake is corrected for total body weight, this 

difference disappears in the early pre-pubertal period. In both offspring fed on a high-fat 

diet total food intake was significantly lower than matched chow-fed offspring, and 

equivalent to the intake of offspring on calorie restriction (P<0.05, Table 3.1). In 

contrast, total energy intake in high-fat fed offspring was significantly greater than 

energy intake in both chow-fed offspring and offspring on calorie restriction (P<0.05 

Table 3.1). However, when energy intake is corrected for total body weight, energy 

intake in high-fat fed offspring only appears to be increased in the pre-pubertal period; 

in the post-pubertal period, energy intake is equivalent to chow-fed offspring and 

greater than calorie restriction; while at maturity, energy intake is lower than chow-fed 

offspring and equivalent to calorie restriction (P<0.05, Table 3.1). 

 

Endpoint measurements of body weight, body length and lean carcass mass, 

demonstrate that UN offspring on chow and calorie restriction remained both shorter 

and lighter than matched AD offspring throughout the entire experimental period 

(P<0.05, Table 3.2). In contrast, high-fat fed UN offspring caught-up with matched AD 

offspring in terms of total body weight but remained shorter and lighter in terms of lean 

carcass mass (Table 3.2). Across all postnatal diet groups, retroperitoneal fat pad 

weights were found to be the same in both AD and UN offspring (Table 3.2). 

Nevertheless, abdominal adiposity, expressed as the percentage of retroperitoneal 

adipose tissue relative to lean carcass weight, was significantly increased in UN 

offspring on both chow and high-fat nutrition, but not in UN offspring on calorie 

restriction (P<0.05, Table 3.2). In AD and UN offspring, both total retroperitoneal fat 

mass and abdominal adiposity were increased by postnatal high-fat feeding and 

decreased by calorie restriction (P<0.05, Table 3.2). 

 

Commensurate with a lower body weight, tissue weights were significantly reduced in 

UN offspring. Within all three postnatal diet groups, brain, heart, kidney and EDL 

muscle weights were found to be significantly lighter in UN offspring relative to 

matched AD offspring (P<0.05, Table 3.3). In both AD and UN offspring, all tissue 

weights except for the were increased by high-fat feeding and decreased by calorie 

restriction (P<0.05, Table 3.3).  
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Table  3.1 Food and energy intake 

        
 AD Chow UN Chow AD Calorie Rest. UN Calorie Rest. AD High-fat UN High-fat 
      

 

 

  
       
Pre-pubertal (30-36)      
Food intake (g) 29.8 ± 0.81† 27.4 ± 0.45†* 21.8 ± 0.09 18.8 ± 0.05* 21.6 ± 0.51§ 20.4 ± 0.81§*

Energy intake (Kcal) 50.7 ± 1.37† 46.2 ± 0.77†* 37.0 ± 0.15‡ 32.0 ± 0.08‡* 53.9 ± 1.27§ 51.0 ± 2.01§*

Energy intake (Kcal/g BW) 0.457 ± 0.005 0.472 ± 0.005 0.45 ± 0.006‡ 0.452 ± 0.009‡ 0.473 ± 0.008§ 0.495 ± 0.017§

       
Post-pubertal (60-66)      
Food intake (g) 37.9 ± 0.68† 35.6 ± 1.03†* 27.9 ± 0.04 25.7 ± 0.08* 28.0 ± 0.65§ 27.8 ± 0.86§

Energy intake (Kcal) 64.4 ± 1.16† 60.6 ± 1.74†* 45.8 ± 0.06‡ 41.4 ± 0.15‡* 70.1 ± 1.62§ 69.5 ± 2.16§

Energy intake (Kcal/g BW) 0.294 ± 0.003† 0.298 ± 0.004† 0.269 ± 0.002‡ 0.271 ± 0.002‡ 0.298 ± 0.005 0.305 ± 0.007 
       
Maturity (130-136)      
Food intake (g) 34.9 ± 0.83† 33.7 ± 0.64†* 25.4 ± 0.15 23.7 ± 0.25* 24.9 ± 0.59§ 24.4 ± 0.44§

Energy intake (Kcal) 57.4 ± 1.42† 57.3 ± 1.09†* 43.1 ± 0.25‡ 40.2 ± 0.43‡* 61.6 ± 1.78§ 60.9 ± 1.11§

Energy intake (Kcal/g BW) 0.203 ± 0.004† 0.205 ± 0.003† 0.186 ± 0.001 0.189 ± 0.003 0.188 ± 0.005§ 0.183 ± 0.002§

       
Data are the means ± SEM (n = 16). *P < 0.05 AD vs. UN. †P < 0.05 Chow vs. Calorie Restriction.  §P < 0.05 High-fat vs. Chow. 
‡P < 0.05 Calorie Restriction vs. High-fat. 
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        Table  3.2 Endpoint measurements of body size and fat mass 
        

Prenatal 
Nutrition Postnatal Nutrition Treatment 

Pre-treatment 
Body Weight 

(g) 

Body Length 
Nose-anus (mm) 

Carcass weight 
(skinned) (g) 

Retroperitoneal 
Fat Mass 

(g) 

Abdominal 
adiposity (%) 

        
        

AD Chow Saline 293.3 ± 5.3† 207.3 ± 1.8† 131 ± 5.45† 4.46 ± 0.39† 3.45 ± 0.37†

UN Chow Saline 279.5 ± 4.4*† 198.2 ± 2.1*† 121 ± 3.52*† 5.01 ± 0.40† 4.19 ± 0.37*†

AD Chow Leptin - - 129 ± 4.48† 3.37 ± 0.59†|| 2.54 ± 0.36†||

UN Chow Leptin - - 119 ± 2.35*† 3.83 ± 0.78†|| 3.15 ± 0.60*†||

        
AD Calorie Restriction Saline 230.5 ± 2.2‡ 198.8 ± 3.1‡ 112 ± 2.89‡ 1.37 ± 0.24‡ 1.23 ± 0.22‡

UN Calorie Restriction Saline 211.3 ± 1.8*‡ 191.3 ± 1.7*‡ 104 ± 2.31*‡ 1.22 ± 0.10‡ 1.17 ± 0.11‡

AD Calorie Restriction Leptin - - 111 ± 2.04‡ 0.53 ± 0.21‡|| 0.48 ± 0.19‡||

UN Calorie Restriction Leptin - - 102 ± 2.08*‡ 0.36 ± 0.10‡|| 0.35 ± 0.10‡||

        
AD High-fat Saline 328.6 ± 5.8§ 215.4 ± 2.8§ 141 ± 4.19§ 8.06 ± 0.76§ 5.76 ± 0.62§

UN High-fat Saline 331.6 ± 5.7§ 208.8 ± 1.9*§ 135 ± 3.74*§ 9.14 ± 1.01§ 6.50 ± 0.63*§

AD High-fat Leptin - - 139 ± 4.35§ 6.53 ± 0.92§|| 4.63 ± 0.58§||

UN High-fat Leptin - - 133 ± 2.43*§ 7.65 ± 0.65§|| 5.72 ± 0.43*§||

        
Data are the means ± SE (n = 8). *P < 0.05 AD vs. UN. †P < 0.05 Chow vs. Calorie Restriction. ‡P < 0.05 Calorie Restriction vs. High-fat.  
 §P < 0.05 High-fat vs. Chow. ||P < 0.05 Saline vs. Leptin. 
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Table  3.3 Tissue weights 
         

Prenatal 
Nutrition Postnatal Nutrition Treatment Brain (g) Heart (g) Kidney (g) Liver (g) Soleus (g) EDL (g) 

         
         

AD Chow Saline 2.03 ± 0.04 1.03 ± 0.04† 2.09 ± 0.06† 8.32 ± 0.25† 0.152 ± 0.005† 0.128 ± 0.007 
UN Chow Saline 1.89 ± 0.04* 0.92 ± 0.03†* 1.78 ± 0.07†* 7.74 ± 0.35† 0.149 ± 0.007† 0.115 ± 0.004*

AD Chow Leptin 1.95 ± 0.04 0.97 ± 0.03† 1.95 ± 0.08† 7.54 ± 0.34†|| 0.162 ± 0.007† 0.133 ± 0.004 
UN Chow Leptin 1.89 ± 0.02* 0.87 ± 0.03†* 1.67 ± 0.04†* 6.88 ± 0.31†|| 0.161 ± 0.007† 0.123 ± 0.005*

         
AD Calorie Restriction Saline 1.98 ± 0.04 0.79 ± 0.02‡ 1.67 ± 0.05‡ 6.10 ± 0.16‡ 0.137 ± 0.005‡ 0.124 ± 0.005‡

UN Calorie Restriction Saline 1.85 ± 0.02* 0.73 ± 0.01‡* 1.41 ± 0.03‡* 5.80 ± 0.17‡ 0.130 ± 0.005‡ 0.117 ± 0.005‡*

AD Calorie Restriction Leptin 1.98 ± 0.03 0.87 ± 0.03‡ 1.62 ± 0.03‡ 5.79 ± 0.16‡|| 0.138 ± 0.009‡ 0.125 ± 0.002‡

UN Calorie Restriction Leptin 1.89 ± 0.05* 0.75 ± 0.02‡* 1.39 ± 0.04‡* 5.47 ± 0.25‡|| 0.130 ± 0.010‡ 0.116 ± 0.004‡*

         
AD High-fat Saline 1.99 ± 0.03 1.06 ± 0.03§ 2.13 ± 0.07§ 8.29 ± 0.30 0.174 ± 0.006§ 0.140 ± 0.005§

UN High-fat Saline 1.90 ± 0.04* 1.00 ± 0.04§* 1.95 ± 0.06§* 8.24 ± 0.58 0.172 ± 0.003§ 0.132 ± 0.004§*

AD High-fat Leptin 2.01 ± 0.02 1.08 ± 0.05§ 2.04 ± 0.06§ 7.51 ± 0.25|| 0.170 ± 0.008§ 0.139 ± 0.004§

UN High-fat Leptin 1.76 ± 0.10* 1.00 ± 0.04§* 1.87 ± 0.05§* 7.73 ± 0.22|| 0.173 ± 0.006§ 0.131 ± 0.005§*

         
Data are the means ± SE (n = 8). *P < 0.05 AD vs. UN. †P < 0.05 Chow vs. Calorie Restriction. ‡P < 0.05 Calorie Restriction vs. High-fat.   
§P < 0.05 High-fat vs. Chow. ||P < 0.05 Saline vs. Leptin. 
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Plasma leptin concentrations were unaffected by prenatal undernutrition (Table 3.4). In 

both AD and UN offspring, plasma leptin levels were reduced by calorie restriction and 

increased by high-fat nutrition (P<0.05, Table 3.4). Fasting plasma insulin levels were 

also reduced by calorie restriction in AD and UN offspring (P<0.05, Table 3.4); in 

contrast, high-fat feeding did not affect plasma insulin concentrations in any offspring 

(Table 3.4). While the difference in plasma insulin levels between AD and UN offspring 

was not statistically significant (P = 0.104), plasma c-peptide concentrations were 

significantly increased in UN offspring, relative to matched AD offspring within all 

postnatal diet groups (P<0.05, Table 3.4). Similarly, in both AD and UN offspring, 

fasting c-peptide concentrations were significantly reduced by calorie restriction and 

increased by high-fat feeding (P<0.05, Table 3.4). Fasting levels of total plasma ghrelin 

were inclined to be lower in UN offspring, however this difference was not statistically 

significant (P = 0.066). In contrast, in both AD and UN offspring, total plasma ghrelin 

levels were significantly elevated by calorie restriction and reduced by high-fat nutrition 

(P<0.05, Table 3.4). Fasting plasma glucose levels were unaffected by prenatal 

undernutrition, but were reduced in both AD and UN offspring by calorie restriction 

(P<0.05, Table 3.4). Similarly, fasting plasma free fatty acids were unaffected by 

prenatal undernutrition, but were elevated in both AD and UN offspring by calorie 

restriction (P<0.05, Table 3.4). Free plasma glycerol concentrations in both AD and UN 

offspring were reduced by calorie restriction, but were increased by high-fat feeding 

only in UN offspring and not in AD offspring (P<0.05, Table 3.4). Total plasma 

triglycerides were elevated in UN offspring fed on chow and high-fat nutrition, relative 

to matched AD offspring (P<0.05, Table 3.4). In AD offspring, calorie restriction had 

no effect on triglyceride levels, but in contrast, calorie restriction significantly reduced 

triglyceride concentrations within UN offspring (P<0.05, Table 3.4).  
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Table  3.4 Plasma hormones 
       

Prenatal 
Nutrition Postnatal Nutrition Treatment Leptin (ng/ml) Insulin (ng/ml)# C-peptide (pM) Total Ghrelin 

(pg/ml) 
       
       

AD Chow Saline 10.65 ± 2.16† 0.93 ± 0.3† 405 ± 69.8† 7760 ± 513†

UN Chow Saline 16.75 ± 2.59† 1.96 ± 0.80† 548 ± 84.6*† 6024 ± 469†

AD Chow Leptin - 0.57 ± 0.17†|| 225 ± 34.9†|| 8823 ± 482†||

UN Chow Leptin - 0.65 ± 0.26†|| 254 ± 73.7*†|| 7538 ± 653†||

       
AD Calorie Restriction Saline 2.90 ± 0.60‡‡ 0.52 ± 0.12‡ 275 ± 49.1‡ 11072 ± 2000‡

UN Calorie Restriction Saline 2.08 ± 0.17‡‡ 0.72 ± 0.21‡ 311 ± 64.2*‡ 9442 ± 1045‡

AD Calorie Restriction Leptin - 0.25 ± 0.11‡|| 137 ± 29.0‡|| 13851 ± 2224‡||

UN Calorie Restriction Leptin - 0.16 ± 0.03‡|| 197 ± 89.5 *‡|| 13549 ± 2020‡||

       
AD High-fat Saline 21.80 ± 3.91§ 1.28 ± 0.27 566 ± 71.1§ 3937 ± 238§

UN High-fat Saline 24.40 ± 6.40§ 2.41 ± 0.68 988 ± 224*§ 3625 ± 176§

AD High-fat Leptin - 0.98 ± 0.30|| 329 ± 88.4§|| 5806 ± 873§||

UN High-fat Leptin - 0.71 ± 0.12|| 445 ± 66.4*§|| 4096 ± 315§||

       
Data are the means ± SE (n = 8). *P < 0.05 AD vs. UN. †P < 0.05 Chow vs. Calorie Restriction. ‡P < 0.05 Calorie 
Restriction vs. High-fat. §P < 0.05, High-fat vs. Chow. ||P < 0.05, Saline vs. Leptin. 
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Table  3.5 Plasma metabolites 
       

Prenatal 
Nutrition Postnatal Nutrition Treatment Glucose (mM) Free fatty 

acids (mM) 
Free glycerol 
(mM) 

Total triglycerides 
(mM) 

       
       

AD Chow Saline 9.05 ± 0.32† 0.54 ± 0.05† 0.28 ± 0.02† 0.41 ± 0.06  
UN Chow Saline 8.71 ± 0.47† 0.54 ± 0.06† 0.30 ± 0.02† 0.63 ± 0.07*†

AD Chow Leptin 7.35 ± 0.34† 0.56 ± 0.05† 0.23 ± 0.02†|| 0.31 ± 0.04||

UN Chow Leptin 8.11 ± 0.44† 0.53 ± 0.08† 0.28 ± 0.03†|| 0.41 ± 0.07*†||

       
AD Calorie Restriction Saline 6.76 ± 0.25‡ 0.77 ± 0.06‡ 0.25 ± 0.02‡ 0.40 ± 0.06  
UN Calorie Restriction Saline 6.85 ± 0.43‡ 0.80 ± 0.10‡ 0.26 ± 0.03‡ 0.41 ± 0.04‡

AD Calorie Restriction Leptin 6.78 ± 0.33‡ 0.60 ± 0.05‡|| 0.20 ± 0.02‡|| 0.27 ± 0.01‡||

UN Calorie Restriction Leptin 6.87 ± 0.30‡ 0.67 ± 0.08‡|| 0.20 ± 0.02‡|| 0.22 ± 0.02‡||

       
AD High-fat Saline 8.18 ± 0.35 0.52 ± 0.05 0.28 ± 0.02 0.40 ± 0.05 
UN High-fat Saline 8.91 ± 0.36 0.50 ± 0.05 0.39 ± 0.02*§ 0.57 ± 0.12*

AD High-fat Leptin 8.25 ± 0.50 0.51 ± 0.06 0.26 ± 0.01|| 0.34 ± 0.02||

UN High-fat Leptin 8.66 ± 0.21 0.54 ± 0.06 0.35 ± 0.03*§|| 0.39 ± 0.03*||

       
Data are the means ± SE (n = 8). *P < 0.05 AD vs. UN. †P < 0.05 Chow vs. Calorie Restriction. ‡P < 0.05 Calorie 
Restriction vs. High-fat. §P < 0.05 High-fat vs. Chow. ||P < 0.05 Saline vs. Leptin. 
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3.3.3. Effects of prenatal nutrition and postnatal diet on leptin 
sensitivity.  

Leptin sensitivity was assessed in adult female offspring by measuring the change in 

offspring’s food intake and body weight over the course of 14 days of leptin treatment. 

In chow fed AD offspring, leptin treatment significantly reduced food intake (P<0.05, 

3.4A) and body weight (P<0.001, Figure 3.4B) after 14 days of treatment. In contrast, 

leptin treatment failed to reduce food intake in chow fed UN offspring (Figure 3.4A), 

and leptin-mediated weight loss was significantly reduced in UN offspring relative to 

matched AD offspring (P<0.05, Figure 3.4B). Similarly, leptin treatment failed to 

reduce food intake in both AD and UN offspring fed on a high-fat diet (Figure 3.4C), 

but was able to reduce body weight to a similar extent, in both high-fat fed offspring 

(P<0.001, Figure 3.4D). In high-fat fed AD offspring, leptin-induced weight loss was 

reduced relative to matched chow fed AD offspring (P<0.01), while in contrast, leptin-

induced weight loss was the same in chow and high-fat-fed UN offspring (Figure 3.4). 

In both AD and UN offspring on calorie restriction, leptin treatment failed to reduce 

food intake (Figure 3.4E). In calorie restricted offspring, food intake was identical in 

saline and leptin treated animals, hence saline and leptin treated groups overlay 

perfectly in Figure 3.4E. In contrast, leptin treatment was able to reduce body weight to 

a similar extent, in both AD and UN offspring on calorie restriction (P<0.05, Figure 

3.4F); however, weight loss in calorie restricted offspring was delayed until after the 

tenth day of treatment. In AD offspring on calorie restriction, leptin-induced weight loss 

was significantly reduced relative to matched chow fed AD offspring (P<0.01) and was 

equivalent to the leptin-induced weight loss observed in high-fat fed AD offspring 

(Figure 3.4). In contrast, leptin-induced weight loss in UN offspring on calorie 

restriction was equal to that observed within both chow and high-fat fed UN offspring 

(Figure 3.4).  
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Figure  3.4 Response to leptin treatment in female AD and UN offspring.  

A. Change in food intake in chow-fed offspring († P < 0.05, AD Saline vs. AD Leptin). B. Change in 
body weight in chow-fed offspring (* P < 0.05, AD Leptin vs. UN Leptin, †† P < 0.001, Saline vs. 
Leptin). C. Change in food intake in high-fat fed offspring. D. Change in body weight in high-fat fed 
offspring (†† P < 0.001, Saline vs. Leptin). E. Change in food intake in calorie restricted offspring. F. 
Change in body weight in calorie restricted offspring († P < 0.05, Saline vs. Leptin). # Food intake in 
leptin treated offspring on calorie restriction is identical to saline treated offspring.  Data are mean ± 
SEM, n = 8 per group, differences determined by repeated-measures ANOVA. 
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Across all experimental groups leptin treatment caused a significant reduction in 

retroperitoneal fat mass (P<0.05, Table 3.2), liver weight (P<0.05, Table 3.3) and 

fasting plasma insulin (P<0.05, Table 3.4), c-peptide (P<0.05, Table 3.4) and 

triglyceride concentrations (P<0.05, Table 3.5); however no differences in the response 

to leptin treatment were found in AD and UN offspring or across different postnatal 

diets. In both AD and UN offspring on calorie restriction, leptin treatment reduced free 

fatty acid levels but had no effect of free fatty acids in either chow or high-fat fed 

offspring (P<0.05 Table 3.5). In contrast to other plasma measurements, total plasma 

ghrelin concentrations were increased by leptin treatment in both AD and UN offspring 

across all postnatal diet groups (Table 3.4). 

 

3.4. Discussion 

These results show that the female UN offspring, maintained ad-libitum on a standard 

chow diet, are leptin resistant in adulthood. This leptin resistance occurs in the absence 

of overt obesity or hyperleptinemia which are commonly seen in rats made leptin 

resistant by high-fat feeding (El-Haschimi et al., 2000, Levin and Dunn-Meynell, 2002, 

Lin et al., 2000, Tulipano et al., 2004, Van Heek et al., 1997, Wilsey et al., 2003). 

Notably, the magnitude of leptin resistance observed in chow-fed UN offspring appears 

to be equivalent to that seen in obese hyperleptinemic AD offspring fed on a high-fat 

diet. In the absence of obesity and hyperleptinemia, leptin resistance in chow-fed UN 

offspring is associated with markers of fasting hyperinsulinemia and 

hypertriglyceridemia. These findings suggest that changes in endocrine and metabolic 

function, brought about by exposure to prenatal undernutrition, may be responsible for 

the development of leptin resistance in adult UN offspring independently of postnatal 

DIO. 

 

Recent research in rodent models of obesity suggest that leptin resistance may play an 

important role in the development of DIO (El-Haschimi et al., 2000, Frederich et al., 

1995, Lin et al., 2001, Lin et al., 2000, Van Heek et al., 1997). The present study has 

found that leptin resistant chow fed UN offspring do not exhibit catch-up growth or 

develop DIO, and only show a modest increase in abdominal adiposity in adulthood. In 

contrast, when UN offspring are fed on a high-fat diet they exhibit increased weight 

gain, catch-up growth and an accelerated development of DIO. Furthermore, this catch-
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up growth in UN offspring appears to reflect an accelerated accumulation of abdominal 

adiposity rather than an accretion of lean body mass, since carcass weight, body length 

and organ weights remained lighter in high-fat fed UN offspring relative to matched AD 

offspring. These results support earlier studies which have suggested that UN offspring 

have an enhanced susceptibility to DIO (Vickers et al., 2000, Vickers et al., 2001, 

Vickers et al., 2002). Predictably, when UN offspring are kept on calorie restriction 

they remain small and lean, showing no evidence of increased abdominal adiposity. 

These results suggest that prenatally induced leptin resistance does not cause overt 

obesity in the absence of postnatal obesogenic environmental influences. Leptin 

resistance in UN offspring, rather than acting as a direct causal mechanism for the 

development of obesity, appears to enhance an offspring’s susceptibility to DIO. In this 

context the prenatal induction of leptin resistance can be identified as a mechanism 

responsible for the apparent catch-up growth and accelerated development of DIO 

observed in high-fat fed UN offspring.  

 

Leptin deficiency and leptin resistance have a well-established effect on the regulation 

of food intake, increasing appetite and causing hyperphagia (Pelleymounter et al., 1995, 

Seeley et al., 1996). In the present study, chow fed UN offspring exhibited a complete 

resistant to the anorexic effects of peripheral leptin treatment. However, despite this 

leptin resistance, chow fed UN offspring did not demonstrate hyperphagia or a loss of 

appetite control. This result suggests that the relative degree of leptin resistance 

observed in chow fed UN offspring is not sufficient to cause a major dysregulation of 

appetite control.  

 

The mechanisms proposed to underlie the development of leptin resistance focus on 

defects influencing leptin transport across the blood-brain barrier (BBB) and on 

disturbances in the signalling cascade downstream of the leptin receptor (El-Haschimi et 

al., 2000, Levin et al., 2004). Current hypotheses suggest that diet-induced leptin 

resistance may be mediated by blood-born circulating factors associated with chronic 

high-fat feeding (Harris et al., 2003, Heshka and Jones, 2001, Lin et al., 2001, 

Munzberg et al., 2004). In support of this hypothesis, Banks et al has recently 

demonstrated that high levels of plasma triglycerides can directly impair the transport of 

leptin across the BBB (Banks et al., 2004). Consistent with this hypothesis, elevated 

fasting plasma triglycerides are found to be associated with the presence of leptin 

 86



Chapter 3. 

resistance in UN offspring fed on chow and high-fat nutrition. A series of studies by 

Zammit et al suggest that fasting plasma triglycerides may be abnormally elevated by 

chronic hyperinsulinemia stimulating hepatic triglyceride production (Zammit, 2002, 

Zammit et al., 1999). Consistent with this suggestion, the presence of leptin resistance 

within UN offspring, in conjunction with both fasting hypertriglyceridemia and 

hyperinsulinemia, suggests that an insulin-mediated over-stimulation of hepatic 

triglyceride production may provide a mechanism for the development of prenatally-

induced leptin resistance. Concurrently, hyperinsulinemia may also influence leptin 

sensitivity by molecular cross-talk between the insulin and leptin receptors (Fruhbeck, 

2006). Notably, when UN offspring are maintained on calorie restriction, increases in 

abdominal adiposity and fasting plasma triglycerides are prevented, and c-peptide 

concentrations, a marker for insulin secretion, is significantly reduced. On this basis it is 

possible to speculate that interventions aimed at reducing plasma insulin levels or 

hypertriglyceridemia, may act to ameliorate leptin resistance and decrease UN 

offspring’s susceptibility to abdominal adiposity and DIO.  

 

Various studies have suggested that calorie restriction can enhance leptin sensitivity in 

obese or aged rats (Fernandez-Galaz et al., 2002, Peralta et al., 2002, Velkoska et al., 

2003). In contrast, the present study has found that both AD and UN offspring 

maintained on long-term calorie restriction are resistant to both the anorexic and weight 

reducing effects of peripheral leptin treatment. One possible explanation for these 

differences lies in the level of calorie restriction which animals have been exposed to. 

Most studies investigating the effects of calorie restriction on leptin sensitivity have 

used calorie restriction as a short-term intervention in mature animals (Fernandez-Galaz 

et al., 2002, Peralta et al., 2002, Velkoska et al., 2003); in contrast, the regime of calorie 

restriction used in the present study represents the life-long maintenance of a reduced 

nutritional plane, rather than an acute dietary intervention. Banks et al. proposed that 

raised serum triglycerides may be responsible for leptin resistance in both obese and 

fasted states (Banks et al., 2004). However, in the present study both AD and UN 

offspring maintained on chronic calorie restriction exhibit a resistance to peripheral 

leptin treatment in the absence of hypertriglyceridemia. This finding suggests that 

alternative mechanisms must contribute to the development of leptin resistance in a 

situation of chronic calorie deficit. The observation of leptin resistance in lean offspring 

maintained on calorie restriction, suggests that there are counter-regulatory mechanisms 
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in place which can act to inhibit leptin-mediated weight loss when adipose energy 

reserves are low. Calorie restriction caused a significant elevation in both plasma FFA 

and ghrelin in both AD and UN offspring. The recent study by Banks et al has shown 

that elevated FFA levels are unlikely to contribute to leptin resistance (Banks et al., 

2004). In contrast, ghrelin has potent antagonistic effects on leptin action and is greatly 

increased by calorie restriction. In this context it is possible to speculate that a ghrelin-

mediated antagonism of leptin action may provide an alternative mechanism that could 

explain the development of leptin resistance in a state of chronic calorie restriction.  

 

In the present study, leptin sensitivity was assessed by measuring the ability of leptin 

treatment to reduce food intake and body weight. On the basis of this characterisation of 

leptin sensitivity, it is apparent that leptin resistance can evolve in three independent 

settings: through exposure to prenatal undernutrition; from DIO; and as a result of 

chronic calorie restriction. However, despite an apparent resistance to the anorexic and 

weight reducing effects of peripheral leptin treatment, endocrine and metabolic 

parameters within all experimental offspring were found to remain responsive to leptin 

treatment. It seems paradoxical that endocrine and metabolic parameters can remain 

sensitive to leptin treatment in animals which display a marked resistant to the weight 

reducing and anorexic effects of leptin. However, recent studies have shown that leptin 

resistance can develop in a highly tissue-specific manner (Lin et al., 2000, Munzberg et 

al., 2004, Van Heek et al., 1997). The results of the present study may relate to the 

development of leptin resistance within specific regions of the hypothalamus as 

demonstrated by Munzberg et al (Munzberg et al., 2004). Or alternatively, these 

findings may relate to differential leptin sensitivities within peripheral and central leptin 

target tissues.  

 

In conclusion, the present study shows that prenatal nutrition can shape future 

susceptibility to postnatal obesogenic environmental influences through alterations in 

metabolic regulation and leptin sensitivity. This study has found that female offspring 

exposed to prenatal undernutrition during pregnancy develop leptin resistance in 

adulthood independently of postnatal DIO. Elevations in fasting triglycerides and the 

presence of hyperinsulinemia are observed in conjunction with leptin resistance in UN 

offspring and may form a mechanism responsible for the development of leptin 

resistance. Significantly, this study demonstrates that a transition from prenatal 
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undernutrition to postnatal high-fat nutrition results in rapid catch-up growth and greatly 

accelerates the development of DIO. In this light it is possible to speculate that the 

prenatal-induction of leptin resistance in UN offspring provides the key mechanism for 

an increased susceptibility to DIO in adulthood. In this context, the present study has 

identified leptin resistance as a mechanism that can explain the association of adverse 

prenatal environmental stimuli with an increased risk of developing obesity in 

adulthood. To gain a more comprehensive understanding of the physiological processes 

involved in the development of the UN phenotype, an investigation of underlying 

molecular mechanisms is required. The studies described in the following chapters 

investigate changes in peripheral gene expression with the aim of identifying the 

specific metabolic pathways affected by exposure to prenatal undernutrition.  
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CHAPTER 4.  MICROARRAY ANALYSIS OF 
PERIPHERAL GENE EXPRESSION IN AD AND 
UN OFFSPRING 

 

 

4.1. Introduction 

The study described in Chapter 3 investigated how prenatal nutrition and postnatal diet 

interact to influence leptin sensitivity and the development of DIO. This study found 

that adult female rats exposed to prenatal undernutrition develop leptin resistance in 

adulthood independently of postnatal high-fat nutrition and have an increased 

susceptibility to diet-induced obesity (Krechowec et al., 2006). At a molecular level, 

adverse prenatal environmental influences, such as undernutrition, are believed to 

induce permanent adaptive changes in gene expression (Gluckman and Hanson, 2004). 

Such changes in gene expression are thought to be a primary mechanism through which 

environmental stimuli can influence development and adult disease risk. On this basis, 

changes in the expression of genes involved in growth, development, endocrine 

function, and energy metabolism may underlie the development of the leptin resistant 

phenotype observed in adult UN offspring.  

 

The development of microarray technology over the past decade has provided a useful 

technology which allows the simultaneous screening of gene expression across several 

thousand different genes. A microarray is a highly ordered array of unique DNA 

sequences (probes) immobilised on a solid support to which fluorescently labelled gene 

transcripts (targets) are hybridised. When two samples labelled with different 

fluorophores are applied to the microarray, relative gene expression can be determined 

by the ratio of the two fluorescent signals (Schena et al., 1995). Probe sequences can be 

applied to the solid support matrix, typically glass, in a variety of different ways. 

Mechanical spotting deposits probe sequences directly onto the solid support using 

printing pins and a robotic contact printer (Schena et al., 1995), or through piezoelectric 

deposition (Schena et al., 1998). Alternatively, oligonucleotide probes may be 
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synthesised in-situ by non-contact inkjet based printing (Hughes et al., 2001) or through 

a combination of photolithography and solid phase DNA synthesis (Lipshutz et al., 

1999). One of the present drawbacks of the microarray technique is the high costs of 

commercial microarrays which can significantly limit the scope and breadth of 

microarray studies. Another obstacle in using microarray technology is the complexities 

involved in the analysis and interpretation of large microarray data sets which can 

contain data on over 10,000 genes. An alternative approach to large scale commercial 

microarrays has been developed by using the available technology to generate custom 

arrays, which contain a smaller number of specifically selected genes (Newton et al., 

2005). Custom arrays provide the advantages of lower costs, simplified image and data 

analysis, and provide the ability to undertake hypothesis-driven experiments by 

focusing on a specific set of genes which are of primary interest (Newton et al., 2005). 

 

Custom spotted oligonucleotide microarrays were developed for the present study to 

investigate the effects of prenatal nutrition, postnatal diet and leptin treatment on gene 

expression profiles within key peripheral tissues of adult female AD and UN offspring. 

Three peripheral metabolic tissues, the liver, retroperitoneal adipose tissue and soleus 

skeletal muscle, were selected for custom microarray analysis. Together these peripheral 

tissues epitomise three fundamental components of energy metabolism: energy 

expenditure, energy storage and energy partitioning. Skeletal muscle tissue is 

responsible for the bulk of active energy expenditure and the well-defined soleus 

muscle, principally composed of type 1 muscle fibres, is the archetypical oxidative-type 

muscle. The adipose tissue is the body’s primary long term energy storage organ and the 

retroperitoneal fat pad has been identified as having a unique role in the development of 

obesity and diabetes. The liver plays an essential role in balancing systemic energy 

metabolism by regulating nutrient portioning between the various peripheral metabolic 

tissues. 

 

A modest set of 90 target genes were selected for the custom microarrays developed for 

the present study. Target genes were selected in a hypothesis driven manner, on the 

basis of previous associations with fetal growth retardation, DIO, type II diabetes and 

leptin resistance. Four functional gene groupings were represented on the custom arrays. 

The first group covered key genes involved in the regulation of peripheral energy 

metabolism and included a number of well established leptin-response genes such as 
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stearoyl-CoA desaturase 1 (Scd-1) and fatty acid synthase (Fas). The second group 

covered various genes involved in hormone and cytokine cell signalling pathways and 

included some components of the leptin signalling cascade such as the leptin receptor 

(OB-Rb) and signal transducer and activator of transcription 3 (Stat3). The third group 

covered key genes involved in cellular growth, proliferation and differentiation and 

included cell cycle regulators such as cyclin-dependent kinase inhibitors 1A (p21) and 

1b (p27). The final grouping covered a number of genes involved in the epigenetic 

regulation of gene expression and included a number of imprinted genes such as insulin-

like growth factor-2 (Igf-2) and its receptor (Igf-2r) as well as a number of genes 

involved in DNA methylation such as DNA methyltransferase 1 (Dnmt1).  

 

The main aim of this study was to identify changes in peripheral gene expression which 

have the potential to underlie the metabolic mechanisms involved in the development of 

the leptin resistant UN phenotype.  

  

4.2. Materials and methods 

4.2.1. Experimental design 

The experimental design used for the microarray analysis was based on the animal study 

described in Chapter 3, Section 3.2.2. This study was a balanced 2 x 3 x 2 factorial 

design investigating the experimental effects and interactions between three main 

experimental factors. The first experimental factor was prenatal nutrition consisting of 

two levels, AD offspring (AD or A) and UN offspring (UN or U); the second factor was 

postnatal diet consisting of three levels, chow (C), calorie restriction (CR) and high-fat 

feeding (HF); the third and final factor was postnatal leptin treatment consisting of 

saline (S) and leptin treatment (L). The comparisons of primary interest are AD vs. UN 

offspring; chow vs. calorie restriction; chow vs. high-fat feeding; and saline vs. leptin 

treatment. This design had 12 different experimental groups, each group containing 8 

individual animals. The RNA from 4 individual animals within each experimental group 

was combined to form two independent biological pools or biological replicates per 

group. To minimise experimental variance and provide the greatest possible precision 

for each experimental comparison, an interwoven loop design was constructed 

(Churchill, 2002, Yang and Speed, 2002). This experimental design allowed each 
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primary comparison to be assayed directly on a single array. Figure 4.1 illustrates the 

interwoven loop design used in the present experiment; arrow segments detail 

individual hybridizations; samples at the origin of each arrow segment were labelled 

with Cy3™ (Amersham Biosciences) fluorescent dye (emission peak = 570 nm, colour 

= green) while samples at the arrow head were labelled with Cy5™ (Amersham 

Biosciences) dye (emission peak = 670 nm, colour = red). Within this design the dye 

labelling for each experimental group was equally balanced, with each group being 

labelled with both Cy3 and Cy5 dyes. Three different tissues, liver, retroperitoneal fat 

pad and soleus muscle, were analysed and all experiment hybridizations were repeated 

once for each biological pool within each tissue.  

 
UCRL 

UHFS 

ACL 

UCL 

UHFL 
ACRL UCRS 

ACRS 

ACS 

UCS 
AHFS 

AHFL 

Figure  4.1 Looped experimental design for microarray experiments 

Each arrow represents an individual microarray hybridization. AD offspring (A), UN offspring (U), Chow 
(C), Calorie Restriction (CR), High-fat diet (HF), Saline treated (S), Leptin treated (L).  
 

4.2.2. Custom array design and fabrication 

Custom-made glass-spotted oligonucleotide microarrays were fabricated for this study 

using 50mr oligonucleotide probes and glass epoxy coated slides purchased from MWG 

Biotech (MWG Biotech). 68 unique 50mr oligonucleotide probes were selected from 

the MWG rat 10k oligo set and a further 28 probes were custom made to order. A 

complete list of target genes included in the custom microarrays is presented in 

Appendix III. Briefly, the custom array probe set consisted of a total of 90 probes for 
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specific target genes of interest, with 6 additional control probes. The set of 6 control 

probes included 1 negative control, specific for a unique genomic sequence in the plant 

Arabidopsis thaliana, and 5 housekeeping genes.  

 

Stock oligonucleotide probes, provided from MWG at a concentration of 100pmol/μl, 

were diluted to a concentration of 30pmol/μl in Nuclease Free Ultrapure Distilled Water 

(Gibco-Invitrogen). 5μl of diluted probe was plated in quadruplicate onto a sterile 

Whatman 384 well microplate, desiccated in a speedy vac concentrator system then 

sealed and sent to the Otago Genomics Facility (Biochemistry Department, Dunedin, 

New Zealand) for printing. Probes were re-suspended overnight in 5μl of 1x spotting 

buffer (Buffer A, MWG Biotech), gently agitated for 1 minute, spun down, and then the 

supernatants were spotted onto glass epoxy coated slides (MWG Biotech) using an ESI 

robotic DNA microarrayer (SDDC-2, ESI) with a 4 x 4 pin print-head configuration. 

Microarray spots were printed in a 4 x 4 block format, each block containing 8 x 12 spot 

features providing a total number of 1536 spot features. Each probe was represented in 

quadruplicate on the printing microplate and each well was printed four times providing 

a total of 16 replicate spots for each unique probe. Each printing pin spotted 24 different 

probes with the result that each individual probe was spotted 4 times by 4 different pins 

within 4 different spatial blocks (see Appendix IV for the layout of custom arrays). 

Immediately after printing, the microarray slides were incubated at 42°C and 50% 

humidity for 30 minutes and then left to dry overnight at RT. All slides were stored at 

35% humidity until used.  

 

4.2.3. RNA extraction  

Total RNA was isolated from flash frozen tissues using a combination of TRIzol® 

extraction (Invitrogen) and silica-gel-based membrane filtration (RNeasy® Mini Kit, 

Qiagen). To achieve an average yield of 5 - 10μg of total RNA for each tissue sample, 

approximately 20mg of liver, 20-200mg of retroperitoneal adipose tissue, and 80mg of 

soleus muscle, were processed. Tissue samples were first ground to powder in a mortar 

and pestle under liquid nitrogen and then transferred into 15ml polypropylene tubes 

sitting on dry ice. After evaporation of liquid nitrogen, 1ml of TRIzol® reagent was 

added and tissue samples were homogenised for 30 seconds at maximum speed with an 
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Ultra-Turrax T25 rotor-stator homogeniser (Janke & Kunkel). Samples were then 

transferred to ultra-clear RNase free 1.5ml eppendorf tubes (Ambion) and incubated at 

RT for 5 minutes. Adipose tissue samples were centrifuged at 12,000rpm for 2 minutes 

at RT to separate the lipid layer. An ultra-fine 1ml insulin syringe was used to transfer 

the lower TRIzol layer to a new 1.5ml eppendorf tube. 400μl of chloroform was then 

added to adipose samples which were mixed by vortexing for 15 seconds and incubated 

for 5 minutes at RT. For liver and muscle samples, 200μl of chloroform was added 

immediately after homogenisation; samples were mixed by vortexing and incubated for 

a further 5 minutes at RT. After chloroform incubation, all samples were centrifuged at 

12,000rpm for 15 minutes at 4oC. After centrifugation the upper aqueous phase was 

transferred to a fresh 1.5ml eppendorf tube. One volume of 70% ethanol (in DEPC-

treated water) was then added and samples were mixed immediately by pipetting. Up to 

700μl of sample was loaded onto Qiagen RNeasy® mini columns which were then 

centrifuged at 12,000 rpm for 15 seconds at RT. If sample volume exceeded 700μl 

successive aliquots were applied to the same column as above. Flow-through was 

discarded after each centrifugation. 700μl of Qiagen Buffer RW1 was added to each 

column and centrifuged at 12,000 rpm for 15 seconds at RT. Columns were then 

transferred to a fresh collection tube. 500μl of Qiagen Buffer RPE was added and 

columns were centrifuged again at 12,000 rpm for 15 seconds at RT. Flow-through was 

discarded and this wash was repeated with a 2 minute centrifugation time followed by a 

final 1 minute centrifugation. The columns were transferred to a new 1.5ml collection 

tube and RNA was eluted with 30μl of RNase free water. The columns were incubated 

with eluant for 10 minutes at RT then centrifuged at 12,000rpm for 1 minute at RT. To 

obtain a higher total RNA concentration, the first elution was reapplied to the column 

which was spun again at 12,000rpm for 1 minute at RT. After secondary elution two 1μl 

aliquots were removed for quality control procedures detailed below in section 4.2.5. 

Total RNA samples were subsequently stored at -80oC until further analysis.  

 

Low concentrations of adipose tissue total RNA required these samples to be 

precipitated and re-suspended in smaller volumes to increase RNA concentration. 

Samples were precipitated using a standard ethanol precipitation of nucleic acids with 

sodium acetate salt and glycogen carrier (Sambrook and Russell, 2001). Briefly, 3M 

sodium acetate was added to the samples at a final concentration of 0.3M, followed by 
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reagent grade glycogen added at a final concentration of 0.1μg/μl. After gentle mixing, 

3 volumes of ice cold 100% ethanol were added to samples which were then thoroughly 

mixed by inversion. After 30 minute incubation at -80oC, Total RNA was pelleted by 

centrifugation at 13,000 rpm for 15min at 4oC. RNA pellets were washed with 500μl of 

70% ethanol and then re-centrifuged at 13,000rpm for 2 min at 4oC. The wash step was 

repeated and the supernatant discarded. RNA pellets were air-dried for 10 minutes at RT 

then RNA was re-suspended in RNase free water and stored at -80 oC. 

 

4.2.4. Quantification and pooling of RNA samples  

All RNA samples were subjected to rigorous tests for purity and integrity prior to use in 

microarray experiments. The concentration and purity of all RNA samples was initially 

quantified by measuring sample absorbance at 260 nm and 280 nm using Nanodrop 

spectrophotometry (ND-1000 Spectrophotometer, NanoDrop Technologies). For use in 

microarray experiments all RNA samples were required to have an A260/A280 ratio 

within a range of 1.9-2.1, an A260/A230 ratio greater than 1.9 and a total RNA 

concentration no less than 0.5μg/μl.  

 

RNA sample integrity and purity was further tested using an Agilent 2100 Bioanalyzer 

(Agilent Technologies). All samples were tested using an Agilent RNA 6000 Nano 

Assay in accordance with the manufacturer’s instructions (Agilent Technologies). 

Briefly, 1μl aliquots of each RNA sample were diluted to a concentration of 

approximately 500ng/μl, heat denatured for 2 minutes at 70oC then loaded onto a gel-

filled 12-well RNA nano chip (RNA 6000 Nano LabChip® Kit). The RNA nano chip 

was vortexed for 1 minute at 2400rpm then loaded into the Agilent 2100 Bioanalyzer 

and analysed. For each sample an electropherogram trace and an RNA integrity number 

(RIN) was generated. The RIN number provides an unambiguous assessment of RNA 

integrity that allows RNA quality to be standardised cross multiple samples (Schroeder 

et al., 2006). RIN values ranged from 1 to 10 with 10 indicating completely intact RNA 

and 1 indicating complete degradation (Schroeder et al., 2006). For use in down-stream 

microarray experiments all RNA samples were required to have a RIN number greater 

than 8.9 and demonstrate no signs of genomic DNA contamination on either the 

electropherogram trace or gel-like image. Representative examples of a gel-like image 
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and an electropherogram trace for liver RNA samples are illustrated in figures 4.2 and 

4.3. 

 
Representative Gel-like image for 12 liver RNA samples  

 

28s rRNA 

18s rRNA 

Sample lane 

 
Figure  4.2 Quality control results; Gel-like image.  

A gel-like image for 12 liver RNA samples showing intact 28s and 18s rRNA bands and no signs of 
genomic DNA contamination.  

 
 
Representative electropherogram trace for a single liver sample 
 

 

28s rRNA

18s rRNA

Figure  4.3 Quality control results: electropherogram trace.  

Electropherogram trace of a single liver RNA sample with RIN of 9.6; RNA concentration, rRNA ratio 
and RIN indicated below. Note: 28S and 18S rRNA bands are intact and there are no signs of high 
molecular weight genomic contamination. 
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After QC testing, samples were pooled in accordance with the experimental design. For 

each experimental group within each tissue (n = 8 animals) two separate pools were 

formed by combining 5μg of total RNA from 4 different animals. Each pool consisted 

of 20μg of total RNA in a volume of RNase free water ranging from 20 – 30μl. Pooled 

RNA samples were subsequently split into two equal aliquots each containing 10μg of 

total RNA, which were stored at -80oC. 

 

4.2.5. Preparation of labelled cDNA 

Fluorescently labelled cDNA was prepared from 10μg aliquots of pooled total RNA 

using the SuperScript™ Indirect cDNA Labelling system (Invitrogen) and Cycscribe 

Cy3™ and Cy5™ reactive dyes (Amersham Biosciences). For First-Strand cDNA 

synthesis 2μl of Oligo(dT)20 (2.5μg/μl) primers were added to RNA samples, and then 

reaction volumes were made-up to 18μl with DEPC-treated water. Reaction tubes were 

incubated at 70oC for 5 minutes then placed on ice for at least 1 minute. After 

incubation, 10μl of cDNA synthesis reaction mix (see Appendix II) was added to 

reaction tubes followed by 2μl of SuperScript™ III Reverse transcriptase (400U/μl). 

Reaction tubes were gently mixed, spun down by brief centrifugation and incubated at 

46oC for 3 hours. 15μl of 1N NaOH was then added to each reaction tube which were 

incubated for a further 10 minutes at 70oC. After incubation, 15μl of 1N HCL was 

added to each reaction tube, mixed gently, and then followed by 20μl of 3M sodium 

acetate at pH 5.2 (Core module SuperScript™ Indirect cDNA Labelling system, 

Invitrogen). Next, 500μl of loading buffer, (cDNA purification module, SuperScript™ 

Indirect cDNA Labelling system, Invitrogen) was added to each tube and mixed 

thoroughly by vortexing. Samples were loaded onto S.N.A.P.™ purification columns 

(cDNA purification module, SuperScript™ Indirect cDNA Labelling system, 

Invitrogen) which were centrifuged at 12,500 rpm for 1 minute at RT; flow-through was 

discarded. Next, 700ul of Wash buffer (cDNA purification module, SuperScript™ 

Indirect cDNA Labelling system, Invitrogen) was added to each column which were 

centrifuged again at 12,500 rpm for 1 minute at RT; flow through was discarded. This 

wash step was repeated and the columns spun for a further minute to remove all traces 

of wash buffer. To elute cDNA, S.N.A.P.™ columns were placed into fresh 1.5ml 

eppendorf tubes and incubated at RT with 50μl of DEPC-treated water then centrifuged 
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for 1 minute at 12,500 rpm. This elution step was repeated once with a fresh aliquot of 

DEPC-treated water to yield 100μl of column purified cDNA.  

 

Column purified cDNA samples were precipitated by the addition of 10μl of 3M 

Sodium Acetate, pH 5.2, 2μl of 20mg/ml glycogen (Core module SuperScript™ Indirect 

cDNA Labelling system, Invitrogen) and 300μl of ice-cold 100% ethanol. The cDNA 

samples were thoroughly mixed by inversion and incubated for 1 hour at -20oC. The 

cDNA samples were then pelleted by centrifugation at 12,500 rpm at 4oC for 15 

minutes. Supernatant was removed and the cDNA pellets were washed with 250μl of 

ice-cold 75% ethanol and spun down at 12,500 rpm for 2 minutes at 4oC. After 

discarding the supernatant, cDNA pellets were air dried for 10 minutes to remove all 

traces of ethanol. The cDNA was then resuspended in 5μl of 2x coupling buffer (Core 

module SuperScript™ Indirect cDNA Labelling system, Invitrogen).  

 

Fluorescent Cy3™ and Cy5™ dyes were prepared by mixing the contents of each dye 

vial with 45μl DMSO. Next, 5μl of Cy3™ or Cy5™ dye was added to cDNA samples in 

accordance with the hybridizations detailed in the experimental design (see section 

4.2.2, Figure 4.1). The cDNA/dye mix was incubated for 1 hour at RT in the dark. After 

incubation, 20μl of 3M sodium acetate at pH 5.2 was added to each sample and then 

dye-coupled samples were purified using S.N.A.P.™ columns as described above. Dye-

coupled cDNA were eluted from S.N.A.P.™ columns into opaque amber 1.5ml 

collection tubes with a single 50μl elution volume of DEPC-treated water. Labelled 

cDNA samples were stored at -20oC.  

 

4.2.6. Prehybridization blocking 

To remove spotting buffer and excess probe from the microarray surface, all slides were 

blocked prior to hybridization. Before blocking, the corners of the array print area were 

marked out on the underside of the slide with a glass etching pen.  This was necessary 

to define the array print area for alignment of the cover slip just prior to hybridization. 

Microarray slides were blocked in accordance with the procedure detailed in Table 4.2. 

At all stages of blocking, slides were gently agitated in blocking solutions on a vortex 

mixer with microplate attachment. After blocking, slides were dried by centrifugation at 
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1,200 rpm for 1 minute and then stored in sealed containers. All microarray slides were 

used within 4 hours of blocking. 

 

Table  4.1 Prehybridization blocking procedure 
Component Composition  Incubation 
Block 1 0.1% Triton x-100 1 x 5min @ RT 
Block 2 1.16M HCl 2 x 5min @ RT 
Block 3 100mM KCl 1 x 10min @ RT 
H2O H2O 1 x 1min @ RT 

4xSSC 1 x 15min @ 50oC Block 4 
H2O H2O 1 x 1min @ RT 
 
Note: All blocking solutions including H2O were filtered with a 0.2μm sodium acetate filter prior to use. 
 

4.2.7. Hybridization and post-hybridization wash 

Hybridizations were conducted in accordance with the study design detailed in section 

4.2.1. Figure 4.1. Briefly, 10.75μl of Cy3™ and Cy5™-labelled cDNA samples were 

combined in a hybridization mix containing 6μl of 10x SSC, 0.5μl of 0.5% SDS and 2μl 

of liquid blocking reagent (Amersham Biosciences). The hybridization mix was 

denatured by incubation at 90oC for 1 minute then cooled on ice. Next, 15μl of 

hybridization mix was applied to the print area of the blocked microarray slides which 

were overlaid with a pre-cleaned 22 x 22mm microscope coverslip. Coverslipped 

microarrays were sealed inside custom-made hybridization chambers kept humid by 2 

reservoirs filled with 60μl of 3x SSC. Hybridization chambers were incubated in a 

water bath set to a temperature of 55oC for 16 hours. After hybridization, microarray 

slides were washed in accordance with the procedure detailed in Table 4.3. At all stages 

of the washing procedure, slides were gently agitated in wash solutions on a vortex 

mixer with microplate attachment. After post-hybridization wash, slides were dried by 

centrifugation at 1,200 rpm for 1 minute and then scanned immediately.  

 

Table  4.2 Post-hybridization wash procedure 
Component Composition  Protocol 
Wash 1 2xSSC and 0.2% SDS 1 x 5min @ RT 
Wash 2 1xSSC 1 x 5min @ RT 
Wash 3 0.2xSSC 5 sec @ RT 
 
Note: All wash solutions were filtered with a 0.2um sodium acetate filter prior to use. 
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4.2.8. Image acquisition  

Microarrays were scanned and imaged in a Genepix® 4000B microarray scanner (Axon 

Instruments) at a resolution of 5μm. For each array, photo multiplier gain was manually 

adjusted to balance Cy3™ and Cy5™ fluorescent count ratios. Microarray images were 

saved in multi-image TIFF format. Spot features were found using GenePix pro 5.0 

image analysis software (Axon Instruments). Spot and background intensities were 

exported for further analysis as GenePix Results (GPR) Files. 

 

4.2.9. Normalization and statistical analysis 

Gene expression data were analysed in association with Dr Mik Black from the 

Department of Statistics, the University of Auckland. Microarray data exported as GPR 

files was analysed using R, an open source statistical computing language and 

environment (http://www.r-project.org/). The R computing package Limma was used 

for the pre-processing and normalization of microarray data (Smyth and Speed, 2003), 

and also for the statistical analysis of differential gene expression (Smyth, 2004). All 

statistical analyses were undertaken using R version 2.2.1 and Limma version 2.4.11 

(http://www.r-project.org/). Microarray data for each tissue type (liver, retroperitoneal 

adipose tissue and soleus muscle) were analysed as separate experiments. The data sets 

for each individual tissue consisted of two independent biological replicates, each 

biological replicate consisting of 24 different microarray comparisons (represented in 

Figure 4.1). Spot quality weights and median fore-and background intensity data were 

loaded into the R environment from GPR output files using the read.maimages function 

(Smyth and Speed, 2003). Microarray printer layout was uploaded by the use of the 

getLayout function. As part of the routine quality control assessment of microarray 

hybridizations, image and density plots of raw log-median fore and background 

intensities were generated in R for each microarray comparison. Intensity-dependent 

dye effects were visualised for each microarray with MA plots of raw intensity data. 

Using the normalizeWithinArrays function, global loess normalization was applied to 

non-background corrected log-intensity data to remove array-specific non-linear dye 

effects (Smyth and Speed, 2003). After global loess normalization, the 

normalizeBetweenArrays function was used to normalise intensity differences across 

each microarray within a biological replicate (Smyth and Speed, 2003). For each tissue, 

normalised data from each biological replicate was combined within a single data 
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matrix and ordered so that all replicate probes for each specific gene (total of 16 

replicates per gene) were adjacent. A linear models approach was used for the statistical 

analysis of differential gene expression. The lmFit function was used to fit a linear 

model, specified by a design matrix, to each gene across all 24 comparisons within the 

microarray experiment (Smyth, 2004). The design matrix used to model the present 

study was set up so as to estimate comparisons using only the data from the array in 

which the two groups of interest were hybridised together. Between-replicate 

correlations for each set of replicated probes within an array were estimated using the 

duplicateCorrelation function (Smyth et al., 2005). This estimate of within-gene 

correlation was used by the lmFit function to moderate the experimental weighting of 

genes (Smyth, 2004). This approach takes into account deviations between replicates 

when estimating the precision of the data for each gene, allowing substantially better 

discrimination of differentially expressed genes (Smyth et al., 2005). The eBayes 

function was used to compute a moderated t- and B-statistic for each gene across each 

comparison within each tissue (Smyth, 2004). The moderated t-statistic (t) is the ratio of 

the log2-fold-change in gene expression to its standard error, which is moderated across 

all genes and shrunk towards a common value by the eBayes function. The B-statistic 

represents the log-odds that that gene is differentially expressed. A B-statistic of zero 

corresponds to a 50-50 chance that the gene is differentially expressed. P-values were 

obtained from the distribution of the moderated t-statistic and were adjusted for multiple 

testing with the toptable function (Smyth, 2004), using the false discovery rate 

controlling method of Benjamini and Hochberg (Benjamini and Hochberg, 1995). Data 

was presented as an average raw fold-change (expression ratio), averaged across 

biological pools within each tissue. Gene hits were identified on the basis of the 

adjusted P-value and B-statistic. The threshold of detection was set at P<0.001 and B>3.  

 

4.3. Results 

4.3.1. Pre-processing and Normalization 

The purpose of data normalization is to correct for systematic effects arising from 

experimental technique which can confound biological differences (Smyth and Speed, 

2003). Imbalances between fluorescent dyes (Cy3™ and Cy5™), due to differences in 

labelling efficiencies or scanning properties, are the most common source of 
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experimental variation in two-colour microarray experiments (Cox et al., 2004). Pre-

processing visualisation of microarray data is an important aspect of the normalization 

process and provides a simple yet powerful way to identify systematic dye effects and 

check the general quality of microarray hybridizations (Smyth and Speed, 2003). In the 

present study, image and density plots of raw log-median fore- and background 

intensities and MA plots were produced for all microarray slides and used for quality 

assessment and normalization procedures. The image plot is a spatial representation of 

the distribution of median log2 fore- and background intensities for both red (Cy5™) 

and green (Cy3™) emission channels. Image plots provide an accurate picture of 

background florescence relative to spot intensity and highlight the presence or absence 

of spatial dye effects brought about by physical contamination of the array surface (e.g.: 

dust, scratches on the glass) (Smyth and Speed, 2003). Background florescence across 

all the arrays used within the present study was negligible and there were no signs of 

major spatial dye effects or any significant physical contamination on any of the 

microarrays used.  In the absence of major spatial dye effects, background correction 

was deemed to be unnecessary for the normalization of the present microarray data set. 

Figure 4.4 below illustrates a representative image plot from an array used within the 

present study.    

 

 

 

 

 

 

 

 

 

Figure  4.4 Image plot of custom microarray print area  

Image plot showing spatial distribution of median log2 back- and foreground intensities. Representative 
hybridization; Liver AD vs. UN offspring on chow, treated with saline (ACS vs. UCS). ACS labelled 
with Cy3™ (570 nm green), UCS labelled with Cy5™ (670 nm red). Colour scale range (log2): red or 
green = high (18), black = low (6). 
 
The density plot graphs the number of image pixels (pixel density) vs. log2 pixel 

intensity for both red and green emission channels. This plot provides an overall idea of 
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relative hybridization dye balance. Figure 4.5 illustrates a representative density plot of 

background and foreground intensities before and after global loess normalization.  

 

 

 

 

 

 

 

 

 

Figure  4.5 Density plot of custom microarray  

Density plot showing the relative distribution of background pixel intensity and foreground pixel intensity 
before and after global loess normalization. Representative hybridization; liver AD vs. UN offspring on 
chow, treated with saline (ACS vs. UCS). ACS labelled with Cy3™ (570 nm green), UCS labelled with 
Cy5™ (670 nm red).  
 
The density plot gives a good idea of relative dye balance; however, intensity dependent 

dye effects are best visualised on an MA plot (Dudoit et al., 2002). The MA plot is a 

scatter plot of M-values vs. A-values, each derived from the same individual array. M-

values are derived from equation [1] and represent the log2 fold difference of each spot 

within the microarray. A-values are derived from equation [2] and represent the average 

log2 intensity of each spot within the microarray. R and G represent the red and green 

intensities for each specific array spot. 

 
M = log2 (R) - log2 (G) [1] 

 
A = log2 (R) + log2 (G) [2] 

2 
 

Figure 4.6 illustrates a representative MA-plot from a microarray in the present study. 

The pre-normalization plot shows the presence of a significant intensity dependent dye 

bias, with low intensity spots tending to show a bias toward a negative fold difference 

and high intensity spots tending to show a bias toward a positive fold change. Global 

loess normalization uses locally weighted scatter plot smoothing to straighten and centre 

the data cloud (Quackenbush, 2002, Smyth and Speed, 2003). This normalization 

effectively removes intensity-dependent dye bias, balancing red and green intensities 

over the array (Figure 4.5). 
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Figure  4.6 MA-plot of custom microarray  

MA-plot showing pre- and post loess normalization. AD vs. UN offspring on chow, treated with saline 
(ACS vs. UCS). ACS labelled with Cy3™ (532nm green), UCS labelled with Cy5™ (635nm red). 
 

 

The pre-processing and normalization procedures described up to this point have 

focused on addressing dye imbalances at the level of an individual microarray. In an 

experimental design involving multiple arrays, there is a need to balance spot intensities 

across all the arrays making up the experimental design (Smyth and Speed, 2003). 

Differences between arrays principally arise from differences in ambient conditions 

when arrays are processed, or through differences in scanner settings. The experimental 

design in the present study (see section 4.2.1) used 24 individual arrays for each 

experiment. Between-array normalization was applied within each set of 24 arrays and 

was conducted after individual within-array loess normalization. Figure 4.7 illustrates 

the effect of between array normalization on the distribution of spot intensities within a 

complete set of experimental arrays.  
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Figure  4.7 Box plots of individual array spot intensities 

Box plots showing the distribution of spot intensities across each individual microarray within a 
biological pool prior to and after normalization between arrays. Note: this figure represents microarrays 
hybridised with liver RNA from biological pool 1.   
 

In summary, pre-processing visualisation of raw image intensity data has shown that the 

microarray hybridizations used in the present study had minimal background 

fluorescence and were free of any interfering physical artefacts. Common systematic 

experimental variations in dye balance and dye intensities were identified during pre-

processing and corrected by using appropriate normalization procedures.  

 

4.3.2. Gene expression profile within the liver  

Effects of prenatal undernutrition 

Exposure to prenatal undernutrition significantly altered the expression of 11 target 

gene transcripts within the liver of adult chow-fed UN offspring. Relative to matched 

AD offspring, the expression of 7 hepatic gene transcripts were up-regulated and 4 gene 

transcripts down-regulated in UN offspring (Table 4.3). Among the hepatic gene 

transcripts up-regulated within the livers of UN offspring, 2 gene transcripts were 

involved in the regulation of mitochondrial metabolism: mitochondrial transcription 

factor A (Tfam) (1.95-fold) and ubiquitous mitochondrial creatine kinase (Ckmt1) (1.34-

fold).  Tfam is a key transcription factor involved in the regulation of mitochondrial 

biogenesis (Kang and Hamasaki, 2005) while Ckmt1 is a regulator of mitochondrial 
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energy flux (Schlattner et al., 2006). Also up-regulated in the livers of UN offspring 

were type-2 glucose transporter (Glut2) (1.44-fold) and glucokinase (Gck) (1.23-fold), 2 

key genes involved in the regulation of hepatic glucose metabolism (Collier and Scott, 

2004). The gene expression of insulin-like growth factor-II receptor (Igf-2r) was also 

increased (1.41-fold), as well as the Bcl-2 associated X protein (Bax) (1.17-fold), which 

is a pro-apoptotic member of the BCL-2 family (Brady and Gil-Gomez, 1998). Lastly, 

the mRNA expression of type III iodothyronine deiodinase (Dio3) (1.23-fold) which is 

involved in the metabolism of active thyroid hormone (Hernandez, 2005) was also up-

regulated in the livers of UN offspring. 

 

Gene transcripts showing a relative down-regulation in expression in the liver of UN 

offspring, included sterol regulatory element binding factor 1c (Srebp1c) (0.85-fold) and 

acetyl-CoA carboxylase-beta (Acc-β) (0.89-fold). The former gene is a key transcription 

factor responsible for transducing the metabolic effects of insulin (Foretz et al., 1999) 

while the latter gene is involved in the regulation of de novo lipogenesis and is under 

the transcriptional control of Srebp1c (Brownsey et al., 2006). Also down-regulated in 

the liver of UN offspring was the expression of insulin receptor substrate-1 (Irs-1) 

(0.84-fold), a key component of the insulin signalling cascade (Gual et al., 2005) and 

insulin-like growth factor II (Igf-2) (0.80-fold).  

 

Effects of postnatal diet  

Postnatal high-fat feeding had a negligible effect on hepatic gene expression in adult 

offspring. In the livers of UN offspring fed a high-fat diet, no gene transcripts were 

found to have undergone differential gene expression while in matched AD offspring 

the expression of only a single gene transcript was altered (Table 4.3). In the livers of 

AD offspring fed a high-fat diet the expression of Tfam mRNA was down-regulated 

(1.39-fold) relative to matched chow-fed AD offspring.  

 

Calorie restriction also had a minor effect on hepatic gene expression in both AD and 

UN offspring (Table 4.3). In the liver of AD offspring, the expression of only 2 gene 

transcripts was affected by calorie restriction. These 2 genes encoded inflammatory 

cytokines: tumour necrosis factor-alpha (Tnf-α) (1.17-fold) and interleukin-6 (Il-6) 

(1.31-fold); and both were up-regulated by calorie restriction within the livers of AD 

offspring. In the livers of UN offspring, calorie restriction affected the relative 
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expression of 4 different gene transcripts. The expression of a single gene transcript, 

Acc-β, was increased (1.17-fold) while the expression of 3 gene transcripts was down-

regulated: Glut2 (0.76-fold), Dio3 (0.80-fold), and Igf-2r (0.73-fold) (Table 4.3). 

 

Effects of leptin treatment 

In chow-fed offspring, leptin treatment had no effects on hepatic gene expression in UN 

offspring but up-regulated the relative expression of 3 genes in AD offspring: Igf-2 

(1.17-fold), Tnf-α (1.17-fold), and Il-6 (1.28-fold) (Table 4.3). In both AD and UN 

offspring on a high-fat diet, leptin treatment only had a minor effect on hepatic gene. A 

single gene transcript, Glut2, was increased in AD offspring (1.25 fold) while in UN 

offspring the expression of 2 genes was altered: Tfam being increased (1.35-fold) and 

Tnf-α being decreased (0.84-fold) (Table 4.3). In both AD and UN offspring on calorie 

restriction, leptin treatment also had a minor effect on hepatic gene expression affecting 

the expression of 2 gene transcripts in AD offspring and a single gene transcript in UN 

offspring. In the livers of AD offspring on calorie restriction, leptin treatment up-

regulated the expression of Ckmt1 (1.25-fold) and Bax (1.17-fold); however, in UN 

offspring leptin treatment up-regulate the expression of ribosomal S6 kinase 1 (S6k1) 

(1.31-fold), a down stream signalling component of the mammalian target of rapamycin 

signalling (mTOR) network (Um et al., 2006).  
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Table  4.3 Relative gene expression profile in the liver.  

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Energy metabolism                       
Tfam 1.95 1.39 - - - - - - 1.35 - - 
Glut2 1.44 - - - 0.76 - - 1.25 - - - 
Acc-β 0.80 - - - 1.17 - - - - - - 
Ckmt1 1.34 - - - - - - - - 1.25 - 
Gck 1.23 - - - - - - - - - - 
Srebp1c 0.85 - - - - - - - - - - 
Hormones, cytokines and signalling            
Irs-1 0.84 - - - - - - - - - - 
S6k1 - - - - - - - - - - 1.31 
Tnf-α - - - 1.17 - 1.17 - - 0.84 - - 
Il-6 - - - 1.31 - 1.28 - - - - - 
Growth and cellular proliferation            
Bax 1.17 - - - - - - - - 1.17 - 
Dio3 1.23 - - - 0.80 - - - - - - 
Imprinted genes            
Igf-2r 1.41 - - - 0.73 - - - - - - 
Igf-2 0.80 - - - - 1.17 - - - - - 
Table showing average fold change across biological pools. Significance P<0.001 and B>3 
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4.3.3. Gene expression profile within the retroperitoneal adipose 
tissue  

Effects of prenatal undernutrition 

Exposure to prenatal undernutrition had a negligible effect on gene expression in the 

retroperitoneal adipose tissue. Only a single gene transcript was affected by prenatal 

undernutrition, the insulin receptor gene (Insr) which was up-regulated (1.20-fold) 

within the adipose tissue of chow fed UN offspring relative to matched AD offspring 

(Table 4.4). 

 

Effects of postnatal diet 

High-fat feeding had a minor effect on gene expression within the retroperitoneal 

adipose tissue of both AD and UN offspring (Table 4.4). In the adipose tissue of AD 

offspring, high-fat feeding affected the expression of 3 gene transcripts. The expression 

of one gene transcript, 11β-hydroxysteroid dehydrogenase type 2 (Hsd11β2), is 

involved in the inactivation of glucocorticoids (Draper and Stewart, 2005), and was 

increased by a high-fat diet (1.26-fold). The expression of the other 2 gene transcripts 

were reduced by high-fat feeding: Ckmt1 (0.85-fold), and pancreas duodenum 

homeobox-1 (Pdx-1) (0.78-fold), a regulator of pancreatic transcription (Gerrish et al., 

2001). Similar to the effects observed within the adipose tissue of AD offspring, high-

fat feeding increased the relative adipose tissue expression of Hsd11β2 mRNA (1.18-

fold) and decreased Ckmt1 mRNA (0.83-fold) in the adipose tissue of UN offspring.  

 

Calorie restriction had a much greater effect on gene expression within the adipose 

tissue than high-fat feeding (Table 4.4). In the adipose tissue of AD offspring, calorie 

restriction affected the expression of 15 gene transcripts, up-regulating the adipose 

tissue expression of 10 genes and down-regulating the expression of 5. Of the adipose 

tissue genes up-regulated by calorie restriction within AD offspring, 5 were involved in 

anabolic metabolic processes: stearoyl-coenzyme A desaturase 1 (Scd-1) (2.29-fold), a 

regulator of monounsaturated fatty acids synthesis (Miyazaki and Ntambi, 2003); fatty 

acid synthase (Fas) (1.80-fold), a regulator of de novo lipogenesis (Semenkovich, 

1997); Acc-β (1.27-fold); Srebp1c (1.31-fold); and glycogen synthase 2 (Gys2), a 

regulator of glycogen synthesis (Ferrer et al., 2003). Also increased in the adipose of 

AD offspring were 3 genes involved in hormone and cytokine signalling: Hsd11β2 
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(1.22-fold), Tnf-α (1.25-fold), and S6k1 (1.24-fold). The relative expression of pre-pro-

IGF I mRNA, class A, 5' end (Igf-1 A) (1.23-fold) and Igf-2(1.24-fold) were also 

increased by calorie restriction in AD offspring. Gene transcripts showing a decreased 

expression within the adipose tissue of AD offspring on calorie restriction included 3 

genes involved in energy metabolism: Ckmt1 (0.81-fold), lipoprotein lipase (Lpl) (0.69-

fold) responsible for the hydrolysis of lipoproteins (Mead et al., 2002), and hormone 

sensitive lipase (Hsl) which mediates triglyceride hydrolysis (Yeaman, 2004)(0.81-

fold). Also down-regulated was the expression of adiponectin (Adipoq) (0.74-fold), an 

insulin sensitising adipose hormone (Kadowaki and Yamauchi, 2005) and Pdx-1 (0.80-

fold). Within the adipose tissue of UN offspring, calorie restriction affected the relative 

expression of 11 genes, up-regulating the expression 7 gene transcripts and down-

regulating the expression of 4. Identical to the effects of calorie restriction in the 

adipose tissue of AD offspring, the expression of Scd-1 (1.53-fold), Acc-β (1.32-fold), 

Srebp1c (1.35-fold), Gys2 (1.23-fold), Tnf-α (1.15-fold), Igf-1 A (1.30-fold) and Igf-2 

(1.20-fold) were all increased by calorie restriction in the adipose tissue of UN 

offspring, while the expression of Ckmt1 (0.76-fold) and Hsl (0.76-fold) were 

decreased. Specific to the adipose tissue of UN offspring, calorie restriction also 

decreased the abundance of Bax (0.79-fold) and cyclin-dependent kinase inhibitor 1b 

(Cdkn1b) (0.80-fold), a regulator of the cell-division cycle (Assoian, 2004). 

 

Effects of leptin treatment 

 In both chow-fed AD and UN offspring, leptin treatment had only a negligible effect on 

adipose tissue gene expression (Table 4.4). In the adipose tissue of chow-fed AD 

offspring, leptin treatment down-regulated the relative expression of 2 gene transcripts: 

Lpl (0.76-fold) and Insr (0.83-fold), while in UN it only reduced the expression of a 

single gene transcript; Ckmt1 (0.85-fold). Leptin treatment also had a negligible effect 

on gene expression in the adipose tissue of high-fat fed offspring. In the adipose tissue 

of high-fat fed AD offspring, leptin treatment up-regulated the expression of only a 

single gene transcript; Ckmt1 (1.18-fold), while in UN offspring leptin only down-

regulated the expression of Tnf-α (0.85-fold) (Table 4.4). In the adipose tissue of 

offspring on calorie restriction, leptin treatment had a significantly greater effect on 

gene expression than in chow and high-fat fed offspring. In the adipose tissue of AD 

offspring on calorie restriction, leptin treatment affected the expression of 6 gene 
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transcripts, increasing the relative expression of Ckmt1 (1.26-fold) and Pdx-1 (1.26-

fold), while decreasing the expression of Hsd11β2 (0.81-fold), Scd-1 (0.48-fold), Fas 

(0.72-fold) and S6k1 (0.84-fold). In contrast, leptin treatment only affected the 

expression of 3 gene transcripts within the adipose tissue of calorie restricted UN 

offspring, increasing the expression of Bax and reducing the expression of Insr (0.85-

fold) and Tnf-α (0.83-fold). 
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Table  4.4 Relative gene expression profile in the retroperitoneal adipose tissue. 

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Energy metabolism            
Ckmt1 - 0.85 0.83 0.81 0.76 - 0.85 1.18 - 1.26 - 
Scd-1 - - - 2.29 1.53 - - - - 0.48 - 
Fas - - - 1.80 - - - - - 0.72 - 
Acc-β - - - 1.27 1.32 - - - - - - 
Lpl - - - 0.69 - 0.76 - - - - - 
Srebp1c - - - 1.31 1.35 - - - - - - 
Hsl - - - 0.81 0.76 - - - - - - 
Gys2 - - - 1.22 1.23 - - - - - - 
Hormones, cytokines and signalling            
Hsd11β2 - 1.26 1.18 1.22 - - - - - 0.81 - 
Adipoq - - - 0.74 - - - - - - - 
Insr 1.20 - - - - 0.83 - - - - 0.85 
Tnf-α - - - 1.25 1.15 - - - 0.85 - 0.83 
S6k1 - - - 1.24 - - - - - 0.84 - 
Growth and cellular proliferation            
Pdx-1 - 0.78 - 0.80 - - - - - 1.26 - 
Igf-1 A - - - 1.23 1.30 - - - - - - 
Bax - - - - 0.79 - - - - - 1.23 
Cdkn1b - - - - 0.80 - - - - - - 
Imprinted genes            
Igf-2 - - - 1.24 1.20 - - - - - - 
Table showing average fold change across biological pools. Significance P<0.001 and B>3   
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4.3.4. Gene expression profile within the soleus skeletal muscle 

Effects of prenatal undernutrition 

Exposure to prenatal undernutrition had no effect on relative gene expression in the 

soleus muscle of chow-fed UN offspring (Table 4.5).  

 

Effects of postnatal diet 

High-fat feeding had a minor effect on gene expression within the soleus muscle of both 

AD and UN offspring (Table 4.5). In the soleus of AD offspring, high-fat feeding 

increased the relative expression of 2 gene transcripts: Hsd11β2 (1.17-fold) and S6k1 

(1.24-fold), while in the soleus of UN offspring the expression of Hsd11β2 (1.10-fold) 

was also increased by high-fat feeding. Calorie restriction also had a relatively 

negligible effect on gene expression within the soleus muscle (Table 4.5). In the soleus 

of AD offspring, calorie restriction down-regulated the relative expression of 2 gene 

transcripts: phosphoenolpyruvate carboxykinase 1 (Pepck) (0.72-fold), a key regulator 

of gluconeogenesis (Chakravarty et al., 2005) and Fas (0.83-fold). Similarly, in the 

soleus muscle of UN offspring, calorie restriction affected the expression of 3 gene 

transcripts, reducing the expression of Pepck (0.84-fold) as well as increasing the 

expression of Glut2 (1.28-fold) and Pdx-1 (1.09-fold).  

 

Effects of leptin treatment 

 In chow-fed AD offspring, leptin treatment affected the expression of 2 gene transcripts 

within the soleus muscle: increasing S6k1 (1.21-fold) and decreasing Pepck (0.82-fold) 

mRNA expression (Table 4.5). In the soleus muscle of chow-fed UN offspring, leptin 

treatment affected the expression of 3 gene transcripts, increasing the expression of 

S6k1 (1.31-fold) as well as Pepck (1.19-fold) and Hsd11β2 (1.13-fold). In the soleus 

muscle of high-fat fed offspring, leptin treatment failed to effect gene expression in UN 

offspring, but up-regulated the expression of 2 genes: Tnf-α (1.20-fold) and Pdx-1 

(1.09-fold) in the muscles of AD offspring. In the soleus of AD offspring on calorie 

restriction, leptin treatment only affected the expression of a single gene, decreasing the 

expression of Hsd11β2 (0.91-fold). In the soleus of UN offspring on calorie restriction, 

leptin treatment affected the expression of 3 gene transcripts increasing the expression 

of Hsd11β2 (1.10-fold) as well as S6k1 (1.13-fold) and decreasing the expression of 

Pdx-1 (0.91-fold). 
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Table  4.5 Relative gene expression profile in the soleus skeletal muscle. 

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Energy metabolism            
Pepck - - - 0.72 0.84 0.82 1.19 - - - - 
Fas - - - 0.83 - - - - - - - 
Glut2 - - - - 1.28 - - - - - - 
Hormones, cytokines and signalling            
Hsd11β2 - 1.17 1.10 - - - 1.13 - - 0.91 1.10 
Tnf-α - - - - - - - 1.20 - - - 
S6k1 - 1.24 - - - 1.21 1.31 - - - 1.25 
Growth and cellular proliferation            
Pdx-1 - - - - 1.09 - - 1.09 - - 0.91 
Table showing average fold change across biological pools. Significance P<0.001 and B>3     
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4.4. Discussion  

The present microarray analysis has identified a number of gene transcripts which have 

undergone differential expression in response to prenatal undernutrition, postnatal diet 

and leptin treatment. However, this analysis has also highlighted a number of possible 

technical issues that may require a further validation study to be undertaken.  

 

4.4.1. Effects of prenatal undernutrition on gene expression profile   

In the context of the relatively small selection of genes analysed, the results of the 

present study demonstrate that exposure to prenatal undernutrition had the greatest 

effect on gene expression in the livers of UN offspring. This result is consistent with 

two prior physiological observations in UN offspring (see Chapter 3), that of fasting 

hypertriglyceridemia and hyperinsulinemia which suggest the presence of alterations in 

hepatic triglyceride production and energy metabolism (Krechowec et al., 2006). 

Together, these findings indicate that changes in the expression of key regulatory genes 

may provide an underlying mechanism to explain alterations in liver function observed 

within adult UN offspring.  

 

Glut2 and Gck are two important hepatic genes which are up-regulated in the liver of 

chow-fed UN offspring. Together, the products of these two gene transcripts are directly 

responsible for determining the liver’s ability to sense blood glucose levels (Collier and 

Scott, 2004). Glut2 functions as the primary hepatic glucose transporter (Burcelin et al., 

2000), while Gck activity determines the overall rate of hepatic glucose metabolism 

(Ferre et al., 1996). Increased hepatic gene expression of Glut2 and Gck could 

potentially enhance hepatic glucose flux in UN offspring. In the rat, targeted hepatic 

over-expression of Gck has been shown to greatly enhance hepatic glucose disposal 

(Ferre et al., 2003). Interestingly, this effect is associated with a dramatic increase in 

circulating plasma triglycerides, a consequence of an enhanced flux of glucose into the 

pathways of hepatic lipogenesis (Ferre et al., 2003). In a similar study a more modest 

hepatic over-expression of Gck (2 – 3-fold) was found to have significant effects on 

circulating triglyceride levels in fasted animals (O'Doherty et al., 1999). Despite the fact 

that the changes in Glut2 and Gck gene expression observed within the present study are 

relatively small (1.44-fold and 1.23-fold respectively). It is still possible to speculate 
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that increased Glut2 and Gck expression may be responsible for the elevations in fasting 

plasma triglycerides observed in UN offspring. However, further work is necessary to 

determine whether these changes in gene expression have any effects on hepatic glucose 

up-take and Gck enzyme activity.  

 

In contrast to the up-regulation of Glut2 and Gck, the relative abundance of Srebp1c and 

Acc-β mRNA were found to be decreased in the liver of chow-fed UN offspring. 

Together, these two genes are important regulators of hepatic lipogenesis. Srebp1c is a 

central metabolic transcription factor under the control of insulin, regulating the 

expression of genes controlling lipogenesis (Foretz et al., 1999). Acc-β regulates the 

rate limiting step of de novo lipogenesis in the liver and is under the transcriptional 

control of Srebp1c (Brownsey et al., 2006). Together, Srebp1c and Acc-β are involved 

in the insulin mediated stimulation of lipogenesis. The down-regulation of both these 

genes in the liver suggests that hepatic lipogenesis is likely to be suppressed in UN 

offspring. Insulin potently stimulates the expression of both Srebp1c and Acc-β mRNA, 

it is therefore important to note that the expression of both of these genes is reduced in 

the liver of UN offspring, despite the presence of hyperinsulinemia. This observation 

suggests that the livers of UN offspring maybe insensitive to insulin. In support of this 

possibility, hepatic expression of Irs-1, a key insulin signalling component, was reduced 

in UN offspring. Studies using a range of animal models have demonstrated a strong 

association between hepatic insulin resistance and reductions in the expression of the 

Irs-1 gene transcript (Kerouz et al., 1997, Saad et al., 1992, Taniguchi et al., 2005). 

Notably, a recent study has found the reductions in hepatic Irs-1 expression are 

associated with reductions in the expression of Gck (Taniguchi et al., 2005). In contrast, 

the present study has shown that a reduction in the expression of Irs-1 is associated with 

an increase in the expression of Gck. The expression of hepatic Gck is principally under 

the control of insulin which can stimulate Gck expression (Iynedjian et al., 1989). 

However, the specific mechanisms behind this regulation are not yet clear. While some 

studies have shown that hepatic Gck expression is under the transcriptional control of 

Srebp1c (Foretz et al., 1999, Kim et al., 2004b), a number of more recent studies have 

shown that Srebp1c is not necessary for the hepatic induction of Gck (Gregori et al., 

2006, Hansmannel et al., 2006). Although the present association between increased 

Gck gene expression and reduced Srebp1c and Irs-1 mRNA expression may not be so 
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contradictory in light of recent studies, further work is necessary to provide a clearer 

picture of hepatic metabolic status. 

 

Parallel to changes in the expression of genes involved in carbohydrate and lipid 

metabolism, prenatal undernutrition also influenced the adult expression of two genes 

involved in mitochondrial function. The expression of Tfam, a key mitochondrial 

transcription factor responsible for mitochondrial biogenesis, was increased in the liver 

of UN offspring. The expression of Tfam mRNA typically reflects mitochondrial 

content and is up-regulated in times of metabolic stress and cellular energy deficiency 

(Ekstrand et al., 2004, Miranda et al., 1999). The up-regulation of Tfam mRNA in UN 

offspring, suggests that hepatic mitochondrial content and/or function may be affected, 

in some way, by exposure to prenatal undernutrition. The expression of Bax was also 

found to be increased in the liver of UN offspring. Bax is an important pro-apoptotic 

mediator governing mitochondrial membrane permeabilization and the subsequent 

release of cytochrome c from the inner membrane space. The overexpression of Bax has 

been shown to increase cellular sensitivity to apoptotic stimuli (Brady et al., 1996, 

Zhang et al., 1998). Further studies indicate the possibility that Bax may also act to 

impair mitochondrial respiration and ATP production (Antonsson, 2001, Harris et al., 

2000). The up-regulation of both Tfam and Bax in the present study, suggests that 

oxidative and pro-apoptotic stresses may be increased in the liver of UN offspring, 

consequently providing a stimulus for the up-regulation of Tfam mRNA expression. 

Also involved in mitochondrial function, Ckmt1 was identified as differentially 

expressed within the liver of UN offspring. However, a number of studies have 

indicated that the liver does not normally express Ckmt1 in any appreciable abundance 

(Meffert et al., 2005, Miller et al., 1997, Payne and Strauss, 1994). These findings 

contrast with the results of the present study which has found that Ckmt1 was one of the 

10 most intense set of spots present on the microarray, indicating a relatively high 

abundance of gene transcript. This finding raises the possibility that the identification of 

Ckmt1 within the liver may represent a false positive result on behalf of the custom 

microarray platform, and highlights the need to validate these findings using alternative 

methodologies.  

 

Exposure to prenatal undernutrition also affected the hepatic expression of a number of 

genes involved in the regulation of growth and cellular proliferation. Of particular 
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interest were the expression of two oppositely imprinted genes, Igf-2 and the Igf-2r. The 

paternally-expressed Igf-2 gene was down-regulated while the maternally-expressed Igf-

2r was up-regulated in the livers of chow fed UN offspring. Igf-2 is an essential growth 

factor promoting fetal growth and development through the activation of the Igf-1 

receptor (Baker et al., 1993). In contrast, the mannose-6-phosphate/Igf-2r has anti-

mitogenic properties and binds Igf-2 without signalling, removing it from circulation 

and regulating its degradation (Randhawa and Cohen, 2005). The liver is a major site of 

Igf-2 production and it is most highly expressed during fetal development. Reductions 

in the hepatic expression of Igf-2, in association with increased Igf-2r expression in UN 

offspring, suggest that the mitogenic activities of Igf-2 may be suppressed. This 

outcome would be consistent with the relative growth retardation observed in UN 

offspring at birth (Krechowec et al., 2006). Knockout (KO) studies by DeChiara et al 

have clearly demonstrated that a deficiency of Igf-2 results in significant fetal growth 

retardation (DeChiara et al., 1990); and conversely, the KO of Igf-2r results in fetal 

overgrowth (Lau et al., 1994). In this context, changes in the hepatic expression of Igf-2 

and the Igf-2r provide an attractive mechanism with which to explain the prior 

observations of intra-uterine growth retardation in UN offspring. However, whether 

these changes in gene expression observed in adult offspring are also present at birth 

and can actually influence fetal Igf-2 bio-activity, remains to be determined.  

 

In summary, the present study demonstrates that exposure to prenatal undernutrition has 

a significant effect on relative gene expression within the livers of adult female UN 

offspring. Changes in the hepatic expression of Glut2 and Gck provide a possible 

molecular mechanism with which to explain the presence of fasting 

hypertriglyceridemia observed within adult UN offspring. However, concomitant 

changes in the expression of Srebp1c, Acc-β, and Irs-1 conflict somewhat with this 

hypothesis. Furthermore, changes in the hepatic expression of Tfam and Bax implicate 

possible effects on mitochondrial function, while alterations in the relative expression of 

Igf-2 and Igf-2r may provide a molecular mechanism for fetal growth retardation. 

Overall, this study has identified a number of possible biological pathways which may 

underlie the development of key aspects of the UN phenotype. However, further studies 

are necessary to determine if such subtle changes in gene expression actually affects 

physiological function.  
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4.4.2. Effects of postnatal diet on gene expression profile   

Postnatal high-fat feeding and calorie restriction had a significant effect on the growth 

characteristics, body composition and on the metabolite and endocrine profiles of both 

AD and UN offspring (Krechowec et al., 2006). High-fat feeding caused the 

development of DIO in both AD and UN offspring and was associated with fasting 

hyperinsulinemia and hyperleptinemia (Krechowec et al., 2006). In contrast, calorie 

restriction led to the development of a lean phenotype and was associated with 

hypoinsulinemia and hypoleptinemia (Krechowec et al., 2006). The present microarray 

analysis has found that high-fat feeding only had a limited effect on peripheral gene 

expression, while in contrast calorie restriction had a relatively more potent effect. 

 

Effects of a high-fat diet  

In the liver of AD offspring, high-fat feeding only affected the expression of a single 

target gene transcript, Tfam, and had no effects on hepatic gene expression in high-fat 

fed UN offspring. Similarly, within the adipose tissue of both AD and UN offspring, 

only 3 gene transcripts, Ckmt1, Hsd11β2 and Pdx-1 were affected by high-fat feeding. 

Notably, these 3 gene transcripts have a highly tissue-specific distribution which does 

not include the adipose tissue. The expression of Pdx-1 is almost exclusively confined 

to the pancreas (Guz et al., 1995), while Ckmt1 is most highly expressed in the brain, 

gut, and kidney (Payne et al., 1991), and Hsd11β2 expression is confined to 

mineralocorticoid target tissues such as the kidney, colon and placenta (Roland and 

Funder, 1996). However, Engeli et al has recently identified, albeit at a relatively low 

level, the expression of Hsd11β2 gene transcripts within human abdominal 

subcutaneous adipose tissue (Engeli et al., 2004). In comparison with these previous 

studies, all three gene transcripts were found at relatively high levels within the adipose 

tissue of both AD and UN offspring. While the recent study by Engeli et al may support 

the presence of Hsd11β2 gene transcripts within the retroperitoneal adipose, the present 

literature does not support the adipose tissue expression of either Pdx-1 or Ckmt1. In 

this context the present findings may constitute a further incidence of false positive 

reporting in the custom microarray platform.  

 

Similar to the results observed in the adipose tissue and liver, high-fat feeding only had 

a minimal effect on gene expression within the soleus skeletal muscle of experimental 
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offspring. Notably, one of the only genes to be affected by high-fat feeding was 

Hsd11β2, which was up-regulated in both AD and UN offspring. Although the 

expression of Hsd11β2 in the skeletal muscle has not been previously reported, the 

consistent high-fat diet-induced up-regulation of Hsd11β2 mRNA expression in both 

AD and UN offspring, and in both adipose tissue and skeletal muscle, suggests that this 

may be a real experimental effect rather than a possible false positive result. However, 

this possibility is tempered by the relatively high intensity of this gene spot which 

suggests a comparatively high level of expression relative to the other 90 genes on the 

microarray.  

 

In the context of the subset of genes represented on the custom arrays, the present 

microarray analysis demonstrates that high-fat feeding only had a minimal effect on 

relative gene expression within the peripheral metabolic tissues of experimental 

offspring. However, a consistent diet-induced up-regulation in the mRNA expression of 

Hsd11β2 in the adipose tissue and soleus muscle of both AD and UN offspring, may 

represent a novel finding which requires further investigation.  

 

Effects of calorie restriction  

Calorie restriction had a minor effect on hepatic gene expression in AD offspring, up-

regulating the mRNA expression of 2 pro-inflammatory cytokines (Tnf-α and Il-6). In 

contrast within UN offspring, calorie restriction had no effect on hepatic cytokine 

mRNA expression, but did have a number of effects on other target genes. In the liver 

of UN offspring on calorie restriction, Glut2, Dio3 and Igf-2r mRNA expression was 

down-regulated and Acc-β expression up-regulated relative to chow-fed UN offspring. 

Interestingly, this pattern of gene expression is the direct inverse of that observed in 

chow fed UN offspring relative to matched AD offspring where Glut2, Dio3 and Igf-2r 

mRNA expression is up-regulated and Acc-β expression is down-regulated. This inverse 

pattern of relative gene expression suggests that calorie restriction may either prevent or 

reverse some of the changes in gene expression observed in chow fed UN offspring.  

However, given the limited nature of this reversal and the lack of any distinct functional 

commonality among the genes involved, it is difficult to speculate on whether this 

represents a possible reversal of the UN hepatic phenotype.  
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Calorie restriction had the greatest effects on gene expression within the retroperitoneal 

adipose tissue where 9 common differentially regulated gene transcripts were identified 

in the adipose tissue of both AD and UN offspring. The majority of gene transcripts 

identified as differentially expressed, were involved in the regulation of carbohydrate 

and lipid metabolism. They include Scd-1, Acc-β, Srebp1c, and Gys2 which were up-

regulated by calorie restriction and Hsl which was down-regulated. Together these 

changes in gene expression suggest that anabolic metabolic pathways, particularly 

lipogenic metabolic pathways, are co-ordinately up-regulated by chronic calorie 

restriction in the adipose tissue of both AD and UN offspring. Conversely, the down-

regulation of Hsl which regulates triglyceride hydrolysis, suggests that at least one 

catabolic regulator may have been inhibited. These findings are consistent with a study 

by Higami et al which has also demonstrated similar elevations in the expression of 

lipogenic genes within the adipose tissue of mice subjected to long-term calorie 

restriction (Higami et al., 2003). The induction of anabolic lipogenic genes within the 

adipose tissue of calorie restricted offspring is suggestive of a compensatory response 

aimed at retaining a minimal level of adiposity under conditions of prolonged 

nutritional deficit.  

 

The effects of calorie restriction on gene expression in the soleus muscle are limited. No 

clear pattern of gene expression emerged in the soleus muscle of either AD or UN 

offspring on calorie restriction. However, one muscle gene transcript of note, altered by 

calorie restriction, was Pepck which was down-regulated by calorie restriction in the 

soleus muscle of both AD and UN offspring. This is notable as the current body of 

literature suggests that Pepck expression should be potently stimulated, rather than 

down-regulated under the hypoinsulinemic conditions present in calorie restricted 

offspring (Chakravarty et al., 2005).  

 

In summary, the present analysis has found that calorie restriction has a potent tissue-

specific effect on gene expression in the adipose tissue of both AD and UN offspring. 

The changes in gene expression observed within experimental offspring suggest that 

chronic calorie restriction may stimulate lipogenic biological pathways within the 

adipose tissue. In the liver, calorie restriction has differential effects on gene expression 

in AD and UN offspring. Of particular note, calorie restriction within UN offspring 

appears to reverse or prevent changes in hepatic gene expression observed in chow fed 
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UN offspring. In contrast to the liver and adipose tissue, gene expression within the 

soleus muscle appears to be relatively unaffected by calorie restriction.  

 

4.4.3. Effects of leptin treatment on gene expression profile   

Various key leptin response genes were included in the custom microarrays used for the 

present study. This gene selection makes it possible to screen for leptin-mediated 

changes in peripheral gene expression with the aim of characterising leptin sensitivity at 

a molecular level.   

 

The peripheral effects of leptin treatment on lipid metabolism are well established and 

various studies have shown that leptin can suppress tissue lipogenesis and stimulate 

lipid oxidation (Chen and Heiman, 2000, Hwa et al., 1997, Shimabukuro et al., 1997, 

Steinberg et al., 2002, Wang et al., 1999). These effects of leptin are partly mediated 

through a direct effect on peripheral gene expression. Various leptin response genes 

were incorporated into the present custom microarrays including; Srebp1c (Nogalska et 

al., 2005), Scd-1 (Cohen et al., 2002), Fas (Zhou et al., 1998) and Ppar-γ (Qian et al., 

1998b), which are down-regulated by leptin; and Ppar-α (Wang et al., 1999) and Cpt-1 

(Lee et al., 2002) which are up-regulated by leptin. In the present study, across all 

tissues and experimental comparisons, barring a single exception, leptin treatment 

appeared to have no effects on any known leptin response genes. The single exception 

was observed in the adipose tissue of AD offspring on calorie restriction, where leptin 

treatment was found to down-regulate the expression of both Scd-1 and Fas. Despite 

showing no effects on known leptin response genes leptin treatment was found to have a 

minor effect on the expression of a small number of other genes. Within most of the 

comparisons between saline and leptin treated animals, the expression of one or two 

unrelated gene transcripts were found to be affected by leptin treatment. However, no 

common or consistent pattern of gene expression emerges from the present data set. Of 

the genes most consistently identified as differentially expressed within leptin treated 

comparisons, Tnf-α and S6k1 appear most frequently. Both appear in 5 out of 18, saline 

vs. leptin comparisons. Nonetheless the effects of leptin treatment on the expression of 

these two genes are far from consistent. Overall, the failure to discern any consistent 

effects of leptin treatment on the expression of leptin responsive gene transcripts raises 

a concern over the sensitivity of the present custom array platform.  
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4.4.4. Technical limitations and future validation 

The present microarray analysis has identified a number of potentially interesting genes 

which have shown differential expression within the peripheral tissues of experimental 

animals. However, a detailed analysis of the present microarray data set reveals certain 

technical limitations of the fluorescent microarray platform which make it necessary to 

validate these findings using alternative methodologies. 

 

The majority of genes identified as differentially expressed within the present study 

typically demonstrated a fold change less than 2, the average difference in gene 

expression being approximately 20%. That these small differences in gene expression 

were identified as significant, are the results of the design of the custom microarrays 

and the inferential statistical approach used for data analysis (see sections 4.2.1. and 

4.2.9.). The use of an inferential statistical approach was made possible by the provision 

of two independent biological replicate pools, which allowed an estimation of natural 

biological variation (Dudoit et al., 2002, Nadon and Shoemaker, 2002). A more 

accurate estimate of technical variation was also made possible by having 16 replicate 

spots for each different target gene (Smyth et al., 2005). Traditionally, the inclusion of 

biological replicates in microarray studies was uncommon and spot replicates have been 

limited to 2 or 3. Before the development of more powerful statistical techniques, a 

fixed threshold, commonly a 2-fold difference was used to arbitrarily screen microarray 

data (Feng et al., 2000, Maxwell and Davis, 2000, Schena et al., 1996, Swidzinski et al., 

2002). Genes demonstrating fold differences below arbitrarily selected thresholds were 

disregarded as biologically insignificant. The use of arbitrary thresholds has now given 

way to more sophisticated statistical tests. However, the ability of existing fluorescent 

microarray technology to accurately measure and identify small fold changes (<2 fold) 

has not been fully validated. Current evidence suggests that inherent limitations in the 

fluorescent detection system used in two-colour microarray analysis, fundamentally 

limit, the dynamic range and detection sensitivity of this platform (Shippy et al., 2004, 

Tan et al., 2003, Wang et al., 2006). There now appears to be some consensus that these 

technical limitations significantly increase uncertainty about the accuracy of microarray 

fold-changes <1.5-fold (Dallas et al., 2005, Etienne et al., 2004, Wang et al., 2006). In 
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light of this uncertainty, there is a need to generate corroborative data to determine 

whether the present microarray findings are accurate.  

 

An ever-present and fundamental pit fall with any hybridization-based technique, such 

as the microarray, is the possibility of non-specific and/or cross-hybridization, which 

may lead to false positive results. In light of the large number of probes present on a 

microarray, and the large potential for micro-variations in hybridization conditions 

across the array surface, non-specific and/or cross-hybridization has always been a 

significant concern to the microarray community (Catherino et al., , Chuaqui et al., 

2002). Careful probe design, target preparation and experimental optimisation, can 

significantly reduce the problem of non-specific hybridization, but it cannot be 

completely eliminated. The existence of false positives is a concern in the present study 

because of the expression profiles of 4 specific gene transcripts: Pdx-1, Ckmt1, Glut2 

and Hsd11β2. All 4 of these gene transcripts exhibit well-defined tissue-specific 

expression patterns. In adult rodents Pdx-1 is almost exclusively expressed in the 

pancreatic β-cells (Guz et al., 1995); Ckmt1 is expressed principally in the brain and 

smooth muscle (Payne et al., 1991); Glut2 is present in the liver, pancreatic β-cells, 

brain and intestine (Burcelin et al., 2000); and Hsd11β2 is confined to mineralocorticoid 

target tissues such as the kidney, lung and intestine (Roland and Funder, 1996). 

However, in the present study, intense signals for all 4 genes have been observed in the 

liver, retroperitoneal adipose tissue and soleus skeletal muscle. Together, these findings 

suggest that cross-hybridization and/or non-specific hybridization may be influencing 

the results of the present microarray analysis. Non-specific hybridization was monitored 

across the custom microarrays by the inclusion of a negative control probe specific to a 

unique genomic sequence from the plant Arabidopsis thaliana. Within all microarray 

comparisons undertaken for the present study, spot intensities of the negative control 

did not exceed background. On this basis it is possible to conclude that the apparent 

false positive results may be brought about by cross-hybridization rather than non-

specific binding. In such circumstances, the present microarray results need to be 

verified using a methodology which does not rely on hybridization kinetics. An 

additional strategy which was not used in the present study would have been to include 

a number (>3) of different probe sequences specific for the same gene. The different 

probe sequences should not give the same level of cross-specificity and this will give a 
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clearer picture of specific hybridization efficiencies, and may provide a more accurate 

picture of relative transcript abundance.  

 

Despite the growing consensus on the need to validate microarray results, there exist no 

clear guidelines on how this should be accomplished (Catherino et al., In Press, 

Chuaqui et al., 2002, Rockett and Hellmann, 2004). There is still a major debate on 

exactly when and how microarray validation should be carried out (Rockett and 

Hellmann, 2004). At present most corroborative studies have sought only to validate 

significant results using alternative quantitative methodologies such as QPCR (Dallas et 

al., 2005, Etienne et al., 2004, Wang et al., 2006). This approach protects the 

investigator from erroneous inferences due to false positive results. In the absence of 

any clear guidelines, it is currently left to the investigator to determine how many genes 

are chosen for further validation and on what criteria those genes are chosen.  

 

A total of 6 gene transcripts have been selected for further validation by Q-PCR: Scd-1, 

Fas, Hsd11β2, S6k1, Tfam and Insr. Scd-1 and Fas were both chosen because they are 

well established peripheral leptin response genes, which were found to be unaffected by 

leptin in the present microarray analysis. Conversely, S6k1 was one of the few genes 

that did demonstrate a relatively consistent response to leptin treatment but is as yet, not 

recognised as a leptin responsive gene. Insr was selected because of its potential 

involvement in insulin resistance and its wide spread abundance within peripheral 

tissues. Conversely Hsd11β2 was selected because its tissue specific expression in the 

present study is not consistent with the present body of literature. Tfam was selected 

because this probe gave one of the strongest signals and showed one of the largest fold 

changes across various experimental comparisons. The studies undertaken to 

independently validate the expression of these 6 genes are described in the next chapter 

(Chapter 5).  
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CHAPTER 5.  QPCR ANALYSIS OF PERIPHERAL 
GENE EXPRESSION IN AD AND UN 
OFFSPRING 

 

 

5.1. Introduction  

In the previous chapter, custom microarrays were used to screen the expression profiles 

of 90 target genes involved in energy metabolism and endocrine signalling. Several 

genes were found to undergo differential expression, across a range of experimental 

conditions, within key peripheral tissues. In the present study, quantitative real-time 

reverse transcription polymerase chain reaction (QPCR) was used to independently 

validate the findings of the custom microarray analysis. A total of 6 target genes were 

selected for this corroborative study. These target genes were selected on the basis of 

their relevance to leptin activity; the regulation of energy homeostasis; and the 

development of DIO. The genes selected were fatty acid synthase (Fas), stearoyl-CoA 

desaturase 1 (Scd-1), 11-β hydroxysteroid dehydrogenase type 2 (Hsd11β2), insulin 

receptor (Insr), ribosomal S6 kinase 1 (S6k1), and mitochondrial transcription factor A 

(Tfam).  

 

The genes Fas and Scd-1 are both involved in leptin-mediated lipogenic metabolic 

pathways. Fas is responsible for the biosynthesis of long chain fatty acids during de-

novo lipogenesis, and Scd-1 regulates the synthesis of monounsaturated fatty acids, a 

process which shifts metabolic flux towards lipid biosynthesis (Miyazaki and Ntambi, 

2003). The expression of both genes is regulated by insulin and leptin, with insulin up-

regulating and leptin down-regulating gene expression (Cohen et al., 2002, Waters and 

Ntambi, 1994).  

 

Hsd11β2 is one of two 11-β hydroxysteroid dehydrogenases which catalyse the 

interconversion of active and inactive glucocorticoids. 11-β Hydroxysteroid 

dehydrogenases determine local glucocorticoid concentrations, gating steroid access to 
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nuclear glucocorticoid receptors (Funder et al., 1988). Hsd11β2 is a high affinity 

dehydrogenase which rapidly converts active corticosterone to inactive 11-

deoxycorticosterone. In contrast, 11-β hydroxysteroid dehydrogenase type 1 (Hsd11β1) 

catalyses a reverse reaction, reactivating inactive 11-deoxycorticosterone.  

 

Insr codes the insulin receptor which is responsible for transducing the direct metabolic 

and mitogenic signals of insulin. Essential for energy homeostasis, insulin receptor 

signalling regulates insulin-stimulated glucose uptake (Chang et al., 2004) and 

promotes both lipogenesis and adipogenesis (Saltiel and Kahn, 2001).  

 

S6k1 is a rapamycin sensitive serine/threonine protein kinase which is involved in the 

integration of mitogenic signalling and cellular metabolism. The activities of S6k1 are 

responsible for the regulation of ribosome biogenesis, mRNA translation and protein 

synthesis (Hay and Sonenberg, 2004). However, a series of recent studies have found 

that S6k1 is part of a novel negative feedback loop which suppresses insulin signalling 

(Berg et al., 2002, Khamzina et al., 2005, Um et al., 2004).  

 

Tfam is a nuclear gene which codes for a mitochondrial protein essential for 

mitochondrial replication (Larsson et al., 1998). The Tfam protein is responsible for the 

maintenance, transcription and replication of mtDNA (Kang and Hamasaki, 2005). The 

presence of Tfam is necessary for mitochondrial biogenesis and the maintenance of 

normal mitochondrial function. Tfam mRNA expression is typically up-regulated in 

situations of energy deficiency or oxidative stress (Miranda et al., 1999, Wiesner et al., 

1999). 

 

Using QPCR, the present study seeks to independently validate the microarray 

expression patterns of 6 target genes in the liver, retroperitoneal adipose tissue and 

soleus skeletal muscle tissues of experimental offspring derived from the studies 

presented in Chapter 3 of this thesis. The identification of differences in peripheral gene 

expression may provide clues to the mechanisms that underlie the development of DIO 

in adult UN offspring. 

 

 

 128



Chapter 5. 

5.2. Materials and methods 

5.2.1. Study design  

The experimental animals and study design used for this experiment are fully described 

in Chapter 3, section 3.2.2.  

 

5.2.2. RNA extraction and quality control  

Total RNA was previously extracted and prepared from the liver, retroperitoneal 

adipose tissue and soleus muscle as described in Chapter 4 Sections 4.2.3 & 4.2.4. 

 

5.2.3. Preparation of cDNA  

cDNA was synthesised from 5μg of total RNA using the SuperScript™ III First-Strand 

synthesis system for RT-PCR (Invitrogen). cDNA synthesis was undertaken according 

to the manufacturer’s instructions. Briefly, 5μg of total RNA in a volume of up to 8μl, 

was combined with 1μl of 50μM oligo(dT)20 primers and 1μl of 10mM dNTP in a 

1.5ml RNase-free tube. Sample volumes were made up to 10μl with DEPC-treated 

water. This reaction mixture was incubated for 5 minutes at 65oC and then placed on ice 

for at least 1 minute. After incubation, 9μl of cDNA synthesis reaction mix (Appendix 

II) was added to reaction tubes followed by 1μl of SuperScript™ III Reverse 

transcriptase (200U/ul). The reaction mixture was gently mixed, spun down by brief 

centrifugation, and incubated at 50oC for 50 minutes. The reaction was terminated by 

incubating at 85oC for 5 minutes and then placing samples on ice for at least 1 minute. 

After a brief centrifugation, 1μl of RNase H was added to each tube which were then 

incubated at 37oC for 20 minutes. cDNA was stored at -20 oC until further use.  

 

5.2.4. TaqMan® Gene Expression Assays 

All QPCR assays were carried out using inventoried TaqMan® Gene Expression Assays 

from Applied Biosystems (ABI, USA). Pre-formulated expression assays consisted of a 

single 20x mix containing 1 pair of unlabelled gene specific PCR primers (each primer 

at a final concentration of 900nM) and 1 FAM™ dye-labelled TaqMan® minor groove-
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binder probe (250nM final concentration). The following rat specific assays were used 

in the QPCR experiments detailed in this chapter: Scd-1 (ID Rn00594894_g1), Tfam 

(ID Rn00580051_m1), S6k1 (ID Rn00579546_m1), Fas (ID Rn00569117_m1), Insr 

(ID Rn00567070_m1), Hsd11β2 (ID Rn00492539_m1) and Hprt (ID Rn01527838_1.). 

Assays with the designation Rn********_m1 are designed over exon-exon boundaries. 

Assays with the designation Rn*******_g1 are also designed over exon-exon 

boundaries but have the potential to detect both the functional transcript and non-

transcribed pseudogenes, in the presence of high-levels of contaminating genomic 

DNA.  

 

5.2.5. Assay protocol and QPCR cycling conditions  

All QPCR reactions were singleplex reactions with a total volume of 10μl. All reactions 

were set up in ABI Prism™ 384-well clear optical reaction plates (Applied Biosystems). 

Within each plate well 1μl of cDNA template, amounting to an input amount of 

approximately 30ng of total RNA, was combined with 9μl of real-time RT-PCR 

reaction mix (Appendix II). All samples were assayed in triplicate and negative RT and 

no template reactions (sterile water) were used as negative controls. After loading wells, 

384-well plates were sealed with an ABI Prism™ optical adhesive cover. Experimental 

plates were run under standard universal thermal cycling conditions (Table 5.1) in an 

Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosystems). Raw 

cycle threshold (CT) values were exported from the SDS result files into Microsoft 

excel for further analysis.  

 

Table  5.1 Universal thermal cycling conditions 

AmpErase UNG 

Activation 

AmpliTaq Gold 

Enzyme 

Activation 

PCR 

CYCLE (40 cycles) 

Step 

HOLD HOLD 
Denature Anneal/Extend 

Time 2 min 10 min 15 sec 1 min 

Temp 50 oC 95 oC 95 oC 60 oC 
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5.2.6. Comparative CT method for relative quantification 

In the present study relative gene expression was calculated using the 2-ΔΔCT method 

derived by Livak and Schmittgen (Livak and Schmittgen, 2001). The accurate 

quantification of relative gene expression using this method is contingent on the 

validation of two principle assumptions: that the expression of the endogenous reference 

gene is not effected by experimental treatments; and that the amplification efficiencies 

of the target and endogenous reference are approximately equal.  

 

Selection and validation of endogenous reference  

The Hprt gene was initially selected as the endogenous reference on the basis of the 

prior microarray analysis. The relative expression of 4 different housekeeping genes 

was assessed in the prior microarray analysis. These housekeeping genes were Tuba 1, 

Gapdh, Hprt, and Ubc. Table 5.2 summarise the effects of experimental conditions on 

the relative expression of selected housekeeping genes within the liver, retroperitoneal 

adipose tissue and soleus skeletal muscle. Table 5.2 shows that, on average, 

housekeeping gene expression appeared to be relatively stable across most experimental 

conditions. None of the housekeeping genes exhibited large scale systematic changes in 

gene expression. However, Tuba 1, Gapdh and Ubc all demonstrated a number of small 

but significant changes in gene expression under 1 or more experimental conditions. Of 

the four genes, Hprt appeared to be the most stable and least variable, followed by 

Gapdh, Tuba 1 and then Ubc. On the basis of these results Hprt was selected as the 

endogenous reference for use in the QPCR analysis. 
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Table  5.2 Fold change in housekeeping gene expression as determined by microarray analysis 

 

 Prenatal 
nutrition Postnatal diet Treatment 

 AD vs. UN Chow vs. High-
fat 

Chow vs. 
Calorie res. 

Saline vs. 
Leptin  

in chow-fed 

Saline vs. 
Leptin  

in high-fat fed 

Saline vs. 
Leptin  

in calorie res. 
  in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Tuba 1 Liver 1.12 1.00 0.93 1.00 0.95 1.02 0.98 1.15 0.92 1.20 0.94 

Tuba 1 Adipose 0.88 0.93 0.99 0.77 0.78 1.00 0.96 1.07 0.99 1.10 1.10 

Tuba 1 Soleus 0.98 0.98 0.93 1.05 1.10 1.02 0.93 1.04 0.97 1.02 0.91 

Gapdh Liver 1.18 1.08 0.96 1.00 0.89 0.98 1.06 0.95 1.05 0.93 1.05 

Gapdh Adipose 1.06 1.03 1.02 1.09 0.91 1.02 1.05 0.98 1.13 0.79 1.09 

Gapdh Soleus 1.00 0.98 0.99 0.98 1.08 0.96 1.03 0.91 1.11 0.93 1.01 

Hprt Liver 0.97 0.98 1.00 1.01 1.01 0.97 0.94 1.03 0.97 1.05 0.96 

Hprt Adipose 1.01 1.06 1.00 0.97 0.93 1.05 0.96 0.96 0.85 1.05 0.97 

Hprt Soleus 0.94 0.94 0.95 1.04 1.11 0.99 0.94 1.04 0.95 1.00 0.91 

Ubc Liver 1.20 1.11 1.03 0.89 0.85 0.94 1.13 0.94 1.14 0.98 1.10 

Ubc Adipose 1.04 1.09 1.09 0.85 0.86 0.98 1.07 0.95 1.16 0.95 1.19 

Ubc Soleus 1.06 1.06 1.03 0.94 0.86 0.94 1.03 0.87 1.07 1.00 1.15 

Significant fold change = Bold;  significance level P<0.001 and B>3 
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A further analysis of the stability of Hprt gene expression was also undertaken using the 

2-ΔĆT method suggested by Livak and Schmittgen (Livak and Schmittgen, 2001). For all 

individual animals, CT values for Hprt where measured using QPCR in each of the 

three experimental tissues. To identify systematic experimental effects on Hprt gene 

expression equation [1] was used to calculate housekeeping gene expression across 

experimental groups relative to untreated controls.  

 

2-ΔĆT [1] 

 

ΔĆT is derived by equation [2] which describes the abundance of Hprt in experimental 

samples relative to the arithmetic mean of the CT values for the untreated controls. In 

the present study design untreated controls are represented by AD offspring fed on 

chow and treated with saline (ACS).  

 

ΔĆT = CT, sample i –          CT, ACS i [2] ∑n =

n

i 1

1

 

This method allows the analysis of relative gene expression data when only one gene is 

studied (Livak and Schmittgen, 2001). The graphs presented in Figure 5.1 illustrate the 

effects that experimental factors had upon Hprt gene expression within the three 

metabolic tissues, as determined by QPCR. The results of this analysis showed that 

prenatal undernutrition, postnatal high-fat nutrition and leptin treatment did not have an 

effect on relative Hprt gene expression. However, within the liver, calorie restriction 

had a significant effect on Hprt expression, causing an approximately 2-fold up-

regulation in the expression of Hprt in both AD and UN offspring (P<0.005, Figure 

5.1). Excluding the apparent influence of postnatal calorie restriction in the liver, the 

expression of Hprt was relatively stable under all other experimental conditions. To 

correct for the effects of calorie restriction, hepatic Hprt expression in offspring on 

calorie restriction was normalised to that of matched chow-fed offspring. A constant 

(AEx) was subtracted from each individual hepatic Hprt CT value from offspring on 

calorie restriction. 
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Figure  5.1 Effects of experimental conditions on relative Hprt gene expression  

Graphs illustrate Hprt expression, as determined by QPCR, relative to saline treated, chow-fed, AD 
offspring (ACS). A. Relative Hprt expression within the liver; (* Postnatal calorie restriction, P<0.005). 
B. Relative Hprt expression in the retroperitoneal adipose tissue. C. Relative Hprt expression in the 
soleus muscle. A = AD offspring, U = UN offspring, C = chow diet, CR = calorie restriction, HF = high-
fat diet, S = saline treatment, L = leptin treatment. 
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AEx was calculated independently for each experimental group on calorie restriction (Ex 

= ACRS, ACRL, UCRS, and UCRL) using equation [3]. 

 

AEx =          Hprt CT, Ex i -           Hprt CT, ACS i   [3] 

 

This correction procedure scales each individual Hprt CT values within each calorie 

restricted group by the difference between the mean of the uncorrected CT value and the 

mean of the CT value for chow-fed untreated controls. This correction effectively 

normalises hepatic Hprt CT value in calorie restricted offspring to the average CT value 

of matched chow-fed controls. 

 

 

Validation of amplification efficiencies  

For the calculations of the 2-ΔΔCT method to be valid the amplification efficiencies of 

both target and housekeeping genes must be approximately equal. To test this 

assumption a validation assay was carried out for each of the 6 target genes. This 

validation assay tested how the ΔCT between housekeeping and target gene varies over 

a ten-fold template dilution series. The slope of the linear relationship between log 

template concentration vs. ΔCT is used to test amplification efficiencies; a slope of less 

than 0.1 indicates that target and housekeeping gene PCR efficiencies are within the 

limits of the 2-ΔΔCT method (Livak and Schmittgen, 2001). Table 5.3 presents the results 

of the validation studies and demonstrates that the 2-ΔΔCT method is valid for use in the 

present experimental setting. 

 

Table  5.3 Validation assay results, slope of the linear relationship between log input 
amount of template vs. ΔCT (Target gene – Hprt) 

Target genes Liver Retroperitoneal 
adipose tissue Soleus skeletal muscle 

Scd-1 0.0083 0.0137 -0.0041 
Fas -0.0225 -0.0229 0.0488 

Hsd11β2 -0.0688 0.0123 0.0459 
Insr 0.0667 -0.0023 0.0755 
S6k1 -0.0761 0.076 0.0495 
Tfam 0.0009 0.0663 -0.0061 

 

 

 

∑1
=

n

in 1
∑1

=

n

in 1
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Experimental assays and the calculation of results  

For each gene and each tissue, 2 separate 384-well assay plates were set up to 

accommodate all primary experimental comparisons. The first plate (plate1) contained 

saline vs. leptin and AD vs. UN comparisons for offspring fed on chow and high-fat 

nutrition. The second plate (plate2) contained saline vs. leptin and AD vs. UN 

comparisons for offspring fed on chow and calorie restriction. In this manner, gene 

expression measurements for chow fed offspring were replicated on two separate plates 

and no direct comparisons were made between high-fat fed offspring and the offspring 

on calorie restriction. Relative gene expression normalised to the expression of Hprt 

was calculated for each sample using equation [4] derived by Livak and Schmittgen 

(Livak and Schmittgen, 2001).  

2-ΔΔCT [4] 

 

ΔΔCT is derived by equation [5] which describes the abundance of the target gene 

normalised to Hprt expression, relative to the arithmetic mean of the ΔCT values of the 

untreated controls. Within the present study design, untreated controls are represented 

by AD offspring fed on chow and treated with saline (ACS). 

 

ΔΔCT = ((CT, Target i – CT, Hprt i) –          (CT, Target, ACS i – CT, Hprt, ACS i)) [5] ∑
=

n

in 1

1

 

5.2.7. Statistical analysis and data presentation 

Statistical analysis was carried out on ΔCT values using SigmaStat (vr 3.10, Systat 

Software Inc., USA). Simple linear regression was used to assess correlations between 

replicate values for chow-fed animals (Appendix VI). In consideration of the tight 

correlation between replicate samples, replicate ΔCT values for chow fed offspring were 

averaged across plates 1 and 2 and used in subsequent analysis. Main experimental 

effects and interactions were determined by three-way factorial ANOVA (with Prenatal 

nutrition, Postnatal diet and Treatment as factors), followed by Holm-Sidak post hoc 

analysis. Separate ANOVAs were run for each experimental plate (see previous section 

5.2.6). Results are presented as the average fold difference in relative gene expression ± 

SEM. Figures 5.2-5.7 illustrate average relative fold differences in gene expression 

between experimental group and a matching calibrator sample (at y = 1), each bar is 
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derived from an independent ANOVA and are presented together to summarise main 

experimental effects. 

 

5.3. Results  

5.3.1. Effects of prenatal undernutrition on target gene expression  

The results of this study demonstrate the tissue-specific effects of prenatal 

undernutrition on gene expression within the peripheral tissues of adult female offspring 

(Figure 5.2). In the livers of chow fed UN offspring, S6k1 (P<0.005, 1.27±0.06) and 

Tfam (P<0.005, 1.32±0.07) mRNA expression were increased relative to matched chow 

fed AD offspring (Figure 5.2). The relative hepatic expression of Scd-1, Fas, Hsd11β2 

and Insr mRNA was unaffected by prenatal undernutrition (Figure 5.2). In the 

retroperitoneal adipose tissue of chow-fed UN offspring, prenatal undernutrition 

increased the relative expression of Tfam mRNA (P<0.05, 1.17±0.03), but had no effect 

on the expression of any other target gene transcripts (Figure 5.2). In the soleus skeletal 

muscle of UN offspring, prenatal undernutrition increased the relative mRNA 

expression of all 6 target genes: Scd-1 (P<0.005, 1.90±0.76), Fas (P<0.005, 3.71±1.50), 

Hsd11β2 (P<0.05, 1.47±0.15), Insr (P<0.005, 1.58±0.08), S6k1 (P<0.05, 1.28±0.10) and 

Tfam (P<0.005, 1.36±0.03) (Figure 5.2). 

 

5.3.2. Effects of postnatal diet on target gene expression  

 

Effects of a high-fat diet 

High-fat feeding had significant effects on the relative expression of Scd-1, Hsd11β2, 

S6k1, and Tfam mRNA (Figure 5.3). In both AD and UN offspring, high-fat feeding 

decreased the expression of Scd-1 mRNA in the liver (P<0.005, AD 0.29±0.11, UN 

0.57±0.25), and increased Scd-1 mRNA expression in the adipose tissue (P<0.005; AD: 

2.03±0.39, UN: 2.06±0.62), relative to matched chow fed offspring (Figure 5.3).  
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Deviations from 1 represent an increase or decrease in gene expression in chow-fed UN offspring, relative to matched AD offspring. *P<0.05 Prenatal nutrition,  
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Figure  5.2 Effects of prenatal undernutrition on relative gene expression.  

**P<0.005 Prenatal nutrition.
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However, in the soleus muscle, high-fat feeding had no effect on Scd-1 mRNA 

expression in UN offspring, but increased relative Scd-1 mRNA expression in the soleus 

of AD offspring (Diet x Prenatal nutrition P<0.005, AD 2.27±0.81) (Figure 5.3). 

 

High-fat feeding had no effect on hepatic Hsd11β2 mRNA expression in either AD or 

UN offspring, but did affect Hsd11β2 mRNA expression within the adipose tissue and 

soleus muscle of AD offspring (Figure 5.3). In AD offspring, high-fat feeding increased 

the expression of Hsd11β2 mRNA in both the adipose tissue and soleus muscle (Diet x 

Prenatal nutrition P<0.005, AD adipose 1.51±0.07, AD soleus 1.51±0.30), but had no 

effects on Hsd11β2 mRNA expression in either tissues in UN offspring (Figure 5.3).  

 

The mRNA expression of S6k1, in the liver and soleus muscle of both AD and UN 

offspring, was unaffected by high-fat feeding (Figure 5.3). However, within the adipose 

tissue, high-fat feeding increased the expression of S6k1 mRNA (P<0.005, AD 

1.31±0.10, UN 1.30±0.14), in both AD and UN offspring, relative to matched chow fed 

offspring (Figure 5.3). 

 

High-fat feeding affected the expression of Tfam mRNA within all three peripheral 

tissues; however, these effects were dependent on prenatal nutrition (Figure 5.3). In AD 

offspring, high-fat feeding increased the relative expression of Tfam mRNA in the liver 

and soleus muscle (Diet x Prenatal nutrition, P<0.005, AD Liver 1.20±0.06, AD Soleus 

1.24±0.06), but decreased Tfam mRNA expression in the tissues of UN offspring (Diet 

x Prenatal nutrition, P<0.005, UN Liver 0.84±0.02, UN Soleus 0.82±0.02) (Figure 5.3). 

Similarly, within the adipose tissue, high-fat feeding decreased the relative expression 

of Tfam mRNA in UN offspring (Diet x Prenatal nutrition, P<0.05, UN Adipose 

0.87±0.03), but had no effect on Tfam mRNA expression within adipose tissue of AD 

offspring (Figure 5.3).  
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Deviations from 1 represent an increase or decrease in gene expression in high-fat fed offspring, relative to matched chow-fed offspring. *P<0.05 Diet, **P<0.005 Diet, 
#P<0.05 Diet x Prenatal nutrition, ## P<0.005 Diet x Prenatal nutrition. 
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Figure  5.3 Effects of high-fat feeding on relative gene expression.  
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Effects of calorie restriction 

Calorie restriction affected the relative expression of 5 out of 6 target genes, the only 

gene unaffected being S6k1 (Figure 5.4). Relative to matched chow fed offspring, 

calorie restriction increased the expression of Scd-1 mRNA in the adipose tissue 

(P<0.005, AD 4.85±1.85, UN 8.95±0.77) and soleus muscle (P<0.005, AD 6.78±3.47, 

UN 3.02±1.22) of both AD and UN offspring, but had no effect on Scd-1 expression in 

the liver (Figure 5.4). Conversely, calorie restriction increased Fas mRNA expression 

within the liver (P<0.005, AD 2.60±0.43, UN 2.20±0.29) and adipose tissue (P<0.005, 

AD 10.92±1.84, UN 19.59±3.25) of both AD and UN offspring, but had no effect on 

Fas mRNA expression within the soleus muscle (Figure 5.4). 

 

In both AD and UN offspring, calorie restriction increased the expression of Hsd11β2 

mRNA in the liver (P<0.005, AD 1.57±0.24, UN 1.80±0.11), but in contrast, decreased 

relative expression within the adipose tissue (P<0.05, AD 0.56±0.12, UN 0.34±0.34), 

and had no effect on Hsd11β2 mRNA expression in the soleus muscle (Figure 5.4). 

 

Calorie restriction increased the relative expression of Insr mRNA within the liver of 

both AD and UN offspring (P<0.05, AD 1.16±0.09, UN 1.29±0.16), but had no effects 

on Insr mRNA expression in the adipose tissue (Figure 5.4). In the soleus muscle, the 

effects of calorie restriction were dependent on prenatal nutrition. In UN offspring, 

calorie restriction significantly reduced Insr mRNA expression (Diet x Prenatal 

nutrition P<0.05, UN 0.69±0.04), but had no effect on Insr mRNA expression in the 

soleus muscle of AD offspring (Figure 5.4). 

 

In the livers of both AD and UN offspring, calorie restriction significantly increased the 

expression of Tfam mRNA (P<0.005, AD 1.37±0.13, UN 1.27±0.03), relative to 

matched chow fed offspring (Figure 5.4). In contrast, calorie restriction had differential 

effects on Tfam mRNA expression in the adipose tissue and soleus muscles of AD and 

UN offspring. In the adipose tissue of AD offspring, calorie restriction significantly 

increased the expression of Tfam mRNA (Diet x Prenatal nutrition P<0.05, AD 

1.23±0.03), but had no effects on Tfam mRNA expression within the adipose tissue of 

UN offspring (Figure 5.4). In contrast, calorie restriction had no effect on Tfam
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Figure  5.4 Effects of calorie restriction on relative gene expression.  

Deviations from 1 represent an increase or decrease in gene expression in calorie restricted offspring, relative to matched chow-fed offspring. *P<0.05 Diet, 
 **P<0.005 Diet, #P<0.05 Diet x Prenatal nutrition, ## P<0.005 Diet x Prenatal nutrition. 
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mRNA expression in the soleus muscle of AD offspring, and significantly decreased 

Tfam mRNA expression in UN offspring (Diet x Prenatal nutrition P<0.005, UN 

0.73±0.02) (Figure 5.4). 

 

5.3.3. Effects of leptin treatment on target gene expression 

Effects of leptin treatment on gene expression in the liver  

In the liver, leptin treatment affected the relative expression of 3 target gene transcripts: 

Scd-1, Fas and Hsd11β2 (Figure 5.5). However, the effects of leptin treatment on 

hepatic gene expression were dependent on prenatal nutrition. In the livers of AD 

offspring, across all three postnatal diet groups, leptin treatment significantly reduced 

the expression of Scd-1 mRNA, relative to saline treated offspring (Treatment x 

Prenatal nutrition; P<0.005 AD chow 0.16±0.07; P<0.005 AD high-fat 0.43±0.17; 

P<0.05 AD calorie restriction 0.35±0.14) (Figure 5.5). In contrast, in the livers of UN 

offspring, across all three postnatal diet groups, leptin treatment had no effects on Scd-1 

mRNA expression (Figure 5.5). Similarly, leptin treatment significantly reduced Fas 

mRNA expression in the livers of AD offspring fed on chow and calorie restriction, but 

had no effect on Fas expression in matched UN offspring (Treatment x Prenatal 

nutrition; P<0.05 AD chow 0.60±0.13; P<0.05 AD calorie restriction 0.58±0.10) 

(Figure 5.5). Conversely, leptin treatment had no effects of hepatic Fas mRNA 

expression in the livers of both high-fat fed AD and UN offspring (Figure 5.5). 

 

In the livers of offspring fed on chow and high-fat nutrition, leptin treatment 

significantly reduced the relative expression of Hsd11β2 mRNA in AD offspring 

(Treatment x Prenatal nutrition P<0.05; AD chow 0.72±0.11, AD high-fat 0.68±0.05), 

but had no effects on the expression of Hsd11β2 mRNA in matched UN offspring 

(Figure 5.5). In contrast, leptin treatment reduced Hsd11β2 mRNA expression in the 

livers of both AD and UN offspring on calorie restriction (P<0.05, AD calorie 

restriction 0.75±0.18, UN calorie restriction 0.48±0.07) (Figure 5.5). 
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Deviations from 1 represent an increase or decrease in gene expression in leptin treated offspring, relative to matched saline treated offspring. *P<0.05 Treatment,  
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Figure  5.5 Effects of leptin treatment on relative gene expression in the liver.  

# P<0.05 Treatment x Prenatal nutrition, ##P<0.005 Treatment x Prenatal nutrition, †P<0.05 Treatment x Diet. 
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Effects of leptin treatment on gene expression in the retroperitoneal adipose tissue  

In the retroperitoneal adipose tissue, leptin treatment affected the relative expression of 

4 target gene transcripts: Scd-1, Fas, Hsd11β2, and Tfam (Figure 5.6). In the adipose 

tissue of both AD and UN offspring, fed on chow and calorie restriction, leptin 

treatment significantly reduced the expression of Scd-1 mRNA, relative to matched 

saline treated offspring (Treatment x Diet P<0.005; AD chow 0.11±0.04; AD calorie 

restriction 0.13±0.11; UN chow 0.27±0.13; UN calorie restriction 0.07±0.10) (Figure 

5.6). In contrast, leptin treatment had no effects on adipose tissue Scd-1 mRNA 

expression in either AD or UN offspring fed on a high-fat diet (Figure 5.6). 

 

In the adipose tissue of chow fed offspring, leptin treatment significantly reduced 

relative Fas mRNA expression in AD offspring (Treatment x Prenatal nutrition P<0.05, 

AD chow 0.12±0.06), but had no effects on Fas gene expression in the adipose tissue of 

matched UN offspring (Figure 5.6). In high-fat fed offspring, leptin treatment had no 

effects on Fas mRNA expression in the adipose tissue of either AD or UN offspring 

(Figure 5.6). In contrast, leptin treatment significantly reduced Fas mRNA expression 

in the adipose tissue of both AD and UN offspring on calorie restriction (Treatment x 

Diet P<0.005, AD calorie restriction 0.15±0.10, UN calorie restriction 0.04±0.03) 

(Figure 5.6). 

 

The effects of leptin treatment on adipose tissue Hsd11β2 mRNA expression were 

identical to leptin’s effects on adipose tissue Fas mRNA expression. In the adipose 

tissue of chow fed offspring, leptin treatment significantly reduced Hsd11β2 mRNA 

expression in AD offspring (Treatment x Prenatal nutrition P<0.005, AD chow 

0.27±0.06), but had no effects on Hsd11β2 gene expression in the adipose tissue of 

matched UN offspring (Figure 5.6). In the adipose tissue of high-fat fed offspring, leptin 

treatment had no effects on Hsd11β2 mRNA expression in either AD or UN offspring 

(Figure 5.6). In contrast, leptin treatment significantly reduced the adipose tissue 

expression of Hsd11β2 mRNA in both AD and UN offspring on calorie restriction, 

(Treatment x Diet P<0.005, AD calorie restriction 0.50±0.10, UN calorie restriction 

0.52±0.08) (Figure 5.6). 
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Figure  5.6 Effects of leptin treatment on relative gene expression in the retroperitoneal adipose tissue.  

Deviations from 1 represent an increase or decrease in gene expression in leptin treated offspring, relative to matched saline treated offspring. 
 ††P<0.005 Treatment x Diet, # P<0.05 Treatment x Prenatal nutrition, ##P<0.005 Treatment x Prenatal nutrition. 
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Across all three postnatal diet groups, leptin treatment significantly increased the 

expression of Tfam mRNA within the adipose tissue of UN offspring (Treatment x 

Prenatal nutrition P<0.005, UN chow 1.35±0.06, UN high-fat 1.20±0.04, UN calorie 

restriction 1.30±0.05), but had no effects on Tfam mRNA expression in the adipose 

tissue of matched AD offspring (Figure 5.6). 

 

Effects of leptin treatment on gene expression in the soleus muscle  

In the soleus muscle, leptin treatment affected the relative expression of 3 target gene 

transcripts: Scd-1, Fas, and Tfam (Figure 5.7). In chow and high-fat fed offspring, leptin 

treatment significantly reduced the expression of Scd-1 mRNA in the soleus muscle of 

AD offspring (Treatment x Prenatal nutrition P<0.05, AD chow 0.23±0.11, AD high-fat 

0.38±0.10), but had no effects on Scd-1 mRNA expression in UN offspring (Figure 5.7). 

In offspring on calorie restriction, leptin treatment decreased the relative expression of 

Scd-1 mRNA in the soleus of both AD and UN offspring (P<0.005, AD calorie 

restriction 0.06±0.03, UN calorie restriction 0.18±0.12) (Figure 5.7). 

 

In offspring on chow and calorie restriction, leptin treatment decreased the expression 

of Fas mRNA in the soleus muscle of AD offspring (Treatment x Prenatal, P<0.05 AD 

chow 0.51±0.37, P<0.005 AD calorie restriction 0.05±0.03), but had no effects on Fas 

mRNA expression in the muscles of UN offspring (Figure 5.7). Conversely, in offspring 

on high-fat nutrition, leptin treatment had no effects on the expression of Fas mRNA in 

the soleus muscle of either AD or UN offspring on high-fat feeding (Figure 5.7). 

 

Across all three postnatal diet groups, leptin treatment increased the relative expression 

of Tfam mRNA in the soleus muscle of UN offspring (Treatment x Prenatal nutrition 

P<0.005, UN chow 1.19±0.03, UN high-fat 1.17±0.05, UN calorie restriction 

1.18±0.06), but had no effects on Tfam mRNA expression within the muscle of matched 

AD offspring (Figure 5.7).  
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Figure  5.7 Effects of leptin treatment on relative gene expression in the soleus skeletal muscle.  

Deviations from 1 represent an increase or decrease in gene expression in leptin treated offspring, relative to matched saline treated offspring. 
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5.3.4. Comparison between microarray and QPCR 

Tables 5.8, 5.9 and 5.10 illustrate a direct comparison between microarray and QPCR 

results for the 6 target genes selected for QPCR validation analysis. Relative to the 

complete custom microarray gene set, the 6 target genes selected for further validation 

only represent 7% of the total number of genes represented on the custom microarrays. 

For the 6 target genes selected, the microarray analysis identified a significant fold 

change in gene expression (a positive hit) in 27 out of a total of 198 experimental 

comparisons (Tables 5.8, 5.9 and 5.10). Of these positive microarray hits only 41% 

were found to agree with the results of the QPCR analysis. Of the positive microarray 

hits which did not agree with the QPCR the majority (94%) were false positive results 

on behalf of the microarray. Only in a single comparison was there a disagreement 

between the microarray and QPCR with regards to the direction of a fold change in gene 

expression. In comparison to the microarray data set, QPCR analysis identified a 

significant fold change in gene expression (a positive hit) in 76 out of 198 experimental 

comparisons (Tables 5.8, 5.9 and 5.10). Of the significant fold changes identified in the 

QPCR data set, 86% were not identified as significant in the microarray data set and 

represent false negative reporting on behalf of the microarray. Overall, including both 

positive and negative results, there was a 60% agreement between microarray and 

QPCR data sets. Of the microarray results that were in agreement with the QPCR data, 

91% were confirmation of a negative result or no difference in relative gene expression. 

The remaining 9% of comparisons were confirmations of a positive hit whereby 

significant microarray fold changes were confirmed by QPCR. Conversely, 81% of the 

total disagreement between microarray and QPCR consisted of false negative reporting 

on behalf of the microarray. The remaining 19% of disagreement was false positive 

identification.  
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Table  5.4 Comparison of significant microarray and QPCR fold changes in the liver. 

 

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Scd-1 Microarray  - - - - - - - - - - - 

Scd-1 QPCR - 0.29 0.57 - - 0.16 - 0.43 - 0.35 - 
Fas Microarray  - - - - - - - - - - - 

Fas QPCR - - - 2.60 2.20 0.60 - 1.32 1.38 0.58 - 
Hsd11β2 Microarray  - - - - - - - - - - - 

Hsd11β2 QPCR - - 0.75 1.57 1.8 0.72 - 0.68 - 0.75 0.48 
Insr Microarray  - - - - - - - - - - - 

Insr QPCR - - - 1.16 1.29 - - - - - - 

S6k1 Microarray  - - - - - - - - - - 1.31 

S6k1 QPCR 1.27 - - - - - - - - - - 

Tfam Microarray  1.95 1.39 - - - - - - - - - 

Tfam QPCR 1.32 1.20 0.84 1.37 1.27 - - - - - - 
Only statistically significant fold changes in gene expression are represented on this table.      
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Table  5.5 Comparison of significant microarray and QPCR fold changes in the retroperitoneal adipose tissue. 

 

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD  in UN
Scd-1 Microarray  - - - 2.29 1.53 - - - - 0.48 - 

Scd-1 QPCR - 2.03 2.06 4.85 8.95 0.11 0.24 - - 0.13 0.07 
Fas Microarray  - - - 1.80 - - - - - 0.72 - 

Fas QPCR - - - 10.92 19.59 0.12 - - - 0.15 0.02 
Hsd11β2 Microarray  - 1.26 1.18 1.22 - - - - - 0.81 - 

Hsd11β2 QPCR - 1.51 - 0.56 0.34 0.27 - - - 0.50 0.52 
Insr Microarray  1.20 - - - - 0.83 - - - - 0.85 

Insr QPCR - - - - - - - - - - - 

S6k1 Microarray  - - - 1.24 - - - - - 0.84 - 

S6k1 QPCR - 1.31 1.30 - - - - - - - - 

Tfam Microarray  - - - - - - - - - - - 

Tfam QPCR 1.17 - 0.87 1.23 - - 1.35 - 1.20 - 1.30 
Only statistically significant fold changes in gene expression are represented on this table.      
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Table  5.6 Comparison of significant microarray and QPCR fold changes in the soleus skeletal muscle. 

 
Prenatal 
nutrition Postnatal diet Treatment 

 Saline vs. Leptin Saline vs. Leptin Saline vs. Leptin 
 

Chow vs. High-fat Chow vs. Calorie res 
in chow-fed in high-fat fed in calorie restricted 

 

AD vs. UN 

in AD in UN in AD in UN in AD in UN in AD in UN in AD in UN 
Scd-1 Microarray  - - - - - - - - - - - 

Scd-1 QPCR 1.90 2.27 - 6.78 3.02 0.23 - 0.38 - 0.06 0.18 
Fas Microarray  - - - 0.83 - - - - - - - 

Fas QPCR 3.71 - - - - 0.51 - - - 0.05 - 
Hsd11β2 Microarray  - 1.17 1.10 - - - 1.13 - - 0.91 1.10 

Hsd11β2 QPCR 1.47 1.51 - - - - - - - - - 
Insr Microarray  - - - - - - - - - - - 

Insr QPCR 1.58 - - - 0.69 - - - - - - 

S6k1 Microarray  - 1.24 - - - 1.21 1.31 - - - - 

S6k1 QPCR 1.28 - - - - - - - - - - 

Tfam Microarray  - - - - - - - - - - - 

Tfam QPCR 1.36 1.24 0.82 - 0.73 - 1.19 - 1.17 - 1.18 
Only statistically significant fold changes in gene expression are represented on this table.      
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5.4. Discussion  

5.4.1. Validation of microarray results  

QPCR was used to independently confirm the expression patterns of 6 target genes 

previously identified by custom microarray analysis.  The results of this study have 

found that there was a relatively high level of disagreement between the custom 

microarray and QPCR data sets. Relatively high proportions (30%) of both positive and 

negative custom microarray observations were not validated by QPCR. A significant 

fraction of the positive microarray hits (59%) were not confirmed but it appears that 

most of the disagreement between the two data sets (81%) arises from false negative 

reporting on behalf of the microarray. Furthermore, where positive microarray hits were 

validated by QPCR, the magnitude of the microarray fold changes in gene expression 

were considerably lower than those determined by QPCR. Overall these results appear 

to suggest that QPCR has a much greater sensitivity for detecting small-scale fold 

changes in gene expression. This conclusion is in agreement with a general consensus 

forming within the microarray community which suggests that the inherent technical 

characteristics of the fluorescent microarray detection system fundamentally limit the 

detection sensitivity of the fluorescent microarray platform (Dallas et al., 2005, Etienne 

et al., 2004, Larkin et al., 2005, Rockett and Hellmann, 2004, Wang et al., 2006). 

Overall, the relative differences in gene expression that were identified using either 

technology were, on average, relatively small and subtle. Given such small experimental 

effects on gene expression it is possible to conclude that the lack of concordance 

between microarray and QPCR is most probably a function of the limited detection 

sensitivity of the custom microarray system.  

 

5.4.2. Effects of prenatal undernutrition on target gene expression. 

The present study describes the long-term effects of prenatal undernutrition on target 

gene expression within the peripheral tissues of adult female UN offspring. The results 

of this study have identified a number of tissue-specific differences in gene expression 

within the liver, retroperitoneal adipose tissue and soleus skeletal muscle. Exposure to 

prenatal undernutrition increased the relative expression of Scd-1, Fas, Hsd11β2, Insr, 

and S6k1 mRNA in the soleus muscle, while the expression of Tfam mRNA was 
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increased within all experimental tissues. These changes in gene expression raise the 

possibility of tissue specific alterations in skeletal muscle metabolism, as well as a more 

systemic alteration in the regulation of peripheral mitochondrial function. 

 

5.4.2.1. Prenatal regulation of lipogenesis  

Exposure to prenatal undernutrition increased the relative expression of Scd-1 and Fas 

mRNA in the soleus muscle of adult female UN offspring. The products of these two 

genes regulate key leptin-mediated lipogenic metabolic pathways. Scd-1 has been 

identified as a key mediator of lipid partitioning regulating the metabolic flux between 

the pathways of lipogenesis and fatty acid oxidation (Sampath and Ntambi, 2006). 

Conversely, Fas is responsible for the biosynthesis of fatty acids during de novo 

lipogenesis (Semenkovich, 1997). An increase in the expression of both Scd-1 and Fas 

mRNA suggests that lipogenesis and triglyceride biosynthesis may be stimulated in the 

soleus muscle of UN offspring.  

 

Studies have also found that the mRNA expression of both Scd-1 and Fas is increased 

in the peripheral tissues of leptin resistant rodents (Cohen et al., 2002, Nogalska et al., 

2005, Voss et al., 2005). In light of these findings, it is possible to speculate that similar 

elevations in Scd-1 and Fas mRNA expression within UN offspring may also represent 

a tissue-specific leptin resistance at the level of the soleus muscle. This conclusion 

would be consistent with previous observations of systemic leptin resistance in UN 

offspring (Krechowec et al., 2006). 

 

Leptin resistance within peripheral non-adipose tissues is frequently associated with 

both an inhibition of fatty acid oxidation and a stimulation of lipogenesis (Lee et al., 

2001, Steinberg and Dyck, 2000, Zhou et al., 1998), often resulting in the accumulation 

of intra-cellular tissue triglycerides (Unger, 2003b). Furthermore, Hulver et al have 

recently linked elevations in Scd-1 mRNA expression within the skeletal muscle of 

obese patients with increased tissue lipogenesis, intra-muscular triglyceride 

accumulation and insulin resistance (Hulver et al., 2005). On this basis it is possible to 

speculate that elevations in Scd-1 and Fas mRNA in the soleus muscle of UN offspring 

may also cause intra-muscular triglyceride accumulation, increasing an animal’s 

susceptibility to the lipotoxic complications of DIO. Overall, alterations in the 
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expression of Scd-1 and Fas mRNA within the soleus muscle of UN offspring suggest 

that exposure to prenatal undernutrition may have a significant effect on the regulation 

of skeletal muscle lipid metabolism in adulthood.  

 

5.4.2.2. Prenatal regulation of glucocorticoid metabolism  

Hsd11β2 mRNA expression was identified within three peripheral tissues previously 

not recognized as expressing this gene transcript in any appreciable abundance. Earlier 

studies using in situ hybridization and northern blotting have failed to detect the 

expression of Hsd11β2 mRNA within either the liver, adipose tissue or soleus muscle 

(Brown et al., 1996, Roland and Funder, 1996). However, more recently a number of 

studies using QPCR methodologies have documented the expression of Hsd11β2 

mRNA within the adipose tissue, albeit at a level much lower than its sister isozyme 

Hsd11β1 (Engeli et al., 2004, Gnanalingham et al., 2005a). Because Hsd11β2 mRNA 

expression outside of the classic mineralocorticoid target tissues has been discounted, 

the relative importance of Hsd11β2 in the metabolism of peripheral tissue 

glucocorticoids, is currently unknown. Despite a low level of expression relative to 

Hsd11β1, Hsd11β2 has a much greater substrate affinity and may still exert a significant 

effect on peripheral tissue glucocorticoid metabolism (Walker, 2004).  

 

Exposure to prenatal undernutrition specifically increased the relative expression of 

Hsd11β2 mRNA in the soleus muscle of chow fed UN offspring. Hsd11β2 encodes a 

high affinity dehydrogenase which rapidly converts active corticosterone to inactive 11-

deoxycorticosterone. Therefore, specific increases in the mRNA expression of Hsd11β2 

suggest that peripheral glucocorticoid inactivation may be enhanced, potentially altering 

local glucocorticoid activity within the soleus muscle of UN offspring. Glucocorticoids 

have potent effects on lipid and glucose metabolism. In the rat, pharmacological 

glucocorticoid excess can directly induce insulin resistance within isolated soleus 

muscle strips (Dimitriadis et al., 1997). And in both human patients and rodents there is 

increasing evidence which suggests that tissue-specific changes in local glucocorticoid 

metabolism may play an important role in the pathogenesis of obesity (Engeli et al., 

2004, Paulmyer-Lacroix et al., 2002, Wake et al., 2003). The development of obesity is 

currently associated with an enhancement of local glucocorticoid exposure in the 

adipose tissue in conjunction with a suppression of activity within the liver, this is 
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brought about by reciprocal changes in Hsd11β1 expression (Drake et al., 2005, 

Masuzaki et al., 2001, Rask et al., 2001). In the ob/ob mouse these alterations in 

peripheral glucocorticoid metabolism appear to be the result of leptin deficiency and can 

be restored through leptin treatment (Liu et al., 2003, Masuzaki et al., 2001). In a more 

recent study, leptin treatment was found to increase the adipose tissue expression of 

Hsd11β1 mRNA and suppress the expression of Hsd11β2 mRNA (Gnanalingham et al., 

2005c). These findings suggest that leptin promotes tissue-specific glucocorticoid 

activation by increasing the expression of Hsd11β1 and suppressing the expression of 

Hsd11β2. In light of these findings it is possible to speculate that elevations in the 

expression of Hsd11β2 mRNA within the soleus of UN offspring may be caused by 

leptin resistance within the soleus muscle. Considering the obesogenic consequences 

which arise from alterations in hepatic and adipose tissue glucocorticoid metabolism 

(Drake et al., 2005, Masuzaki et al., 2001, Rask et al., 2001), changes in Hsd11β2 

mRNA in the soleus muscle may have a significant impact on the subsequent 

development of DIO in UN offspring.  

 

5.4.2.3. Prenatal regulation of insulin signalling 

Exposure to prenatal undernutrition significantly increased the expression of S6k1 

mRNA in both the liver and soleus muscle of adult UN offspring. Alterations in 

expression of S6k1 mRNA have important implications for skeletal muscle insulin 

sensitivity as S6k1 has recently been implicated in the development of insulin resistance 

(Um et al., 2004). Um et al has shown that the constitutive activation of S6k1 

contributes significantly to the development of insulin resistance in the leptin deficient 

ob/ob mouse (Um et al., 2004). Moreover, Khamzina et al have demonstrated that the 

activation of S6k1 in the liver and muscle of obese high-fat fed rats directly impairs 

insulin signalling via the serine phosphorylation of IRS-1 (Khamzina et al., 2005). 

Earlier work by Berg et al also implicates the mTOR/S6k1 pathway in the development 

of insulin resistance caused by chronic hyperinsulinemia (Berg et al., 2002). In relation 

to more recent findings it is becoming evident that S6k1 is activated by the insulin 

signalling cascade as part of a negative feedback loop suppressing further insulin 

receptor activity. The presence of hyperinsulinemia in UN offspring, causing a possible 

over stimulation of insulin receptor signalling (Krechowec et al., 2006, Vickers et al., 

2000, Vickers et al., 2001) represents a plausible mechanism which could explain 
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increased S6k1 mRNA expression in the liver and soleus muscle of UN offspring. 

Consequently, elevations in the expression of S6k1 mRNA in UN offspring may act as a 

marker for tissue-specific insulin resistance which is brought about by chronic 

hyperinsulinemia. Notably, the elevation of S6k1 mRNA expression in the soleus of UN 

offspring is also associated with a tissue-specific increase in the expression of Insr 

mRNA. This could possibly represent a compensatory response aimed at overcoming 

insulin resistance within the soleus muscle. However, without a direct measurement of 

insulin sensitivity or insulin receptor content, any speculations regarding the possible 

effects of increased Insr expression in UN offspring are tentative at best.  

 

5.4.2.4. Prenatal regulation of mitochondrial activity 

In adult UN offspring, the expression of Tfam mRNA was increased by prenatal 

undernutrition across all three experimental tissues studied. Tfam is a central mediator 

of mitochondrial replication, and changes in its expression may be a marker for 

alterations in mitochondrial content or function. In a related rat model, Park et al have 

shown that exposure to maternal protein restriction during pregnancy up-regulates Tfam 

mRNA expression in the liver of adult offspring (Park et al., 2003). Park et al have 

suggested that this change in Tfam mRNA expression may represent a compensatory 

process stimulated by a concomitant depletion of mitochondrial DNA (mtDNA) (Park et 

al., 2003). In context of these findings, it is possible to speculate that a similar 

disturbance in cellular energy metabolism or mitochondrial function might be 

responsible for the stimulation of Tfam mRNA expression in the peripheral tissues of 

UN offspring. This possibility has important implications for adult metabolic function, 

since defects in mitochondrial activity are strongly associated with the development of 

both obesity and type 2 diabetes (Roden, 2005). Fundamental defects in mitochondrial 

metabolism may depress cellular energy expenditure and alter energy homeostasis, 

potentially increasing the susceptibility of UN offspring to DIO.  

 

A number of recent studies provide strong evidence which suggests that the expression 

of Tfam mRNA is potently stimulated by cellular energy deficiency and oxidative 

stresses (Miranda et al., 1999, Wiesner et al., 1999). Most recently, Piantadosi and 

Suliman have found that Tfam mRNA expression is strongly stimulated by 

mitochondrial reactive oxygen species (ROS) (Piantadosi and Suliman, 2006). ROS can 
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easily damage mtDNA, and subsequently impair mitochondrial function (Kang and 

Hamasaki, 2003). By activating Tfam expression ROS can also stimulate a 

compensatory increase in the production of Tfam protein which binds to and protects 

mtDNA from oxidative damage (Kang and Hamasaki, 2005). This pathway enables the 

maintenance of mitochondrial function during periods of increased oxidative stress. In 

light of these findings it is possible to speculate that the up-regulation of Tfam mRNA 

expression, in UN offspring, may be a consequence of increased oxidative stresses 

within peripheral tissues, brought about by enhanced mitochondrial ROS production or 

reduced anti-oxidant capacity. Both mitochondrial dysfunction and increased 

mitochondrial metabolism can enhance mitochondrial ROS production (Stuart and 

Brown, 2006), while cellular anti-oxidant capacity can be depressed by various 

nutritional deficiencies (Evans and Halliwell, 2001). Luo et al have recently proposed 

an “oxidative stress hypothesis” which highlights oxidative stresses and mitochondrial 

dysfunction as a common mechanism through which adverse prenatal environmental 

stimuli could influence prenatal development and long-term health outcome (Luo et al., 

2006). Support for this hypothesis comes from a number of studies which demonstrate 

an enhancement of oxidative stresses in the growth-retarded neonates of undernourished 

mothers (Gupta et al., 2004) and in pre-term infants (Baydas et al., 2002). These 

findings support the hypothesis that elevated Tfam mRNA expression in UN offspring 

could be a marker for increased oxidative stress and mitochondrial dysfunction. 

However, a further investigation of mitochondrial content, function and oxidative status 

in the peripheral tissues of UN offspring is necessary to properly test this hypothesis.  

 

5.4.3. Effects of a postnatal high-fat diet on gene expression  

Chronic high-fat feeding had a number of tissue-specific effects on gene expression 

within the present study. Some of these effects were independent of prior prenatal 

nutrition and affected relative gene expression equally in both AD and UN offspring. 

Conversely, a number of these diet effects were dependent on prenatal nutrition and 

differentially affected gene expression in the tissues of AD and UN offspring.  
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5.4.3.1. Postnatal dietary (high-fat) regulation of lipogenesis 

In both AD and UN offspring, chronic high-fat feeding was found to decrease Scd-1 

mRNA expression in the liver and increase its expression in the retroperitoneal adipose 

tissue. As discussed previously, Scd-1 shifts lipid metabolic flux towards lipogenesis 

and away from oxidation. Within knock out models, the absence of Scd-1 protects mice 

from hepatic steatosis and obesity (Ntambi et al., 2002). Likewise, the present high-fat 

diet-induced changes in Scd-1 mRNA expression appear to suggest that chronic high-fat 

feeding is stimulating a shift in the burden of lipogenesis away from the liver and into 

the adipose tissue. This shift in the expression of Scd-1 mRNA may represent an 

adaptive response to dietary lipid oversupply aimed at confining fat storage to the 

adipose tissue. This is an important adaptive response because a failure to confine the 

burden of diet-induced lipogenesis to the adipose tissue results in the development of 

hepatic steatosis, tissue triglyceride accumulation and insulin resistance in both human 

and rodent obesity (Koyama et al., 1997, Lee et al., 2001, Shimomura et al., 1999, 

Unger, 2003a). In the few studies that have directly investigated the effects of high-fat 

nutrition on Scd-1 mRNA expression, an up-regulation in the expression of Scd-1 within 

the liver has been observed (Biddinger et al., 2005, Hu et al., 2004). However, this 

observation was confined to mice strains which were highly susceptible to DIO, while 

in control strains, hepatic Scd-1 expression was unaffected by high-fat feeding 

(Biddinger et al., 2005, Hu et al., 2004). In the liver and adipose tissue, the effects of 

high-fat feeding on Scd-1 mRNA expression were independent of prenatal nutrition. In 

contrast, in the soleus muscle, high-fat feeding had no effects on Scd-1 mRNA 

expression in UN offspring, but increased mRNA expression in the soleus of AD 

offspring. Relative to chow-fed offspring, this response to high-fat feeding in AD 

offspring effectively elevated Scd-1 mRNA expression to a level equivalent to that seen 

in chow-fed UN offspring (see 5.4.2.1). That high-fat feeding did not further enhance 

Scd-1 mRNA expression in the soleus of UN offspring suggests that obesogenic 

changes of high-fat feeding on Scd-1 gene expression in AD offspring can also be 

induced independently by prenatal undernutrition in UN offspring on chow.  

 

5.4.3.2. Postnatal dietary (high-fat) regulation of glucocorticoid metabolism 

The present study describes for the first time the effects of high-fat feeding on the 

expression of Hsd11β2 mRNA in the liver, adipose tissue and soleus muscle of the 
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Wistar rat. This study has found that high-fat feeding had no effects on the expression 

of Hsd11β2 mRNA in the liver of either AD or UN offspring. Conversely, in the 

adipose tissue and soleus muscle, high-fat feeding increased the expression of Hsd11β2 

mRNA in AD offspring but had no effect on gene expression in the tissues of UN 

offspring. The potential importance of Hsd11β2 in the metabolism of peripheral tissue 

glucocorticoids is unknown. However, the stimulation of Hsd11β2 mRNA expression in 

the adipose tissue and soleus muscle of AD offspring suggests that high-fat feeding may 

increase peripheral glucocorticoid inactivation. In theory, this suggestion is consistent 

with a number of other studies which have shown that high-fat feeding, in the rat, 

causes a reduction in adipose tissue glucocorticoid activity through a down-regulation 

of Hsd11β1, suppressing peripheral glucocorticoid reactivation (Drake et al., 2005, 

Morton et al., 2004). This response has been described as a protective adaptive response 

aimed at restraining the obesogenic effects of excess adipose tissue glucocorticoid 

exposure (Morton et al., 2004). Supporting this conclusion is a recent study by Kershaw 

et al which has found that the adipocyte-specific transgenic over-expression of Hsd11β2 

confers a resistance to DIO (Kershaw et al., 2005). Conversely, adipose tissue over-

expression of Hsd11β1, increasing glucocorticoid reactivation, has been shown to 

accelerate the development of abdominal obesity in mice fed a high-fat diet (Masuzaki 

et al., 2001). In the present study, high-fat feeding failed to induce the expression of 

Hsd11β2 mRNA in the tissues of UN offspring. The absence of this adaptive response 

in UN offspring provides a potential mechanism that could explain the increased 

susceptibility of UN offspring to the development abdominal obesity when exposed to a 

high-fat diet. However, to properly test this hypothesis, further work is necessary to 

examine the in vivo biological activity of both Hsd11β1 and Hsd11β2 in the peripheral 

tissues of UN offspring.  

 

5.4.3.3. Postnatal dietary (high-fat) regulation of insulin signalling 

The effects of high-fat feeding on S6k1 mRNA expression were confined to the adipose 

tissue. In both AD and UN offspring high-fat feeding increased the adipose tissue 

expression of S6k1 mRNA. As discussed previously (see 5.4.2.3) the activity of S6k1 

has recently been associated with insulin resistance. The present findings suggest that 

high-fat feeding, through an induction of S6k1 mRNA, may cause tissue-specific insulin 

resistance in the adipose tissue of both AD and UN offspring. However, S6k1 is also 
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involved in transducing the mitogenic effects of a variety of growth factors involved in 

cellular growth and proliferation (Thomas, 2002). On this basis an alternative 

interpretation of these results may be that S6k1 expression is stimulated in the adipose 

tissue as a result of a diet-induced activation of adipocyte proliferation.  

 

5.4.3.4. Postnatal dietary (high-fat) regulation of mitochondrial activity 

The effects of high-fat feeding on the expression of Tfam mRNA were dependent on 

prenatal nutrition. In UN offspring, high-fat feeding suppressed Tfam mRNA expression 

in all three experimental tissues. However, in the liver and soleus muscle of AD 

offspring, high-fat feeding had the opposite effect, stimulating Tfam mRNA expression. 

High-fat feeding is associated with an enhancement of oxidative stress and a reduction 

in anti-oxidant activity (Garait et al., 2005, Iossa et al., 2003, Milagro et al., 2006, 

Roberts et al., 2006). On this basis it is possible to speculate that Tfam mRNA 

expression, which is stimulated by oxidative stress, may be up-regulated in AD 

offspring as part of an adaptive response to the oxidative stresses of chronic high-fat 

feeding. This conclusion is supported, in part, by the findings of Sreekumar et al which 

has found that despite an enhancement of oxidative stress, total tissue mitochondrial 

function remains unaltered in high-fat fed rodents due to adaptive changes in 

mitochondrial gene expression (Sreekumar et al., 2002). Further support for this 

hypothesis arises from a study by Iossa et al, which has found that whilst high-fat 

feeding can impair the oxidative capacity of isolated mitochondria; whole tissue 

oxidative capacity can be sustained by a compensatory increase in tissue mitochondrial 

content (Iossa et al., 2003). In direct contrast to the response of AD offspring, 

peripheral Tfam mRNA expression was reduced by high-fat feeding in the tissues of UN 

offspring. Studies documenting a suppression of Tfam mRNA expression suggest that 

reduced Tfam mRNA expression is associated with relatively pathological conditions 

such as mitochondrial myopathy (Larsson et al., 1994) and congestive heart failure 

(Ikeuchi et al., 2005). Under these conditions the suppression of Tfam mRNA 

expression is associated with a depletion of mtDNA, and with reductions in 

mitochondrial gene expression and oxidative capacity (Ekstrand et al., 2004). In light of 

these findings, the results of the present study suggest that UN offspring may have an 

increased susceptibility to the oxidative stresses of high-fat feeding, possibly leading to 

mitochondrial dysfunction. In turn, mitochondrial dysfunction reduces cellular 
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respiration shifting metabolic fluxes away from energy expenditure toward energy 

storage (Vankoningsloo et al., 2005), providing another mechanism which could 

explain the accelerated development of DIO in UN offspring. Overall, these results 

demonstrate that Tfam mRNA expression is differentially regulated by high-fat feeding 

in AD and UN offspring. In direct contrast, to the response in AD offspring, UN 

offspring exhibit a suppression of Tfam mRNA expression, suggesting that 

mitochondrial function may be impaired in high-fat fed UN offspring. However, further 

work is necessary to properly test the hypotheses of mitochondrial dysfunction which 

this work has raised.  

 

5.4.4. Effects of postnatal calorie restriction on gene expression 

Like high-fat feeding, chronic calorie restriction had a number of tissue-specific effects 

on gene expression. Some of these effects were found to be dependent on prenatal 

nutrition while others were not.  

 

5.4.4.1. Postnatal dietary (calorie restriction) regulation of lipogenesis  

Chronic calorie restriction had the overall effect of potently up-regulating the peripheral 

expression of target genes involved in lipogenic biological pathways. In both AD and 

UN offspring, calorie restriction increased the expression of Fas mRNA in the liver, and 

Scd-1 mRNA in the soleus muscle, while in the adipose tissue, both of these genes were 

up-regulated. Notably, these findings appear to suggest that chronic calorie restriction 

potently stimulates lipogenic metabolic pathways in the peripheral tissues. The 

expression of both Fas and Scd-1 mRNA are stimulated by insulin and suppressed by 

leptin (Cohen et al., 2002, Waters and Ntambi, 1994). Offspring maintained on calorie 

restriction were both extremely hypoinsulinemic and hypoleptinemic (Krechowec et al., 

2006). On the basis of the relative endocrine status of calorie restricted offspring, it is 

possible to speculate that the up-regulation of lipogenic gene expression within these 

peripheral tissues is the result of a removal of leptin-mediated suppression. These 

findings are in agreement with a study by Higami et al which has demonstrated similar 

elevations in the expression of lipogenic genes with long-term calorie restriction in mice 

(Higami et al., 2003). The stimulation of lipogenic biological pathways in response to 
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chronic hypoleptinemia may be an adaptive response to calorie restriction aimed at 

enhancing an animal’s capacity to store energy in a limited nutritional environment.  

 

5.4.4.2. Postnatal dietary (calorie restriction) regulation of glucocorticoid 
metabolism  

In both AD and UN offspring, calorie restriction had a similar tissue-specific effect on 

the expression of Hsd11β2 mRNA, increasing gene expression within the liver while 

decreasing expression in the adipose tissue. As discussed previously (see 5.4.2.2), 

Hsd11β2 is responsible for the inactivation of active glucocorticoids. The present 

findings suggest that chronic calorie restriction may be associated with a reduction in 

local glucocorticoid activity in the liver and an enhancement of activity in the adipose 

tissue. Interestingly, this pattern of tissue-specific glucocorticoid activity shares a 

striking resemblance to that seen in a number of rodent models of obesity (Livingstone 

et al., 2000, Masuzaki et al., 2001). Evidence from these studies suggests that this 

characteristic pattern of glucocorticoid metabolism contributes to the development of 

obesity under leptin deficient or leptin resistant conditions (Livingstone et al., 2000, 

Masuzaki et al., 2001). Mechanistically these studies have focused on Hsd11β1 which 

in contrast to Hsd11β2, regenerates inactive glucocorticoids. The studies by Livingstone 

et al and Masuzaki et al have demonstrated a reduction in the expression of Hsd11β1 

mRNA in the liver and an up-regulation in expression in the adipose tissue (Livingstone 

et al., 2000, Masuzaki et al., 2001). Notably, these findings are the mirror opposite of 

the pattern of Hsd11β2 mRNA expression observed in AD and UN offspring on calorie 

restriction. It can be of no coincidence, that under the hypoleptinemic conditions of 

chronic calorie restriction, this study has found that the expression pattern of Hsd11β2 

mRNA is the direct inverse of that of Hsd11β1 mRNA expression in the leptin deficient 

ob/ob mouse. On this basis, the results of the present study suggest that changes in the 

expression of Hsd11β2 mRNA may be associated with a mirror inverse regulation of 

Hsd11β1 mRNA. Together these changes in gene expression may engender a tissue 

specific pattern of glucocorticoid metabolism which is characterised by an enhancement 

of glucocorticoid activity within the adipose tissue, and a reduction of activity in the 

liver. Notably, this pattern of glucocorticoid metabolism appears to be both a natural 

outcome of extreme hypoleptinemia in offspring on calorie restriction, and a mechanism 
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for the development of abdominal obesity in  leptin resistant humans (Rask et al., 2001) 

and rodents (Livingstone et al., 2000).   

 

5.4.4.3. Postnatal dietary (calorie restriction) regulation of insulin signalling 

In the liver of both AD and UN offspring calorie restriction enhanced the expression of 

Insr mRNA. Although this effect was relatively minor, it was highly consistent across 

experimental groups. In contrast to the liver, calorie restriction only affected Insr 

mRNA expression in the soleus muscle of UN offspring and not in AD offspring. In the 

muscles of UN offspring calorie restriction decreased Insr mRNA expression. Notably, 

this response to calorie restriction in UN offspring effectively normalised Insr mRNA 

expression to the level observed in the soleus muscle of chow fed AD offspring. In this 

context, calorie restriction appears to prevent or reduce the elevation of Insr mRNA 

expression which is observed in the soleus muscle of chow-fed UN offspring. Calorie 

restriction is well known to improve insulin sensitivity (Larson-Meyer et al., 2006, 

Novelli et al., 2004, Park et al., 2005) and in this light a reduction in Insr mRNA 

expression may represent an improvement in insulin sensitivity in the muscle of UN 

offspring. However, without a direct measurement of insulin sensitivity, it is difficult to 

speculate on what these changes in Insr mRNA expression mean in respect to peripheral 

insulin action.  

 

5.4.4.4. Postnatal dietary (calorie restriction) regulation of mitochondrial activity 

Calorie restriction increased the expression of Tfam mRNA within the liver of both AD 

and UN offspring. As discussed previously, it has been established that Tfam expression 

can be stimulated by cellular energy deficiency and accordingly, a number of recent 

studies have demonstrated that chronic calorie restriction in the rodent potently 

stimulates mitochondrial biogenesis and enhances mitochondrial bioenergetic efficiency 

(Baker et al., 2006, Lopez-Lluch et al., 2006, Nisoli et al., 2005). Moreover, the work 

by Nisoli et al demonstrates that within the livers of calorie restricted mice, an increase 

in hepatic mitochondrial biogenesis is closely associated with an up-regulation in the 

expression of Tfam mRNA (Nisoli et al., 2005). On this basis, it is possible to speculate 

that elevations in hepatic Tfam mRNA, in both AD and UN offspring on calorie 

restriction, may be a maker for a similar stimulation of mitochondrial biogenesis. 

Interestingly, while calorie restriction also stimulated Tfam mRNA expression within 
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the adipose tissue of AD offspring it did not do so in the adipose tissue of UN offspring. 

Furthermore, in the soleus muscle of UN offspring, calorie restriction was found to 

suppress Tfam mRNA expression, while leaving gene expression unaffected in AD 

offspring. Notably, within both the adipose tissue and soleus muscle, calorie restriction 

appears to normalise elevations in Tfam mRNA expression which are observed within 

the tissues of chow-fed UN offspring. These findings suggest that calorie restriction 

may have beneficial effects on mitochondrial function in UN offspring. However, 

further work is necessary to determine whether this normalization of Tfam mRNA 

expression within the adipose tissue and soleus muscle represents an improvement in 

mitochondrial efficiency in UN offspring. Overall, these results appear to support 

previous observations which strongly suggest that prenatal nutrition has a significant 

effect on the regulation of Tfam mRNA and potentially mitochondrial metabolism in 

UN offspring.  

 

5.4.5. Effects of leptin treatment on gene expression  

In the previous animal study, systemic leptin sensitivity, in adult offspring, was 

determined by measuring changes in body weight and food intake after 14 days of 

peripheral leptin treatment (Krechowec et al., 2006). The present study measures leptin-

mediated changes in gene expression in the liver, retroperitoneal adipose tissue and 

soleus skeletal muscle of experimental offspring. Of the 6 target genes investigated, 

only the expression of Fas and Scd-1 had previously been identified as being responsive 

to leptin treatment (Biddinger et al., 2006, Cohen et al., 2002, Sampath and Ntambi, 

2006).  

 

5.4.5.1. Effects of leptin treatment on hepatic gene expression.  

In the liver, leptin treatment affected the expression of Scd-1, Fas and Hsd11β2 mRNA; 

however, these effects were dependent on prenatal nutrition. In the livers of AD 

offspring, leptin treatment suppressed the expression of Scd-1 and Hsd11β2 mRNA 

independently of postnatal diet. Hepatic Fas mRNA expression was also suppressed by 

leptin treatment in AD offspring, but only in offspring fed on chow and calorie 

restriction. Notably, leptin treatment failed to suppress hepatic Fas mRNA in high-fat 

fed AD offspring. In contrast to AD offspring, leptin treatment, on average, failed to 
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have any effects on target gene expression in the livers of UN offspring. Only in UN 

offspring on calorie restriction did leptin treatment have a minor effect, reducing hepatic 

Hsd11β2 mRNA expression. Overall, these findings provide indirect evidence for the 

existence of leptin resistance within the livers of adult female UN offspring. On 

average, across the three genes studied, hepatic leptin resistance in UN offspring 

appeared to be independent of postnatal dietary influences. Only in the expression of 

Hsd11β2 mRNA, in UN offspring on calorie restriction, were there any indications of 

hepatic leptin sensitivity in UN offspring.  

 

In contrast to prenatal undernutrition, high-fat feeding is a well established mechanism 

for inducing leptin resistance in rodents (El-Haschimi et al., 2000, Levin and Dunn-

Meynell, 2002, Lin et al., 2000). However, the evidence for diet-induced leptin 

resistance within the livers of AD offspring is only apparent in the failure of leptin 

treatment to suppress the expression of Fas mRNA. In contrast, high-fat feeding failed 

to inhibit the leptin-mediated suppression of hepatic Scd-1 and Hsd11β2 mRNA 

expression. Previously (see Chapter 3), high-fat fed AD offspring were found to 

demonstrate a level of systemic leptin resistance which appeared to be equivalent to that 

observed within UN offspring fed on chow. Notably, the present data indicates 

significant differences in hepatic leptin responsiveness between these two groups at a 

molecular level. These findings suggest that prenatal undernutrition and high-fat feeding 

may have independent, tissue and gene specific effects on leptin sensitivity in the liver.  

 

While leptin’s effects on the expression of Scd-1 and Fas are well established, there is 

only very limited data available on the effects of leptin treatment on Hsd11β2 mRNA 

expression. A number of studies have looked at the effects of leptin treatment on the 

expression of Hsd11β1 (Livingstone et al., 2000, Masuzaki et al., 2001), but to-date, 

only a single study has documented the effects of leptin on the expression of the 

Hsd11β2 mRNA (Gnanalingham et al., 2005c). Gnanalingham et al has found that 

leptin treatment can significantly reduced the expression Hsd11β2 mRNA in ovine 

adipose tissue (Gnanalingham et al., 2005c). The present study describes for the first 

time the effects of leptin treatment on the expression of Hsd11β2 mRNA in the liver of 

the Wistar rat. Consistent with the general theme of Gnanalingham et al findings, this 

study has shown that leptin treatment can reduce the expression of Hsd11β2 mRNA 
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within the liver of AD offspring, independently of postnatal diet. These results support 

Gnanalingham et al findings and provide evidence which suggests that as a leptin 

responsive gene, the expression of Hsd11β2 may be affected by leptin resistance in the 

livers of UN offspring.  

 

5.4.5.2. Effects of leptin treatment on retroperitoneal adipose tissue gene 
expression. 

Similar to its effects on the liver, exposure to prenatal undernutrition abolished the 

leptin-mediated suppression of Fas and Hsd11β2 mRNA expression within the adipose 

tissue of chow-fed UN offspring. In contrast, adipose tissue Scd-1 mRNA expression 

remained responsiveness to leptin-mediated suppression in UN offspring. In comparison 

to results in the liver, postnatal diet appeared to have a greater effect on leptin 

sensitivity in the adipose tissue of experimental offspring. Relative to chow fed UN 

offspring, calorie restriction appeared to prevent the development of leptin resistance or 

restore leptin sensitivity in the adipose tissue of UN offspring. In UN offspring on 

calorie restriction, all three genes: Scd-1, Fas, and Hsd11β2 remained responsive to 

leptin-mediated suppression. In direct contrast to the effects of calorie restriction, high-

fat feeding consistently induced leptin resistance across the same three genes in the 

adipose tissue of both AD and UN offspring. These findings appear to suggest that 

dietary factors may have a greater influence on leptin sensitivity in the adipose tissue 

than in the liver. While diet-induced leptin resistance was more consistent in the adipose 

tissue than in the liver, the effects of prenatal undernutrition were less so. That high-fat 

feeding might have a more prominent effect on leptin sensitivity within the adipose 

tissue is consistent with a recent study by Wang et al, which has found that the 

development of DIO requires the specific blockade of adipose tissue leptin sensitivity 

(Wang et al., 2005b).  

 

A further difference in adipose and hepatic response to leptin treatment was identified in 

Tfam mRNA expression. In all offspring, leptin treatment had no effects on the hepatic 

expression of Tfam mRNA. In contrast, within the adipose tissue, leptin treatment 

increased the expression of Tfam mRNA across all UN offspring, and had no effects on 

Tfam expression in any AD offspring. This finding is of particular interest because 

various studies have show that leptin treatment does not have any direct effects on either 
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the expression of mitochondrial transcription factors or mitochondrial biogenesis in 

normal animals (Gnanalingham et al., 2005b, McClelland et al., 2004). On this basis, 

the leptin-mediated up-regulation of Tfam mRNA expression within the adipose tissue 

of UN offspring could represent an indirect side-effect of leptin activity, unique to the 

biology of UN offspring. As has been discussed previously, Tfam mRNA expression is 

influenced by cellular energy deficiency and oxidative stress. One of leptin’s primary 

metabolic effects is to stimulate fatty acid oxidation (Chen and Heiman, 2000, Wang et 

al., 1999) and this is associated with a stimulation of mitochondrial ROS production 

(Yamagishi et al., 2001). Basal elevations in Tfam mRNA expression within the tissues 

of saline treated UN offspring have been ascribed to an increased susceptibility to 

oxidative stresses (see section 5.4.2.4). Consistent with this hypothesis, leptin treatment 

may further stimulate mitochondrial ROS production, amplifying basal increases in 

Tfam mRNA expression within UN offspring. That leptin treatment had no effects on 

Tfam expression in control AD offspring strongly suggests that the regulation of 

mitochondrial function, in the peripheral tissues of UN offspring, is significantly altered 

by prenatal undernutrition. To test this hypothesis, further work is necessary to 

determine whether leptin induced changes in Tfam expression are associated with 

alterations in oxidative status and mitochondrial respiration.  

 

5.4.5.3. Effects of leptin treatment on soleus muscle gene expression. 

Similar to its effects on the liver and adipose tissue, exposure to prenatal undernutrition 

abolished the leptin-mediated suppression of Scd-1 and Fas mRNA in the soleus muscle 

of chow fed UN offspring. Consistent with previous observations in the liver and 

adipose tissue, these findings suggest that exposure to prenatal undernutrition leads to 

the development of leptin resistance in the soleus muscle of UN offspring. In 

comparison to the effects of postnatal nutrition on adipose tissue leptin sensitivity, the 

effects of calorie restriction and high-fat feedings on soleus muscle leptin sensitivity 

were much less consistent. In the soleus muscle of UN offspring, calorie restriction 

appeared to restore Scd-1 mRNA responsiveness to leptin but did not improve Fas 

responsiveness. Similarly, in the soleus muscle of AD offspring, high-fat feeding 

appeared to abolish the effects of leptin treatment on Fas mRNA expression but did not 

affect the leptin-mediated suppression of Scd-1. In contrast to the results in the liver and 

adipose tissue, leptin treatment had no effects on Hsd11β2 mRNA expression in the 

 168



Chapter 5. 

soleus muscle of either AD or UN offspring. Conversely, the effects of leptin treatment 

on Tfam mRNA expression in the soleus muscle appear to be identical to those observed 

within the adipose tissue. In the soleus muscle, leptin treatment increased the expression 

of Tfam mRNA expression in UN offspring, independently of postnatal diet, but had no 

effects on Tfam mRNA in AD offspring. The presence of this novel leptin-mediated 

response, across three different levels of postnatal nutrition, and in two different 

metabolic tissues, strongly suggests that prenatal undernutrition has a long-term effect 

on peripheral mitochondrial function in adult female UN offspring. Overall, these 

findings further highlight significant tissue-specific differences in the effects of prenatal 

undernutrition and postnatal diet on peripheral leptin sensitivity. 

 

5.4.6. Final Summary 

In summary, for the 6 target gene transcripts analysed, this study has found a significant 

level of disagreement between microarray and QPCR data sets. While there were a 

number of false positive microarray results, the majority of disagreement between the 

two platforms arose from false negative findings in the microarray data set. In both data 

sets, overall changes in gene expression were relatively small, and in this light the 

differences in results are most likely a function of the more limited detection sensitivity 

of the microarray technology.  

 

Independent of the microarray analysis, the present study has found that exposure to 

prenatal undernutrition has had a significant effect on gene expression in the peripheral 

tissues of adult female UN offspring. In chow fed UN offspring the effects of prenatal 

undernutrition specifically increased target gene expression (Scd-1, Fas Hsd11β2, S6k1, 

Insr) in the soleus muscle, and increased Tfam mRNA expression across all three 

peripheral tissues studied. These changes in gene expression within the peripheral 

tissues of UN offspring suggest the possibility of tissue-specific alterations in 

lipogenesis, insulin signalling and glucocorticoid metabolism within the soleus muscle, 

and also to a more widespread alteration of mitochondrial function. Such alterations in 

peripheral metabolic function may have a mechanistic role in increasing the 

susceptibility of UN offspring to DIO. 
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Under the conditions of postnatal high-fat feeding and calorie restriction, further 

differences in the regulation of gene expression were revealed in UN offspring. In the 

adipose tissue and soleus muscle of UN offspring, high-fat feeding failed to up-regulate 

the expression of Hsd11β2, and in direct contrast to its effects in AD offspring, high-fat 

feeding down-regulated the expression of Tfam mRNA across all three tissues. In UN 

offspring, a functional translation of these diet-induced changes in gene expression 

would enhance the propensity for abdominal obesity and could cause impairments in 

mitochondrial metabolism. In contrast, the effects of calorie restriction appeared to 

restore/normalise some of the differences in gene expression observed in chow fed UN 

offspring. 

 

By monitoring the direct peripheral effects of leptin treatment on gene expression, leptin 

sensitivity, in AD and UN offspring, was characterised at a tissue-specific level. This 

study has found that tissue-specific leptin sensitivity was differentially affected by 

prenatal nutrition and postnatal diet. Consistent with previous observations (Krechowec 

et al., 2006), exposure to prenatal undernutrition was found to induce a relative level of 

leptin resistance in the liver, adipose tissue and soleus muscle of chow-fed UN 

offspring. Leptin resistance and more specifically, the inability of peripheral 

hyperleptinemia to suppress lipogenic gene expression in the tissues of UN offspring 

can be identified as an important mechanism through which the effects of prenatal 

undernutrition may accelerate the development of DIO in UN offspring. By 

disinhibiting peripheral tissue lipogenesis, leptin resistance can enhance fat 

accumulation under conditions of dietary excess, amplifying weight gain under 

obesogenic environmental conditions. In direct contrast with the relative inability of 

leptin treatment to suppress Scd-1, Fas and Hsd11β2 mRNA expression in the tissues of 

UN offspring, Tfam mRNA expression was found to be uniquely stimulated by leptin in 

the adipose tissue and soleus muscle of UN offspring. The response of Tfam mRNA 

expression to leptin treatment was unique to the physiology of UN offspring and further 

highlights a possible difference in the regulation of peripheral mitochondrial activity in 

UN offspring. Notably, the pattern of leptin resistance identified within the peripheral 

tissues of UN offspring was different from induced by high fat feeding in AD offspring. 

In AD offspring, the focal point of dietary leptin resistance appeared to lie within the 

adipose tissue; however, in UN offspring, prenatal leptin resistance was apparent, to 

some extent, across all three experimental tissues, but most notably in the liver. In direct 
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contrast with previous animal data (Krechowec et al., 2006), calorie restriction was not 

associated with peripheral tissue leptin resistance and appeared to restore some aspects 

of leptin sensitivity in UN offspring.  

 

Overall, the present study has identified a number of novel and intriguing alterations in 

gene expression in the peripheral tissues of UN offspring. This study shows that 

prenatal undernutrition has affected the expression of genes involved in four different 

peripheral biological pathways: lipid metabolism, mitochondrial function, 

glucocorticoid metabolism and insulin sensitivity. Changes in the regulation of these 

pathways have the potential to contribute to mechanisms which enhance the 

susceptibility of UN offspring to DIO. However, further work is required to extend 

these findings and determine whether changes in gene expression have a measurable 

effect on metabolic and biochemical function in UN offspring.  
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CHAPTER 6. FINAL DISCUSSION  
 

 

6.1. Overview 

The general aim of this thesis was to identify endocrine and molecular mechanisms 

which are responsible for determining postnatal susceptibility to DIO, in offspring 

exposed to prenatal undernutrition.  The overall focus of this work was on the 

mechanistic role of leptin resistance. Specifically, it was hypothesised that exposure to 

prenatal undernutrition would lead to the development of leptin resistance in adult 

offspring, independently of postnatal DIO.  

 

A pilot animal study was undertaken firstly, to characterise the obesogenic 

characteristics of a custom-made high-fat diet, and secondly, to validate an effective 

leptin treatment paradigm which could be used to test leptin sensitivity in the adult 

Wistar rat. The diet and treatment paradigms developed in this pilot study were 

successfully used, with some minor refinements, for the main animal study of this work. 

The main animal study investigated the effects of and interactions between prenatal 

undernutrition and different levels of postnatal nutrition (chow, high-fat diet and calorie 

restriction) on the development of adult obesity. Furthermore, the effects of both 

prenatal undernutrition and postnatal diet on leptin sensitivity were also tested by 

measuring the physiological response to peripheral leptin treatment in adult offspring. 

In an extension of the main animal study, further experiments using custom microarrays 

and QPCR analysis, were undertaken to characterise the effects of prenatal nutrition and 

postnatal diet on relative gene expression and leptin sensitivity within 3 key peripheral 

tissues: the liver, retroperitoneal adipose tissue and soleus muscle. 

 

6.2. Dose-response to leptin treatment  

High-fat feeding in rodents is a well established model of DIO (Faust et al., 1978, 

Woods et al., 2003). However, both diet composition (Ramirez and Friedman, 1990) 

and genetic background (Ricci and Levin, 2003) have a significant effect on the 

induction of DIO in the rodent. Similarly, the effectiveness of leptin treatment is 
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dependent on dose (Campfield et al., 1995), route of administration (Halaas et al., 1997) 

and species specificity (Al-Barazanji et al., 2000). In the first experimental study of this 

thesis, the obesogenic properties of a custom-made high-fat diet were determined and 

the effectiveness of peripheral recombinant rat-leptin was validated in the Wistar rat. 

The results of this work demonstrated that the custom high-fat diet (30% fat wt/wt) was 

highly effective in causing DIO. Furthermore, the obesogenic properties of this diet 

were found to be independent of total calorie intake and dependent on an increased 

intake of saturated fat. Although a large number of studies have shown that high-fat 

feeding disrupts appetite regulation (Harrold et al., 2000, Warwick, 2003), the present 

study has found no evidence to suggest that the custom high-fat diet had any effects on 

appetite regulation. On the contrary, high-fat fed Wistar rats retained a well-established 

ability to regulate total calorie intake. An examination of individual macronutrient 

intake revealed that protein and total calorie intake was identical in both high-fat and 

chow-fed animals. This finding supports the novel protein leverage hypothesis of 

Simpson and Raubenheimer which suggests that the regulation of total food intake is 

determined by the regulation of protein intake (Simpson and Raubenheimer, 2005). On 

the basis of its success in causing DIO, the custom high-fat diet was accepted for use in 

the main animal study described in this thesis.   

 

The second component of the first experimental study was the characterisation of the 

dose-dependent effects of recombinant rat-leptin in the Wistar rat. The majority of 

studies investigating leptin activity in the rat have used murine or human leptin to test 

leptin sensitivity (Al-Barazanji et al., 2001, Chen and Heiman, 2000, Mezey et al., 

2005). However, a number of studies have suggested that this may not be the most 

optimal approach (Gullicksen et al., 2002, Jackson and Herzer, 1999, Park et al., 2001). 

In light of these studies a homologous approach was taken, testing the physiological 

effects of 4 different doses of rat-leptin: 0.1, 0.5, 1.0, and 5.0 μg/g/day in the lean and 

obese Wistar rat. The leptin responsive variables measured, included: change in body 

weight, food intake, body temperature, blood pressure, locomotor activity, organ weight 

and a number of endocrine factors and plasma metabolites. The clearest dose-dependent 

effects of leptin treatment were observed as changes in body weight, body temperature, 

fasting plasma triglycerides and IGF-1. Chronic high-fat feeding is well known to 

induce leptin resistance in the rodent (Levin and Dunn-Meynell, 2002, Van Heek et al., 

1997, Wilsey et al., 2003), and in agreement with these findings, the present study also 
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demonstrates a resistance to the weight reducing effects of peripheral leptin treatment in 

obese high-fat fed Wistar rats. On the basis of this dose-response study, a dose of 

2.5μg/g/day of rat-leptin administered for 14 days was selected to test leptin sensitivity 

in the following animal study. Of further benefit to future studies, this pilot also 

successfully identified critical issues in experimental design, namely, the possible 

induction of restraint stress through the measurement of body temperature and blood 

pressure during leptin treatment. In this regard, the first experimental study of this thesis 

has proved to be a valuable test of study design. On the basis of these findings, the 

measurement of body temperature and blood pressure during leptin treatment was 

discontinued in the next animal study.  

 

6.3. Prenatal induction of adult leptin resistance  

A number of animal studies have shown that adverse prenatal environmental stimuli 

may influence the development of obesity in adult life (Desai et al., 2005, Guan et al., 

2005, Levin and Govek, 1998, Vickers et al., 2000). However, little is known about the 

effects an adverse prenatal environment may have on adult leptin sensitivity and its 

subsequent impact on the development of DIO. The study described in Chapter 3 of this 

thesis is the first to directly investigate the long-term effects of prenatal undernutrition 

on leptin sensitivity in the adult Wistar rat. The findings presented in this work 

demonstrate that exposure to prenatal undernutrition, in female offspring, is associated 

with the development of leptin resistance in adulthood, independent of DIO. This is the 

first evidence which shows that prenatal environmental stimuli can permanently alter 

leptin sensitivity in later adult life. Notably, the presence of leptin resistance in UN 

offspring did not by itself cause the development of overt obesity or hyperphagia. This 

is in contrast to genetic models of leptin deficiency and/or resistance where the absence 

of leptin activity is clearly seen as the driving force behind the loss of appetite control 

and the development of obesity (Al-Barazanji et al., 2000, Halaas et al., 1995). In the 

present study, increased weight gain and the accelerated development of obesity only 

occurred when UN offspring were exposed to a high-fat diet during postnatal life. In 

this context, high-fat feeding can be identified as the primary causative obesogenic 

factor. However, the presence of leptin resistance in UN offspring greatly facilitates the 

accelerated development of obesity under obesogenic environmental conditions.  
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The present study also investigates the interactions between prenatal undernutrition and 

three different levels of postnatal nutrition. It was hypothesised that high-fat feeding 

would act to amplify leptin resistance in UN offspring whilst calorie restriction would 

act to reduce it. Consistent with the present body of literature, chronic high-fat feeding 

induced leptin resistance in control AD offspring (Levin and Dunn-Meynell, 2002, Van 

Heek et al., 1997, Wilsey et al., 2003) but did not have an additive effect on leptin 

resistance in UN offspring. Furthermore, in direct contrast with studies demonstrating a 

beneficial effect of short-term calorie restriction on leptin sensitivity (Fernandez-Galaz 

et al., 2002, Peralta et al., 2002, Velkoska et al., 2003) the present study has found that 

long-term calorie restriction caused peripheral leptin resistance in AD offspring and had 

no ameliatory effects on leptin resistance in UN offspring. The induction of leptin 

resistance under such conditions of prolonged energy constraint may serve as a 

mechanism to defend a biologically necessary, minimum level of adipose tissue energy 

reserve. Overall, these findings suggest three possible routes to leptin resistance, by 

exposure to prenatal undernutrition, postnatal high-fat feeding or calorie restriction. 

 

One possible mechanism for the development of peripheral leptin resistance in adult UN 

offspring has also been identified in this study. The presence of both fasting 

hyperinsulinemia and hypertriglyceridemia suggests that leptin resistance in UN 

offspring may be caused by an insulin-mediated over-stimulation of hepatic triglyceride 

production. However, further studies are required to properly test this hypothesis. Lustig 

et al have recently explored some aspects of this hypothesis using octreotide, a synthetic 

somatostatin analogue, to suppress hyperinsulinemia and stimulate weight loss in 

human patients with hypothalamic obesity (Lustig et al., 2005). Likewise, future studies 

using the present animal model could utilise receptor specific somatostatin analogues to 

test whether the suppression of hyperinsulinemia may reduce plasma triglycerides and 

improve leptin sensitivity in UN offspring. Since elevated triglyceride levels have been 

found to directly affect the BBB transport of leptin it further studies will need to directly 

measure of the BBB transport of leptin (Banks et al., 2004). This can be achieved using 

a radio-labelled leptin tracer as described by Banks et al (Banks et al., 2004). 

 

To fully characterise both central and peripheral leptin sensitivity further work is 

necessary to examine the activity of leptin receptor signalling cascade. A wide range of 

studies have demonstrated that changes in the expression and activity of key leptin 
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feedback regulators such as protein tyrosine phosphatase 1B (PTP1B) (Cheng et al., 

2002), SH2- containing cytoplasmic tyrosine phosphatase-2 (SHP2) (Zhang et al., 2004) 

and suppressor of cytokine signalling 3 (SOCS3) (Bjorbaek et al., 1998) contribute to 

the development of leptin resistance. An investigation into the tissue specific expression 

and activity of these key components will provide a more complete characterisation of 

leptin sensitivity in both central and peripheral tissues.  

 

6.4. Molecular mechanisms 

In an extension of the principal animal study, microarray and QPCR methodologies 

were used to quantitate gene transcript levels and determine relative differences in gene 

expression in the peripheral tissues of experimental offspring. A novel custom 

microarray platform was developed to screen the expression of 90 carefully selected 

genes involved in the regulation of energy homeostasis. This study was unique in that it 

combined a carefully designed, cost effective custom microarray system with a complex 

large-scale animal study. Custom microarrays were used to measure relative differences 

in gene expression across 24 unique experimental comparisons and within 3 different 

peripheral tissues. The design of the custom microarrays was relatively original in that 

each individual probe was printed 16 times across the array by 4 different pins within 4 

different spatial locations. Together, these design aspects improved the accuracy of 

estimates of both experimental and biological variability and allowed the use of a 

powerful inferential statistical approach for data analysis. Overall, the results of the 

custom array study found that, for the 90 genes selected, prenatal undernutrition, 

postnatal diet and leptin treatment had a relatively minor effect on gene expression 

within the experimental peripheral tissues. No single gene or group of gene transcripts 

demonstrated a large fold-change, greater than 2 fold, in gene expression. Among the 

tissue-specific effects that were observed, exposure to prenatal undernutrition appeared 

to have had the greatest effects on gene expression in the liver of UN offspring. 

Similarly, the greatest effects of postnatal diet were observed in the adipose tissue and 

were caused by postnatal calorie restriction. In contrast, high-fat feeding and leptin 

treatment appeared to have only negligible effects on gene expression. Despite the 

relatively small-scale differences in gene expression, a number of interesting genes were 

found to be differentially regulated. In the liver of UN offspring, exposure to prenatal 

undernutrition altered the expression of a number of genes involved in the regulation of 
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glucose metabolism (Glut2, Gck), lipid metabolism (Srebp1c, Acc-β), insulin signalling 

(Irs-1), mitochondrial activity (Tfam, Bax) and fetal growth (Igf-2, Igf-2r). In the 

adipose tissue, calorie restriction predominately stimulated the expression of a range of 

genes involved in the regulation of lipid metabolism: Scd-1, Fas, Acc-β, Lpl, Srebp1c, 

and Hsl.  However, there was some uncertainty regarding the accuracy of these small 

scale fold-changes in gene expression. Moreover, a number of possible false positive 

results were also identified suggesting the presence of cross-hybridization. Together, 

these features of the custom microarray platform necessitated an independent validation 

of results, using alternative molecular techniques. 

 

QPCR was used to independently validate the expression patterns of a subset of 6 target 

genes. Pre-validated gene expression assays from Applied Biosystems were used to 

measure the relative transcript abundance of Scd-1, Fas, Hsd11β2, Insr, S6k1 and Tfam 

mRNA in the liver, retroperitoneal adipose tissue and soleus muscle of experimental 

offspring. For the 6 target genes analysed, QPCR confirmed less than half (41%) of the 

differences identified by the custom microarrays. In contrast, the QPCR identified 48 

additional differences in gene expression which were not found by microarray analysis. 

The key feature consistent across both experimental platforms was that the relative 

differences in gene expression were, on average, small in scale within both data sets. In 

light of these findings it has been concluded that the lack of concordance between 

platforms was a result of technical limitations in the detection sensitivity of the 

microarray system. 

 

It is important to recognise that only a limited number of possible gene transcripts have 

been assayed, 90 by microarray and 6 by QPCR. In this context, the present results 

indicate that exposure to prenatal undernutrition had a relatively limited effect on 

peripheral gene expression. Rather than causing major changes in the expression of a 

single gene or a small group of genes, exposure to prenatal undernutrition may more 

likely be associated with subtle shifts in the expression of large transcriptional gene 

networks. While the focused design of the custom arrays enhanced the statistical power 

and supported the analysis and interpretation of the microarray data set, they do not 

provided the necessary scope with which to identify large-scale shifts in patterns of 

global gene expression. In this light, future studies may benefit from the use of genome-
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wide microarrays which can explore global patterns of gene expression. In such studies, 

higher order clustering analysis and similar pattern discovery algorithms can be used to 

identify and classify transcriptional shifts in complete molecular pathways. However, a 

chief draw back to this approach is the present cost of large-scale commercial chips, 

which significantly limit the scope, size and power of such experimental designs.  

 

Regardless of the lack of concordance between microarray and QPCR platforms, the 

QPCR analysis has independently identified a number of novel differences in gene 

expression in the peripheral tissues of female offspring exposed to prenatal 

undernutrition. These changes suggest that prenatal undernutrition may have long-term 

effects on the regulation of tissue lipogenesis (Scd-1 and Fas), insulin sensitivity (Insr 

and S6k1) and glucocorticoid metabolism (Hsd11β2) in the soleus skeletal muscle, and 

on mitochondrial activity and oxidative stress (Tfam) across all three experimental 

tissues. Further differences in the regulation of gene expression in UN offspring were 

also revealed by the interactions between postnatal diet and prenatal nutrition. In the 

adipose tissue and soleus muscle of high-fat fed animals, UN offspring failed to 

demonstrate a diet-induced up-regulation in the expression of Hsd11β2 mRNA. In all 

three experimental tissues, high-fat fed UN offspring also demonstrated a diet-induced 

suppression of Tfam mRNA expression, a response in direct contrast to an up-regulation 

of Tfam mRNA expression observed in high-fat fed AD offspring. In contrast to the 

effects of high-fat feeding, calorie restriction effectively normalised elevations in the 

mRNA expression of Insr and Tfam in the soleus muscle of UN offspring.  

 

In further support of the existence of peripheral leptin resistance in UN offspring, the 

present QPCR analysis demonstrates molecular evidence of tissue-specific leptin 

resistance in the peripheral tissues of UN offspring. This analysis found that on average, 

leptin treatment failed to suppress the mRNA expression of Scd-1, Fas and Hsd11β2, 

key leptin response genes, in the liver, adipose tissue and soleus muscle of UN 

offspring. Notably, despite this apparent resistance to the effects of leptin treatment, 

Tfam mRNA expression was uniquely up-regulated by leptin treatment in the adipose 

tissue and soleus muscle of UN offspring. This novel response to leptin treatment was 

exclusive to UN offspring and may represent a second order effect of leptin treatment 

on the unique metabolic phenotype of UN offspring.  
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The changes in gene expression discussed above highlight four possible mechanistic 

pathways which could influence the susceptibility of UN offspring to DIO (Figure 6.1). 

 

Firstly, the prenatal-induction of peripheral leptin resistance directly impaired the 

leptin-mediated suppression of Scd-1and Fas mRNA expression. This has the potential 

to enhance lipogenic metabolic fluxes while concomitantly suppressing oxidative 

capacity. These metabolic outcomes will foster the storage of nutritional energy as fat 

and increase lipid accumulation within peripheral tissues (Figure 6.1). If the level of 

peripheral leptin resistance is relatively minor and the adult diet is low in fat, this 

metabolic phenotype may only cause a modest increase in body fat content as can 

observed in UN offspring on chow nutrition. However, if this metabolic phenotype is 

exposed to a high-fat diet it may greatly accelerate the development of DIO, as can be 

seen in UN offspring fed on a high-fat diet. This hypothesis is consistent with an 

emerging consensus on leptin resistance which suggests that rather than directly causing 

obesity, leptin resistance facilitates the effects of obesogenic environmental influences 

(Zhang and Scarpace, 2006).  

 

Secondly, consistent increases in the expression of Tfam mRNA in the tissues of UN 

offspring suggest that oxidative stresses may be enhanced within the peripheral tissues 

of UN offspring. Increased basal levels of oxidative stress can enhance the susceptibility 

of mitochondria to further oxidative damage (Ide et al., 2001, Kang and Hamasaki, 

2003, Stuart and Brown, 2006). In turn, chronic high-fat feeding can further impair 

normal mitochondrial function and enhance oxidative stresses in the rat (Iossa et al., 

2003, Milagro et al., 2006, Sreekumar et al., 2002). Exposure of susceptible UN 

offspring to a high-fat diet may accelerate high-fat diet-induced mitochondrial 

dysfunction, resulting in a rapid diet-induced decline in cellular respiration. Accelerated 

mitochondrial dysfunction in high-fat fed UN offspring may explain the diet-induced 

down-regulation of Tfam mRNA expression observed in UN animals. Ultimately, an 

accelerated decline in mitochondrial metabolism which reduces cellular energy 

expenditure provides another mechanism that could hasten the development of DIO in 

UN offspring (Figure 6.1).  
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Thirdly, in contrast to AD offspring, UN offspring failed to demonstrate a high-fat diet-

induced up-regulation of Hsd11β2 mRNA within the adipose tissue. This finding 

suggests that high-fat feeding may not stimulate an adaptive reduction in adipose tissue 

glucocorticoid activity in UN offspring. Recent studies clearly show that a high-fat diet-

induced reduction in adipose tissue glucocorticoid activity in wild-type rats appears to 

form part of an essential adaptive mechanism that protects against the development of 

abdominal obesity (Drake et al., 2005, Morton et al., 2004). The absence of this 

adaptive response in UN offspring represents a direct mechanism that can foster the 

development of abdominal adiposity in adult UN offspring (Figure 6.1).  

 

Fourthly, the increased mRNA expression of S6k1, a negative regulator of insulin 

signalling (Um et al., 2004), in the soleus muscle of UN offspring suggests the presence 

of insulin resistance. Also, concomitant elevations in the soleus expression of Scd-1 and 

Fas suggest a possible enhancement of tissue lipogenesis which in turn may facilitate 

intra-muscular triglyceride accumulation, another potent inhibitor of insulin signalling 

(Cooney et al., 2002). Together, these two observations in-conjunction with the 

presence of hyperinsulinemia suggest the presence of peripheral insulin resistance in the 

skeletal muscle of UN offspring. Insulin resistance significantly reduces the metabolic 

capacity of skeletal muscle tissue thus effectively shifting the metabolic burden of high-

fat feeding onto the liver and adipose tissue, facilitating the further development of 

obesity (Figure 6.1).  



Enhanced susceptibility 
to diet-induced obesity 
within UN offspring   

Peripheral metabolic effects 
∗ ↑ Scd-1 and Fas gene expression 
∗ ↓ lipid oxidation?  
∗ ↑ lipogenesis? 
∗ ↑ lipid accumulation? 

∗ ↓ metabolic capacity within 
skeletal muscle?  
∗ ↑ diversion of glucose to adipose 
tissue storage?  

↓ anti-oxidant capacity?  
↑ mitochondrial ROS 
production? 

∗ Compensatory  ↑ Tfam - mitochondrial biogenesis? 
∗ ↑ susceptibility to further oxidative stresses? 

∗ early onset of mitochondrial dysfunction 
with high-fat feeding?  
∗ suppression of cellular respiration? 

Leptin resistance  

↓ BBB transport?  ↑ negative feedback suppression 
of peripheral leptin signalling? 

No compensatory increase in the adipose tissue 
expression of Hsd11β2 in response to a high-fat diet. 

∗ ↓ inactivation of local glucocorticoids in the 
adipose tissue of high-fat fed UN offspring?  
∗ ↑ adipose tissue glucocorticoid exposure?

∗ ↑ redistribution of body fat into abdominal 
fat pad in response to high-fat diet?  

Skeletal muscle  
∗ ↑ S6k1 expression 

Skeletal muscle insulin resistance? 
∗ ↑ Insr expression in compensation? 

∗ Intra-muscular triglyceride 
accumulation?  
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Figure  6.1 Proposed mechanisms involved in enhancing UN offspring’s susceptibility to diet-induced obesity.  
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Overall, this analysis of gene expression has identified possible changes in four distinct 

yet interrelated metabolic pathways, each of which can form the focus of future 

investigations (Figure 6.1). However, it is important to keep in mind that changes in 

gene expression alone, especially small-scale differences in relative mRNA expression, 

are not evidence for functional differences. Further work is necessary to properly test 

the mechanisms discussed above and determine the biological effects, if any, of the 

observed changes in gene expression.  

 

Focusing upon peripheral lipid metabolism, a resistance to the leptin-mediated 

suppression of Scd-1 and Fas mRNA suggests that lipogenesis is enhanced and lipid 

oxidation reduced in the peripheral tissues of UN offspring (Figure 6.1). To test this 

hypothesis it will be necessary to directly measure tissue-specific lipid oxidation and 

lipogenesis under both basal and leptin treated conditions. This can be achieved by a 

direct analysis of lipid metabolic activity in either total tissue homogenates or through 

in vitro studies in isolated tissues (Steinberg and Dyck, 2000). Lipid accumulation can 

also be examined by quantifying total tissue triglycerides, while tissue-specific lipid 

localisation can be examined using histology. Finally, the protein expression and 

activity of not only Scd1-1 and Fas but also of a number of other genes involved in the 

regulation of lipid metabolism may also need to be examined. This range of genes may 

include: Acc, which regulates the rate limiting step of fatty acid synthesis; Cpt-1, a rate 

limiting regulator of mitochondrial fatty acid oxidation; and Aco, the initial enzyme of 

the mitochondrial fatty acid oxidation pathway.  

 

Increased oxidative stresses have been proposed to explain the up-regulation of Tfam 

mRNA within the peripheral tissues of UN offspring (Figure 6.1). To properly test this 

hypothesis a comprehensive analysis of mitochondrial function is necessary, including 

an assessment of total tissue mitochondria and mtDNA content, isolated and total tissue 

mitochondrial respiration, and mitochondrial ATP synthase activity. To explore changes 

in mitochondrial biogenesis, the expression and protein content of a range of up-stream 

(e.g.: Ppargc1α, Nrf1) and down-stream (e.g.: cytochrome c, cytochrome c oxidase 

proteins, uncoupling proteins) protein markers will need to be measured. And finally to 

assess tissue-levels of oxidative stress, mitochondrial ROS production will need to be 
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measured and an investigation of the protein content and activity of key anti-oxidant 

enzymes, such as superoxide dismutase, will need to be undertaken.  

 

Changes in the expression of Hsd11β2 mRNA have been proposed to cause changes in 

tissue-specific glucocorticoid metabolism. To test this hypothesis, tissue-specific 

corticosterone concentrations, and the expression and activity of Hsd11β1, Hsd11β2 

and GR will need to be measured. Further investigations into the peripheral 

leptin/insulin signalling systems can focus on tissue receptor content and examine 

receptor activity by the measurement of the protein levels and phosphorylation state of a 

number of key signalling components such as the IRS proteins, PI3K, PKB, JAK2, 

STAT3, PTP1B and SOCS3.  

 

Another consideration for further studies is the need to identify the underlying causes of 

the above mentioned changes in gene expression. In the present study only adult gene 

expression was measured. In this context it is difficult to differentiate whether changes 

in gene expression are a direct cause or a consequence of the adult phenotype. Some 

answers to this question may be found by investigating the activity of up-stream 

regulatory pathways, for example, investigating the redox activation of NRF-1 as a 

mechanism for the up-regulation of Tfam mRNA expression in UN offspring. However, 

further answers to the question of cause or consequence lie in an ontogenetic analysis of 

gene expression.  

 

Epigenetic changes have been suggested as a fundamental mechanism behind the 

sustained shifts in gene expression induced by adverse prenatal environmental stimuli. 

On this basis, changes in promoter methylation patterns may prove to be the 

fundamental molecular mechanism behind the sustained changes in gene expression 

observed within the present study. In support of possible epigenetic mechanisms, a 

recent study has found that altered methylation patterns have a key role in regulating the 

expression of Hsd11β2 in the kidney (Alikhani-Koopaei et al., 2004).  
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6.5. Concluding comments 

The principal goal of this thesis was to identify possible mechanisms by which exposure 

to prenatal undernutrition influences the development of obesity in adulthood. The 

studies discussed in this work have achieved this goal and describe the development of 

leptin resistance in adult offspring as the result of exposure to prenatal undernutrition. 

Furthermore, these studies identify reduced leptin sensitivity as a key mechanism 

through which prenatal undernutrition can enhance postnatal susceptibility to DIO. At a 

physiological level, three independent routes to peripheral leptin resistance were 

identified: exposure to prenatal undernutrition; postnatal high-fat feeding; and chronic 

postnatal calorie restriction. At a molecular level, two tissue-specific patterns of 

peripheral leptin resistance become apparent. One is associated with prenatal 

undernutrition which is on average, independent of postnatal diet. The other is 

associated with high-fat feeding and is localised within the adipose tissue.  

 

In conjunction with the development of leptin resistance, this work also identified a 

number of notable changes in peripheral gene expression within the peripheral tissues of 

UN offspring. These changes in gene expression highlight possible alterations in the 

regulation of tissue lipogenesis, glucocorticoid metabolism, insulin sensitivity and 

mitochondrial activity which could play a key role in accelerating the development of 

DIO in UN offspring.  

 

Overall, the results presented in this work have identified a number of different 

endocrine and molecular changes in adult female offspring exposed to prenatal 

undernutrition. These findings highlight four interconnected mechanistic pathways 

which may underlie the effects of adverse prenatal environmental stimuli on adult 

susceptibility to DIO. The results contained in this thesis have opened up several new 

avenues for further studies into the causal mechanisms underlying the developmental 

origins of obesity.  
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APPENDIX I. FORMULATION OF HIGH-FAT DIET 
 

 

The high-fat diet used in the animal studies presented in this thesis was specially 

designed and formulated in house to meet the following requirements:  

• An energy density (Kcal/kg) approximately 1.5x that of standard chow.  

• A fat component of 30% wt/wt, enriched with saturated and monounsaturated fats.  

• A raw sugar component of 9% wt/wt. 

• A protein / energy ratio equivalent to the standard chow diet.  

 

The high-fat diet was formulated by supplementing a commercially available rodent 

chow (Teklad Global 18% Protein rodent diet #2018) with high quality beef fat, butter 

fat, corn oil, molasses sugar, casein, and Teklad vitamin (40060) and mineral (AIN-36, 

170915) mixes. The ingredients and energy composition of the high-fat diet are listed 

below:  

 

Table AI.1 Formulation of high-fat diet (1kg) 
Ingredient Manufacturers g/kg 
Teklad Global 18% Protein rodent diet (Harlan Teklad UK) 420 
Calcium caseinate  (NZMP NZ) 211.5 
Corn oil  (Andrew Brands LTD NZ) 92 
Anchor Clarified Butter (NZ Dairy Foods LTD NZ) 92 
Dripping (Mainland Products Ltd NZ) 92 
Molasses sugar  (Billingtons UK) 70 
Teklad vitamin mix #40060  (Harlan Teklad UK) 5 
Teklad mineral mix #AIN-76  (Harlan Teklad UK) 17.5 
   

Table AI.2 Nutrient composition of chow and high-fat diet 

  Control High-fat* 
Energy (Kcal/kg) 3400 5000 
Protein (%m/m) 18.9% 27.7% 
Total Fat (%m/m) 5.7% 30.1% 
Carbohydrate (%m/m) 57.5% 31.1% 
Moisture (%m/m) 12% 6.4% 
Ash (%m/m)  5.9% 4.7% 
   
Protein energy ratio 0.22 0.22 
*Nutritional composition determined by AgriQuality New Zealand
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APPENDIX II. BUFFERS AND SOLUTIONS 
 

 

Table AII.1 Rat leptin RIA assay buffer 
0.05M sodium phosphate pH 7.4  
0.1M NaCl 
0.5% BSA 
0.05% NaN3
10mM EDTA 
 

 

Table AII.2 Rat IGF-I RIA assay buffers 
Buffer A  Buffer B 
   
20mM sodium phosphate pH 2.8  100mM sodium phosphate pH 7.8  
0.1mM NaCl  40mM NaCl 
0.1% BSA  0.2% BSA 
0.02% NaN3  0.02% NaN3
0.1% Triton X-100  0.1% Triton X-100 
 

 

Table AII.3 Rat insulin RIA assay buffer 
0.01M PBS pH 7.6 
0.5% BSA 
10mM EDTA 

 

 

Table AII.4 Microarray cDNA synthesis mix  
Component Volume 
5x First-Strand buffer 6ul 
0.1M Dithiothreitol (DTT) 1.5ul 
dNTP mix 1.5ul 

1ul RNaseOUT™ (40U/ul) 
Final Volume 10ul 
 
Note: All components supplied from Core module SuperScript™ 
Indirect cDNA Labelling system (Invitrogen) 
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Table AII.5 Real-time cDNA synthesis mix  
Component Volume 
10x First-Strand buffer 2μl 
25 mM MgCl2 4μl 
0.1M Dithiothreitol (DTT) 2μl 
RNaseOUT™ (40U/ul) 1μl 
Final Volume 10μl 
 
Note: All components supplied from SuperScript™ III First-Strand 
synthesis system for RT-PCR 
 

Table AII.6 QPCR reaction mix 
Component Volume 
TaqMan® Gene Expression Assay (20x) 0.5μl 
Nuclease free H2O 3.5μl 
TaqMan 2x Universal PCR Master Mix (with AmpErase® 
UNG) 

5μl 

Final Volume 9μl 
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APPENDIX III.CUSTOM MICROARRAY GENE LIST 
 

 

ID# Accession# Gene product Abbreviation Source 
    
Energy metabolism    

1 NM_022193 Acetyl-CoA carboxylase-α  Acc-α MWG rat 10k 
2 NM_053922 Acetyl-CoA carboxylase-β   Acc-β MWG rat 10k 
3 NM_031559 Carnitine palmitoyltransferase 1a  Cpt-1a MWG rat 10k 
4 NM_013200 Carnitine palmitoyltransferase 1b    Cpt-1b MWG rat 10k 
5 AF461496 Citrate synthase Cs MWG Custom 
6 NM_017332 Fatty acid synthase    Fas MWG rat 10k 
7 NM_031561 Fatty acid translocase/Cd36 antigen    Fat/Cd36 MWG rat 10k 
8 NM_012565 Glucokinase  Gck MWG rat 10k 
9 NM_012879 Glucose transporter 2 Glut2 MWG rat 10k 

10 NM_012751 Glucose transporter 4 Glut4 MWG rat 10k 
11 NM_013089 Glycogen synthase 2    Gys2 MWG rat 10k 
12 NM_012735 Hexokinase 2 Hk2 MWG rat 10k 
13 NM_012859 Hormone sensitive lipase Hsl MWG rat 10k 
14 NM_012598 Lipoprotein lipase    Lpl MWG rat 10k 
15 NM_053477 Malonyl-CoA decarboxylase    Mlycd MWG rat 10k 
16 NC_001665 mitochondrial ATP synthase 6 mt-ATP6 MWG rat 10k 
17 NM_031326 Mitochondrial transcription factor A Tfam MWG rat 10k 
18 XM_231566 Nuclear respiratory factor 1* Nrf1* MWG Custom 
19 NM_013196 Peroxisome proliferator activated receptor-α Ppar-α MWG rat 10k 
20 AF156665 Peroxisome proliferator activated receptor-γ 1 Ppar-γ1 MWG Custom 
21 AF156666 Peroxisome proliferator activated receptor-γ 2 Ppar-γ2 MWG Custom 
22 NM_198780           Phosphoenolpyruvate carboxykinase 1    Pepck MWG rat 10k 
23 NM_031347 PPAR-g coactivator 1α Ppargc1α MWG rat 10k 
24 NM_139192 Stearoyl-CoA desaturase 1 Scd-1 MWG Custom 
25 AF286470 Sterol regulatory element binding factor 1c Srebp1c MWG rat 10k 
26 XM_347216 Ubiquitous mitochondrial creatine kinase Ckmt1 MWG Custom 
27 NM_019354 Uncoupling protein 2 Ucp2 MWG rat 10k 

Ucp3 28 NM_013167 Uncoupling protein 3 MWG rat 10k 
 

Hormone and cytokines signalling    
29 NM_144744      Adiponectin Adipoq MWG Custom 
30 XM_237893 Adiponectin receptor 1    Adipor1 MWG Custom 
31 XM_232323 Adiponectin receptor 2    Adipor2 MWG Custom 
32 NM_012576 Glucocorticoid receptor Gr MWG rat 10k 
33 NM_017080 Hydroxysteroid 11-β dehydrogenase type 1  Hsd11β1 MWG rat 10k 
34 NM_017081 Hydroxysteroid 11-β dehydrogenase type 2  Hsd11β2 MWG rat 10k 
35 NM_019130 Insulin 2    Ins2 MWG rat 10k 
36 NM_012969 Insulin receptor substrate 1 Irs-1 MWG rat 10k 
37 AF083418 Insulin receptor substrate 2    Irs-2 MWG rat 10k 
38 NM_017071 Insulin receptor    Insr MWG rat 10k 
39 NM_012589 Interleukin 6 Il-6 MWG rat 10k 
40 NM_012596   Leptin receptor - long form Ob-Rb MWG Custom 
41 AF304191    Leptin receptor - short form Ob-Ra MWG Custom 
42 NM_013076 Leptin  Lep MWG rat 10k 
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ID# Accession# Gene product Abbreviation Source 
   
Hormone and cytokines signalling continued…   
43 NM_031107 Ribosomal protein S6 kinase polypeptide 1 S6k1 MWG rat 10k 
44 NM_012747 Signal transducer and activator of transcription 3  Stat-3 MWG rat 10k 
45 NM_053565 Suppressor of cytokine signalling 3 Socs-3 MWG rat 10k 

Tnf-α 46 NM_012675 Tumour necrosis factor - α MWG rat 10k 
 

Growth and cellular proliferation    
47 NM_016993 B-cell leukaemia/lymphoma 2  Bcl-2 MWG rat 10k 
48 NM_017059 BCL-2 associated X protein Bax MWG rat 10k 
49 NM_053593 Cyclin-dependent kinase 4    Cdk4 MWG rat 10k 
50 NM_080782           Cyclin-dependent kinase inhibitor 1A (p21 / Cip1)  Cdkn1a MWG rat 10k 
51 NM_031762 Cyclin-dependent kinase inhibitor 1B (p27 / Kip1)  Cdkn1b MWG rat 10k 
52 NM_017094 Growth hormone receptor    Ghr MWG rat 10k 
53 NM_052807 Insulin-like growth factor I receptor Igf-1r MWG rat 10k 
54 M15650 Insulin-like growth factor I, exon 4 Igf-1  MWG rat 10k 
55 NM_022852 Pancreatic and duodenal homeobox gene 1 Pdx-1 MWG rat 10k 
56 M17592 Pre-pro-IGF I mRNA, class A, 5' end Igf-1 A MWG rat 10k 
57 M17593 Pre-pro-IGF I mRNA, class B, 5' end Igf-1 B MWG rat 10k 
58 X06108 Rat mRNA for insulin-like growth factor I Igf1AB2 MWG rat 10k 
59 NM_030989 Tumour protein p53    p53 MWG rat 10k 

Dio3 60 NM_017210 Type III iodothyronine deiodinase MWG rat 10k 
    
DNA methylation    
61 XM_342975 5,10-methylenete t rahydrofola te  reductase*   Mthfr* MWG Custom 
62 NM_030864 5-methyltetrahydrofolate-homocysteine methyltransferase Mtr MWG rat 10k 
63 NM_012522 Cystathionine beta synthase    Cbs MWG rat 10k 
64 NM_053354 DNA methyltransferase 1    Dnmt1 MWG Custom 
65 NM_001003957 DNA methyltransferase 3A Dnmt3a MWG Custom 
66 NM_001003959 DNA methyltransferase 3B    Dnmt3b MWG Custom 
67 NM_012860 Methionine adenosyltransferase I, α Mat1a MWG Custom 
68 NM_134351 Methionine adenosyltransferase II, α Mat2a MWG Custom 
69 NM_022673 Methyl CpG binding protein 2    Mecp2 MWG rat 10k 
70 XM_343162 Methyl CpG binding protein 3 * Mbd3* MWG rat 10k 
71 BC081932 Methyl-CpG binding protein 1    Mbd1 MWG Custom 
72 NM_153724           Myocyte-enriched calcineurin-interacting prot Mcip1 MWG Custom 
73 XM_225713 Nuc lea r  f ac to r  o f  ac t iva t ed  T-ce l l s* Nfat* MWG Custom 
74 XM_236187           Similar to methyl-CpG binding protein MBD2  Mbd2 MWG rat 10k 

 

Imprinted genes    
75 NM_001034160     Antisense paternally expressed gene 3  aPeg3 MWG Custom 
76 NM_013087 CD 81 antigen    Cd81 MWG rat 10k 
77 NM_182735 Cyclin-dependent kinase inhibitor 1C (p57Kip2) Cdkn1c MWG Custom 
78 NM_053744 Delta-like 1 homolog Dlk1 MWG rat 10k 
79 XM_214084 Growth  fac tor  receptor -bound pro te in  10* Grb10* MWG Custom 
80 XM_219494 H19  H19  MWG Custom 
81 NM_031511 Insulin-like growth factor II Igf-2 MWG rat 10k 
82 NM_012756 Insulin-like growth factor II receptor    Igf-2r MWG rat 10k 
83 XM_218733 Necdin  Ndn MWG Custom 
84 NM_053601 Neuronatin Nnat MWG rat 10k 
85 NM_012760           Pleiomorphic adenoma gene-like 1 Zac MWG Custom 
86 NM_032073 Potassium voltage-gated channel, subfamily Q, member 1  Kcnq1 MWG rat 10k 
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ID# Accession# Gene product Abbreviation Source 
     

Imprinted genes continued…   
87 XM_236468 RAS protein-specific guanine nucleotide-releasing factor 1 Rasgrf1 MWG Custom 
88 XR_008690            Similar to GLT2 Glt2 MWG Custom 
89 NM_031117 Small nuclear ribonucleoprotein N  Snrpn MWG rat 10k 
90 AF101041 SNRPN upstream reading frame    Snurf MWG rat 10k 

    
Control genes    
91 Genomic seq. Arabidopsis negative control Neg. Ctrl. MWG control 
92 NM_022298 Alpha 1 tubulin Tuba 1 MWG rat 10k 
93 NM_017008 Glyceraldehyde-3-phosphate dehydrogenase Gapdh MWG rat 10k 
94 NM_012583           Hypoxanthine guanine phosphoribosyl transferase Hprt MWG rat 10k 
95 NM_053986 Myosin 1b    Myo 1b MWG rat 10k 
96 NM_017314 Ubiquitin C Ubc MWG rat 10k 

 
* predicted sequences  
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Print layout indexed to gene ID#1 

 



Appendix V. 

APPENDIX V. QPCR CORRELATIONS  
 

 

Table AV.1 Correlation coefficients of the relationship between replicate QPCR 
samples on plates 1 and 2.  
 
 Pearson 

Correlation 
Coefficient 

Coefficient of 
determination 

(R2) 
Scd-1   
  Liver 0.95 0.89 
  Adipose  0.99 0.98 
  Soleus  0.99 0.99 
Fas   
  Liver 0.98 0.96 
  Adipose  1.00 1.00 
  Soleus  0.99 0.99 

  Hsd11β2 
  Liver 0.99 0.98 
  Adipose  0.99 0.99 
  Soleus  0.95 0.91 
Insr   
  Liver 0.91 0.83 
  Adipose  0.93 0.86 
  Soleus  0.95 0.89 
S6k1   
  Liver 0.92 0.85 
  Adipose  0.97 0.93 
  Soleus  0.97 0.94 
Tfam   
  Liver 0.93 0.86 
  Adipose  0.92 0.84 
  Soleus  0.90 0.81 
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