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Abstract 

ABSTRACT 

Developmental programming is now recognised as a key factor in the onset and 

progression of several adult-onset diseases including hypertension, diabetes, stroke and 

heart disease. Exposure to a poor environment early in life, including in utero, can 

increase an individual’s susceptibility to such diseases much later in life. Accordingly, 

developmental origins of health and disease (DOHaD) has emerged as an important new 

field of biomedical research in recent years. Animal models show that a variety of fetal 

insults, including undernutrition, placental insufficiency and glucocorticoid excess, can 

program adult-onset diseases. Interestingly, the adverse programming effects of 

different fetal insults are surprisingly consistent, with metabolic and cardiovascular 

dysfunction prevalent in a range of animal models. Despite this consistency, the 

underlying mechanisms that drive adult-onset pathologies remain obscure. This thesis 

tested the hypothesis that fetal glucocorticoid excess (a well-defined programming 

insult) programs disturbances in the circadian biology of adult offspring, specifically in 

relation to the expression of clock genes and their downstream targets in key metabolic 

tissues. Seven core clock genes (Bmal1, Clock, Per1, Per2, Per3, Cry1 and Cry2) form 

part of an intricate network that operates in both central (i.e. within the hypothalamus) 

and peripheral tissues (e.g. liver and adipose) to optimise cellular metabolism in relation 

to food and activity rhythms. This function of the clock network is mediated via 

transcriptional effects on a wide range of downstream gene targets. Importantly, 

previous research shows that disruption of clock gene networks results in metabolic 

disturbances, but whether these critical networks are influenced by developmental 

programming insults is unknown. 

Latency is another important concept within the DOHaD field. Thus, certain 

developmental programming outcomes emerge in postnatal life only in a ‘challenged’ 

environment (e.g. overnutrition). Therefore, this thesis also tested the hypothesis that a 
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high-fat diet exacerbates the adverse programming effects of fetal glucocorticoid 

excess, including disturbances in clock gene expression. Finally, in contrast to 

exacerbation by a postnatal challenge, adverse programming effects can also be 

attenuated by postnatal interventions, including hormonal treatments or dietary 

modifications. For example, our laboratory has previously shown that postnatal dietary 

supplementation with omega-3 fatty acids rescues many of the adverse outcomes 

otherwise programmed by fetal glucocorticoid excess. Therefore, the final aim of this 

thesis was to determine whether postnatal dietary supplementation with omega-3 fatty 

acids could alleviate glucocorticoid-programmed effects, including those in the 

circadian networks, even in the presence of a high-fat diet.  

The initial focus of experimental work was to develop a reliable model of fetal 

glucocorticoid excess that resulted in fetal growth restriction without a significant 

increase in fetal loss. These pilot studies established that provision of the synthetic 

glucocorticoid dexamethasone (as dexamethasone acetate (Dex), 0.5 μg/ml) in drinking 

water to pregnant Wistar rats from day 13 of pregnancy reduced birthweight by 

approximately 25% without reducing litter size. Higher doses of Dex (range 0.6 to 0.75 

g/ml) resulted in more severe growth restriction, but also a reduction in litter size (no 

viable pups at the 0.75 mg/ml dose). In a second pilot study, non-pregnant rats were fed 

for three weeks with one of three semi-pure diets, standard (Std), high-fat, low n-3 (HF) 

or high-fat, high n-3 (HFHn-3), to assess the effects on caloric intake and body weight. 

Compared to the Std diet, rats consumed slightly less (P<0.05) of the HF and HFHn-3 

diets over the trial period, such that overall energy intake and weight gain were similar 

among the three groups. Thus, rats on the HF and HFHn-3 diets appeared to auto-

regulate food intake such that caloric intake was similar among the three groups. 

Despite this autoregulation of caloric intake, these diets were considered acceptable for 

use in the main experimental studies. 
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Manuscript 1 (Chapter 6): Postnatal dietary omega-3 fatty acid supplementation 

rescues glucocorticoid-programmed adiposity, hypertension, and hyperlipidemia 

in male rat offspring raised on a high-fat diet. 

This study tested two separate hypotheses: (i) a postnatal high-fat diet exacerbates the 

glucocorticoid-programmed phenotype; and (ii) postnatal, dietary n-3 fatty acids rescue 

programmed outcomes even in the presence of a high fat diet challenge. Pregnant rats 

were either untreated (Con) or administered dexamethasone acetate (Dex; 0.5 g/ml 

drinking water) from day 13 of pregnancy until term. Offspring were cross-fostered to 

untreated mothers and males were weaned onto either the Std, HF or HFHn-3 diet. 

Prenatal Dex reduced birth weight (26%, P<0.001) and delayed puberty onset by 1.2 

days irrespective of postnatal diet. Prenatal Dex programmed increased blood pressure 

in adult offspring (P<0.05), an effect worsened by the postnatal HF diet. 

Supplementation with high n-3 fatty acids, however, prevented both the Dex and HF-

induced increases in blood pressure. Prenatal Dex also programmed increased adiposity, 

plasma cholesterol and plasma triacylglycerol levels at 6 months of age (each P<0.05), 

particularly in those offspring raised on the HF diet. But again, each of these adverse 

outcomes was rescued by supplementation of the HF diet with n-3 fatty acids. Thus, the 

capacity of n-3 fatty acids to overcome adverse programming outcomes remains evident 

even in the presence of a HF diet challenge. 

 

 

 

 

 

 



 

 10 

Abstract 

Manuscript 2 (Chapter 7): Developmental programming of clock gene rhythms: 

fetal glucocorticoid excess reduces adipose clock gene expression in adult offspring 

and limits the circadian response to a high-fat diet.  

This study tested the hypothesis that fetal glucocorticoid excess programs changes in 

the adipose tissue circadian clock gene network and its response to postnatal dietary fat 

modification. This study utilised the same cohort of rats as Manuscript 1. At 6 months 

of age, retroperitoneal adipose tissue (RPAT) was collected from male offspring at four 

Zeitgeber times (ZT1=8 am, ZT7=2 pm, ZT13=8 pm and ZT19=2 am; each n=8). 

Circadian variation in the adipose expression of the core clock genes, the accessory 

clock gene Reverba, key metabolic genes (Ppara, Pparg, Pgc1a), and inflammatory 

cytokines (Il1b, Il6 and Tnfa) were determined by quantitative RT-PCR. Data were 

analysed in two separate ways: firstly, three-way ANOVA was used with time-of-day, 

prenatal treatment and postnatal diet as sources of variation; secondly, cosinor analysis 

was used to determine key circadian features of expression for each gene (mesor, 

amplitude and acrophase) and these were compared among groups. Prenatal Dex 

suppressed RPAT expression of Bmal1, Per1 and Per3 (P<0.01) and reduced the 

circadian rhythmicity of each. In offspring of control mothers the HF diet reduced 

expression of Per1, Per2 and Cry1 (P<0.01), effects that were partially corrected by n-3 

fatty acid supplementation. In contrast, these HF diet-induced changes were absent in 

Dex offspring, indicative of an abnormal response to a HF dietary challenge. Dex 

exposure also altered RPAT expression of metabolic genes (Ppara, Pgc1a) and their 

response to the HF diet. In conclusion, these data show that prenatal Dex programs 

major perturbations in adipose tissue clock gene expression, most notably a reduction in 

circadian rhythmicity of the Per genes and in their responsiveness to a HF diet. These 

findings suggest a potential key role for disturbed circadian rhythmicity as a mediator of 

adverse metabolic programming outcomes. 
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Manuscript 3 (Chapter 8): Interactive effects of prenatal programming and 

postnatal dietary fat on the hepatic expression of clock genes and their 

downstream targets.  

This study examined the interactive effects of fetal glucocorticoid excess and postnatal 

dietary fat on the expression of clock genes and their metabolic targets in adult liver. 

The same cohort of animals was used as described above for Manuscript 1. At 6 months 

of age, liver samples were collected from male offspring at four Zeitgeber times and 

circadian variation in hepatic expression of clock and related genes was determined (as 

described above under Manuscript 2). Hepatic expression of Cry2 was reduced 

(P<0.05) by prenatal Dex in those offspring raised on the Std diet but, interestingly, 

Cry2 expression was lower in all offspring raised on either of the high-fat diets (HF or 

HFHn-3) regardless of prenatal treatment. While none of the other hepatic clock genes 

were affected by prenatal Dex, the HF diet reduced hepatic expression of Per2, Per3 

and Cry1, but increased that of Reverba. Hepatic expression of Ppara showed clear 

circadian variation in all offspring raised on the Std diet, and expression was increased 

by prenatal Dex. Both of the high fat diets reduced overall Ppara expression and its 

circadian rhythmicity, with a marked suppression of peak values. Finally, the HF diet 

resulted in clear hepatic steatosis, an effect partly alleviated by omega-3 fatty acid 

supplementation (i.e. in the HFHn-3 group).  

 In conclusion, the studies in this thesis show for the first time that disturbances 

in clock gene expression in metabolic tissues are part of the adverse adult phenotype 

programmed by fetal glucocorticoid excess. While reduced basal expression of adipose 

clock genes was a feature of the programmed phenotype, prenatal Dex had an even 

greater effect on the responsiveness of adipose clock genes to a postnatal dietary high 

fat challenge. The latter was also shown to exacerbate key aspects of the glucocorticoid 

programmed phenotype (most notably hypertension, increased adiposity and 
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hyperlipidemia), but these effects were prevented by supplementation with omega-3 

fatty acids. These findings have significant implications for our understanding of 

programmed metabolic dysfunction, highlighting a potential role for clock genes in 

mediating adverse outcomes. Moreover, exacerbation of the programmed phenotype by 

the HF diet, including effects on clock gene expression, shows there is a degree of 

latency in aspects of glucocorticoid programming. Finally, omega-3 fatty acid 

supplementation rescued several aspects of the programmed phenotype even in the 

presence of a high-fat challenge. This further highlights the potential therapeutic value 

of this postnatal dietary intervention in limiting adverse programming outcomes. 
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Thesis format 

THESIS FORMAT 

General 

This thesis is presented in ten chapters, the first five of which are the 

conventional Introduction, Literature Review, Experimental Objectives and Materials & 

Methods sections. The results are presented in four chapters; the first relates to 

optimisation of the experimental model while the remaining three present data in 

manuscript format. The first of these (Chapter 6) is presented exactly as published 

(Endocrinology 154:3110-3117; 2013) and Chapters 7 and 8 are presented as draft 

manuscripts prepared for publication. The final two chapters in this thesis provide a 

General Discussion and Conclusions of the overall findings and list of cited References. 

Presentation of data 

Most of the data are presented as graphical representations, but for some of the 

more complex data sets, tabular presentations have been included. Figures are generally 

presented within the text where they are cited. 

References 

Published work referred to in the text is cited by indication of authors and the 

year of publication. When the number of authors exceeds two, only the first is 

mentioned, followed by et al. and the year of publication. 
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CHAPTER 1:  INTRODUCTION 

Developmental programming of the adult phenotype stemming from insults 

early in life, particularly in utero, is now recognised as a key determinant of human 

health. Among adult-onset conditions susceptible to programming is the metabolic 

syndrome, a multi-factorial disorder characterised by metabolic abnormalities including 

central obesity, insulin resistance, glucose intolerance, hypertension and dyslipidaemia. 

Billions of dollars are spent each year around the world for the treatment of these 

conditions, and so the development of therapeutic and/or preventive measures for this 

health threat is crucial. The metabolic syndrome has a highly complex aetiology 

including inherited genes, abnormal body fat distribution, physical inactivity, adverse 

intra-uterine environment, and high caloric intake. This syndrome enhances the risk of 

developing cardiovascular disease, and in Australia 34% of all deaths are due to 

cardiovascular-related illnesses, affecting 3.7 million Australian adults each year.  

Extensive previous research has demonstrated the relationship between adverse 

in utero conditions (e.g. maternal undernutrition, or fetal glucocorticoid excess) on the 

adult onset of metabolic diseases. David J. P. Barker termed the influence of adverse in 

utero conditions on the development of adult onset diseases as “fetal programming” 

(now known as “developmental programming”) as part of the “Thrifty Phenotype 

Hypothesis”. In essence, this linked a poor intra-uterine environment, with its 

accompanying structural and physiological effects on fetal growth and development, to 

characteristics of the subsequent adult phenotype. Thus, if the fetal environment is sub-

optimal, postnatal development is modified to enhance immediate postnatal survival on 

the ‘assumption’ that the postnatal environment will also be sub-optimal. The resultant 

adaptations may then prove to be problematic in an optimal postnatal environment.  

Treatment of pregnant rats with the synthetic glucocorticoid dexamethasone 

(Dex) has been established as a model of developmental programming that results in an 
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adult phenotype with some characteristics of the metabolic syndrome. Glucocorticoids 

are steroid hormones secreted by the adrenal cortex under the influence of the 

hypothalamic-pituitary-adrenal axis (HPA-axis) and their secretion is vital for normal 

physiological function. Fetal exposure to maternal glucocorticoids is usually low due to 

the presence of the 11β-hydroxysteroid dehydrogenase 2 enzyme in the placenta that 

rapidly converts biologically active glucocorticoids to their biologically inert 

metabolites. While highly controlled exposure to glucocorticoids is crucial for fetal 

development (e.g. lung maturation just prior to parturition), excess glucocorticoid 

exposure is detrimental to fetal development. Numerous studies show that fetal 

glucocorticoid excess retards fetal growth and predisposes offspring to development of 

hypertension, insulin resistance and hyperleptinaemia, all features of the metabolic 

syndrome.  

Although developmental programming outcomes have been very well studied, 

specific programming mechanisms remain poorly understood. In recent years it has 

become increasingly clear that metabolic regulation is closely linked to circadian 

variation, thus ensuring optimal coordination of metabolism with feeding and activity 

rhythms. Circadian physiology is driven by core clock genes expressed both centrally 

(i.e. in the suprachiasmatic nucleus) and peripherally (e.g in liver and adipose tissue). 

Clock genes form transcriptional-translational feedback loops that promote circadian 

oscillations in their own expression and in a range of downstream genes to promote 

metabolic homeostasis. Importantly, numerous studies show that sustained circadian 

disruptions (e.g. those associated with air travel or shift work) could lead to metabolic 

dysfunction. Moreover, experimental induction of metabolic disease (e.g. diet-induced 

obesity in animal models) leads to aberrant expression of clock genes in liver and 

adipose tissue. Although glucocorticoids are key regulators of clock gene expression in 

adults, no previous studies have examined whether clock gene expression is 
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programmed by fetal glucocorticoid excess. Therefore, this was a major focus of the 

present thesis, with detailed analysis of circadian variation in core clock genes in liver 

and adipose tissue in adult offspring of dexamethasone-treated mothers. 

The severity of developmental programming outcomes can vary depending on 

interactions with the postnatal environment. For example, although central obesity is a 

feature of the metabolic syndrome in humans, it does not appear to be programmed by 

fetal glucocorticoid excess. This might be due to certain features of the metabolic 

syndrome not being manifest unless challenged by the postnatal environment. Indeed, 

adverse programming outcomes (e.g. hypertension and hyperinsulinemia) after maternal 

undernutrition are exacerbated by hypercaloric postnatal nutrition in a rat model. One 

previous study also shows that a high-fat, postnatal diet exacerbates fatty liver disease 

programmed by fetal glucocorticoid excess, but the impact on other programmed 

outcomes (e.g. hypertension and adiposity) have not been explored. Postnatal dietary 

modification has also been shown to attenuate programming outcomes, with omega-3 

fatty acid supplementation rescuing offspring from programmed hypertension and 

hyperinsulinaemia. But whether this beneficial effect is still maintained in the presence 

of a high-fat diet challenge is not known.  

The first objective of this thesis, therefore, was to investigate whether the 

programming of a cardio-metabolic phenotype by fetal glucocorticoid excess involves 

disturbances in the circadian clock network of key metabolic tissues. Secondly, given 

the capacity of postnatal dietary modifications to modify programming outcomes in 

other models, other key objectives were to determine whether a postnatal high-fat diet 

amplifies adverse phenotypic outcomes and, if so, can this exacerbation be overcome by 

dietary omega-3 fatty acid supplementation. The experimental model involved 

treatment of pregnant rats with dexamethasone over the final 10 days of gestation 

followed by cross-fostering of offspring to untreated mothers. At weaning, male 
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offspring were placed on one of three semi-pure diets; standard, high-fat or high-fat 

supplemented with omega-3 fatty acids. At 6 months of age, a range of phenotypic 

outcomes were assessed, including adiposity and blood pressure as well as the rhythmic 

expression of adipose and hepatic clock genes (measured across four circadian 

timepoints; 0200, 0800, 1200 and 2000 h). 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 The rat as an experimental model 

2.1.1 General 

The rat is a convenient model for developmental programming studies because it 

undergoes sexual maturation at 1-2 months of age (Ojeda and Skinner 2006), has a 

relatively short gestation period (23 days) and its average lifespan of 2 years (Moore 

1990) facilitates examination of the adult phenotype. Moreover, the extensive use of the 

rat as a laboratory animal model since the beginning of the 20th century has provided a 

wealth of information on its normal growth, development and physiology. . 

2.1.2 Puberty 

In female rats, sexual maturity is defined by the first ovulation and this occurs at 

approximately 35 to 45 days of life (Korenbrot et al. 1977, Ojeda and Skinner 2006). 

The first external characteristic of sexual maturation is canalization of the vagina which 

occurs in response to the pre-ovulatory surge of gonadotrophins (Ojeda and Skinner 

2006). Once sexual maturation is reached, rats have cyclical changes in the ovary 

reflecting their fertility status. 

In male rats, testicular descent occurs after postnatal day 15. The first 

spermatozoa can be observed in the lumen of the seminiferous tubules by 40 to 45 days 

of age (Clermont and Perey 1957). These spermatozoa reach the vas deferens 13 to 14 

days later (Clegg 1960). The external signs of puberty in male rats include testicular 

growth and separation of the foreskin of the penis from the glans, known as the balano-

preputial separation (Korenbrot et al. 1977, Yamasaki et al. 2001). 
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2.1.3 Oestrus cycle 

Female rats are non-seasonal, spontaneously-ovulating, poly-oestrous mammals 

meaning that they have continuous reproductive cycles throughout the year (Ojeda and 

Skinner 2006). These reproductive cycles are only interrupted by either pseudo-

pregnancy, pregnancy / lactation or environmental perturbations. Each oestrous cycle 

lasts for 3 to 4 days and is characterised by four distinctive stages that can be observed 

in a vaginal smear (Long and Evans 1922): proestrus, oestrus, metoestrus and dioestrus. 

These stages occur in response to changes in circulating progesterone and estrogen 

following stimulation of the ovary by gonadotrophins.  

During proestrus there are high numbers of cornified cells in the vaginal 

epithelium with minimal leucocytes or epithelial cells. This is a transitional stage 

between a period of quiescence and a period of sexual receptivity, or oestrus. During 

oestrus, the vaginal epithelium is characterised by the predominance of cornified cells. 

Oestrus is then followed by a state of metoestrus where leucocytes, epithelial cells and 

cornified cells are all present in a vaginal smear. Dioestrus is a quiescent stage when the 

vaginal epithelium is characterised by the presence of minimal cornified cells, 

leucocytes or epithelial cells. These characteristic changes provide the basis for tracking 

the female ovarian cycle to anticipate the best time for mating (Long and Evans 1922). 

2.1.4 Pregnancy 

Copulation occurs during oestrus and, when successful, this marks the first day 

of gestation. This is followed by implantation of the embryo into the uterine 

endometrium 5 to 6 days later. Gestation in the rat lasts for 22 to 23 days (Ojeda and 

Skinner 2006) with parturition usually occurring on the morning of day 23 (Lincoln and 

Porter 1976). Rats usually give birth to 6 – 12 pups at intervals of approximately five to 

ten minutes (Moore 1990). During early pregnancy, maternal body weight increases in 

part due to increased fat stores, which are then mobilised during the latter half of 
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gestation to meet the requirements for rapid fetal growth (Knopp et al. 1973). The key 

features of fetal growth in rat pregnancy are presented in Chapter 5. 

2.1.5 Lactation 

Lactation is an important phase of mammalian reproduction and is crucial for 

the health, growth and survival of the newborn. Lactation provides immunity for the 

neonate and affects its subsequent growth and development (Tucker 1994, Neville 

2006). Proliferation of mammary epithelium commences at puberty and is completed 

during pregnancy (Tucker 1994). The alveolar epithelium differentiates into the 

secretory type during mid-gestation under the influence of prolactin, progesterone and 

placental lactogen (Neville 2006). 

Immediately following parturition, copious milk production occurs and the 

growth of the mammary gland is rendered quiescent (Neville 2006). Weaning occurs at 

around 21 days postpartum, after which most of the secretory elements undergo atrophy 

over a 2 to 3 week period (Tucker 1994, Neville 2006).  
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2.2 Glucocorticoids 

Glucocorticoids are a group of steroid hormones, including cortisol and 

corticosterone, which are synthesized by the adrenal cortex. In humans, cortisol is the 

principal glucocorticoid whereas in rodents corticosterone is the major glucocorticoid 

due to the absence of adrenocortical 17-hydroxylase (van Weerden et al. 1992) 

2.2.1 Hypothalamic-Pituitary-Adrenal axis 

The production of glucocorticoids by the adrenal cortex is controlled within the 

hypothalamic-pituitary-adrenal axis (HPA axis), in which glucocorticoid secretion is 

stimulated by pituitary adrenocorticotrophic hormone (ACTH) (Figure 2.1). Various 

stimuli, including circadian inputs and stress, induce the secretion of corticotrophin 

releasing hormone (CRH) and arginine vasopressin (AVP) from the hypothalamus 

(Baxter and Rousseau 1979). AVP, although a potent synergistic factor of CRH, has 

very little ACTH secretogogue activity on its own (Charmandari et al. 2005). From the 

median eminence in the hypothalamus, these hormones travel into the primary capillary 

plexus of the hypothalamo-hypophyseal portal system and stimulate ACTH release 

from the anterior pituitary (Marieb 2000). The rising levels of circulating ACTH 

stimulate the secretion of glucocorticoid hormones from the zona fasciculata of the 

adrenal cortex. High levels of plasma glucocorticoids in turn act to inhibit further 

ACTH release (i.e. via negative feedback at the hypothalamus and pituitary) to limit 

glucocorticoid secretion (see Figure 2.1). Consequently, glucocorticoid secretion 

exhibits a circadian profile, with levels highest at the start of the active cycle (morning 

in humans and evening in rodents) and levels then fall to reach a minimum during the 

rest phase.  
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Figure 2.1:  Regulation of adrenal glucocorticoid secretion within the 

hypothalamic-pituitary-adrenal axis. Factors such as stress and the circadian rhythms 

influence hypothalamic release of CRH and AVP. These substances stimulate anterior 

pituitary release of ACTH. Glucocorticoids are released from the adrenal cortex 

following ACTH stimulation and the increasing level of glucocorticoids in the plasma 

in turn provides a negative feedback to the hypothalamus and pituitary. 

2.2.2 Glucocorticoid and mineralocorticoid receptors 

Glucocorticoids influence growth, differentiation and overall function of a wide range 

of cell types. These effects differ substantially among tissues and include both catabolic 

effects, such as the lysis of the lymphoid cells as well as anabolic effects, such as the 

induction of several enzymes in the liver (Funder 1997). Glucocorticoid actions are 

exerted primarily via two receptor types, the glucocorticoid receptor (GR) and the 

mineralocorticoid receptor (MR) (Beltowski et al. 2004). In the absence of ligand, GR 

resides predominantly in the cytoplasm of target cells, in a complex with numerous heat 

shock proteins (HSPs) that maintain the receptor in a conformation optimal for binding 
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hormone (reviewed in Oakley and Cidlowski 2013). On ligand binding, the HSPs 

dissociate and the receptor translocates to the nucleus, where it binds as a dimer to 

glucocorticoid response elements in the promoter regions of target genes. As a result, 

transcription of these glucocorticoid-responsive genes is altered, with either inhibitory 

or stimulatory changes depending on the gene and tissue affected (Cidlowski and 

Munck 1978). The following schematic diagram (Figure 2.2) summarizes activation of 

the GR by glucocorticoids.  

 

Figure 2.2: Action of glucocorticoids at the cellular level. GRs exist as intracellular 

GR-HSP complexes. The receptor is activated when it is bound by glucocorticoid and 

heat shock proteins (HSPs) are released. The activated glucocorticoid-GR complex then 

enters the nucleus and binds as a dimer to specific DNA sequences in promoter regions 

of target genes. 

While the steroid binding domain of the GR is glucocorticoid-specific, 

glucocorticoids can also bind to the MR (Beltowski et al. 2004) with the same affinity 

as that of aldosterone (Aron et al. 2004). To prevent overstimulation of MRs by 
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circulating glucocorticoids, MR specificity is maintained in mineralocorticoid target 

tissues by co-expression of 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2). This 

enzyme rapidly converts the active form of glucocorticoids (cortisol and corticosterone) 

to their inactive forms (cortisone and 11-dehydrocorticosterone). 

2.2.3 Actions of glucocorticoids in target tissues 

The GR is expressed in almost all cell types, thereby enabling glucocorticoids to 

exert a wide range of biological effects (Schmid et al. 1995). The following sections 

present the key biological actions of glucocorticoids in the major metabolic tissues and 

in the developing fetus. These actions are summarised in Figure 2.3. 

2.2.3.1 Effects of glucocorticoids in the liver  

The most prominent action of glucocorticoids is regulation of glucose 

metabolism. In the liver, glucocorticoids cause an increase in hepatic gluconeogenesis 

by stimulating the gluconeogenic enzymes phosphoenol pyruvate carboxykinase and 

glucose-6-phosphatase (Pilkis and Granner 1992). They also increase hepatic 

responsiveness to the glucogenic hormone, glucagon. Glucocorticoids also enhance 

hepatic glycogen synthesis by facilitating the conversion of pyruvate into glucose 

(Pilkis et al. 1988), stimulation of glycogen synthetase activity and to a lesser extent by 

inhibiting glycogen breakdown. These effects are insulin dependent, however as a stress 

coping mechanism, glucocorticoids also prevent insulin dependent-glucose uptake in 

the peripheral tissues by limiting glucose transport into the cell. This inhibits the uptake 

of glucose by all cells other than the brain, providing the latter more energy substrate to 

utilise in times of stress. All of these functions are to ensure that energy demands are 

met, especially during a stressful event.  
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2.2.3.2 Effects of glucocorticoids in the kidneys 

In the kidney, glucocorticoids affect water and electrolyte balance. Actions of 

glucocorticoids on renal GRs result in increased glomerular filtration rate and 

subsequent fluid excretion but this effect may be counteracted by glucocorticoid 

activation of renal MR, which leads to sodium retention, hypertension and 

hypokalaemia (Krozowski and Funder 1983, Funder 1997). In addition, glucocorticoids 

induce blood pressure elevation through the increase in renal vascular resistance 

(Connell et al. 1987), which results in the activation of the renin-angiotensin-

aldosterone system. Interestingly, synthetic glucocorticoids such as dexamethasone and 

bethamethasone have minimal mineralocorticoid-like activity; therefore, they cause a 

marked increase in salt and water excretion (Aron et al. 2004). 

2.2.3.3 Effects of glucocorticoids on cardiovascular function 

Glucocorticoids can increase cardiac output by causing an overall increase in 

vascular tone. This is achieved through the stimulation of vasoconstrictor and growth 

factor endothelin-1 (Kato et al. 1995). In addition, glucocorticoids also augment the 

activity of other vasoconstrictors (e.g., catecholamines), which also leads to an overall 

reduced vascular lumen diameter (Ullian 1999). Although these vasoconstriction effects 

aid in the “fight or flight” response, chronic vasoconstriction can lead to hypertension. 

Additionally, glucocorticoids can induce hypertension through upregulation of renin 

output by the kidney, with consequent elevation of blood pressure due to increased 

sodium retention and intravascular volume overload (Hadoke et al. 2009). 

2.2.3.4 Effects of glucocorticoids on adipose tissue 

Glucocorticoids regulate the differentiation, function and distribution of adipose 

tissue. The effects of glucocorticoids on lipid metabolism include stimulation of 

lipolysis and lipogenesis (Macfarlane et al. 2008). The ability for glucocorticoid to 
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increase both the uptake and turnover of fatty acids in adipose tissue depends on the 

concurrent availability of other stimuli such as insulin and catecholamines. For 

example, cortisol is known to amplify the induction of lipolysis by catecholamines in 

cells primed with growth hormone, but in the presence of insulin, cortisol reduces the 

basal lipolytic rate and responsiveness to catecholamines (Ottosson et al. 2000). 

Therefore in the presence of insulin, glucocorticoids work synergistically to upregulate 

lipogenesis (Vegiopoulos and Herzig 2007). However, glucocorticoids are also able to 

increase lipolysis in fat depots. Results of short-term glucocorticoid infusions suggest 

that lipolysis is increased following a 4 to 5 hour hydrocortisone infusion (Divertie et al. 

1991) but this effect is not sustained in long term glucocorticoid therapy (Gravholt et al. 

2002). In fact, chronic glucocorticoid excess (Cushing’s syndrome) is characterised by 

central obesity along with other abnormalities such as osteoporosis, hypertension, 

hyperglycaemia and impaired immune function (Cushing 1912). 

2.2.4 Glucocorticoids in pregnancy 

Maternal glucocorticoid levels rise progressively across human pregnancy, 

reaching maximal levels near term (Patrick et al. 1980, Nolten and Rueckert 1981). In 

the rat, maternal plasma corticosterone levels initially fall gradually to a minimum 

around day 10 but then increase towards term (Milkovic et al. 1973, Atkinson 1995). 

Furthermore, the circadian profiles of cortisol and corticosterone levels are preserved 

during pregnancy in human (Patrick et al. 1980) and rat (Atkinson 1995) respectively. 

The majority of glucocorticoid synthesis during pregnancy is maternal in origin, with 

the fetal adrenal unable to produce glucocorticoids until the third trimester in humans or 

around day 16 in the rat (Doody et al. 1990, Rehman et al. 2003). 

2.2.4.1 Effects of glucocorticoids on the fetus  

During normal pregnancy, fetal glucocorticoid levels rise near term to promote 

maturation of fetal organs. Most notably in the lung, glucocorticoids stimulate a shift 
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from a proliferative, undifferentiated state to a more differentiated, physiologically 

functioning one that is important for post-natal survival (Liggins et al. 1980). In 

particular, glucocorticoids stimulate the synthesis of surfactant, which supports 

appropriate lung function by reducing surface tension (Mendelson and Boggaram 1991). 

Accordingly, synthetic glucocorticoids (e.g., bethamethasone and dexamethasone) are 

used therapeutically in human pregnancy to promote lung maturation in women at risk 

of preterm delivery (Roberts and Dalziel 2006, Crowther and Harding 2007). Because 

these synthetic glucocorticoids are poor substrates for 11-HSD2 they readily bypass 

the placental glucocorticoid barrier and increase fetal glucocorticoid exposure. Despite 

the extensive use of glucocorticoid treatment in pregnancy, numerous studies (in both 

humans and in animal models) show that they impair fetal growth (French et al. 1999, 

Newnham et al. 1999, Moss et al. 2001, Clifton 2005, Sloboda et al. 2005, Lajic et al. 

2008, Murphy et al. 2012). In contrast, administration of metyrapone, a glucocorticoid 

synthesis inhibitor, to pregnant rats increases fetal and placental weights near term, 

suggesting that endogenous glucocorticoids tonically suppress fetal growth (Burton and 

Waddell 1994). 

2.2.5 The placental glucocorticoid barrier 

Given the profound effects of glucocorticoids on fetal growth and developmental 

programming outcomes, the passage of maternal glucocorticoids to the fetus requires 

tight regulation. This crucial function is achieved principally by placental expression of 

two 11β-HSD enzymes. 11β-HSD1 catalyses the conversion of the inactive 

glucocorticoids (cortisone and 11-dehydrocorticosterone) into their active forms 

(cortisol and corticosterone, respectively), whereas 11β-HSD2 inactivates the active 

forms (for review see (Burton and Waddell 1999). In primates and humans, placental 

expression of 11β-HSD2 increases throughout gestation to a peak near term (Ma et al. 



 

 39 

Chapter 2: Literature review 

 
2003, Murphy and Clifton 2003). This high level of 11β-HSD2 prevents excess trans-

placental transfer of glucocorticoids from mother to the fetus. Placental P-glycoprotein 

(P-gp), a membrane-bound pump expressed on the apical surface of the 

syncytiotrophoblast, may also contribute to the placental glucocorticoid barrier by 

exporting cortisol back into the maternal circulation (Mark and Waddell 2006). 

Therefore in these species, the fetal adrenal provides the glucocorticoids it needs for 

organ maturation in late gestation (Fencl et al. 1980, Wallace et al. 1996). In contrast, in 

the rat 11β-HSD2 expression falls in the placental labyrinth zone (the site of maternal-

fetal exchange) towards the end of gestation, presumably to facilitate transplacental 

passage of active glucocorticoids to promote fetal lung maturation (Burton and Waddell 

1999).  
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Figure 2.3: Effects of glucocorticoids on various adult organs and on the fetus. 
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2.3 Developmental programming of health and disease 

2.3.1 General 

Low birth weight (LBW) in humans is defined as a weight of less than 2,500 g 

at birth, irrespective of gestational age (Welfare 2007). LBW affects approximately 6.2 

% of Australian births each year (Welfare 2007) and is even more prevalent in the 

developing countries (de Onis et al. 1998). In the 1980s, several European cohort 

studies uncovered significant statistical correlations between the incidence of LBW and 

subsequent adult mortality from heart disease (Barker and Osmond 1986), hypertension 

(Barker and Osmond 1988), type 2 diabetes mellitus (Ravelli et al. 1998) or glucose 

intolerance (Ravelli et al. 1998) in LBW offspring. These associations were similarly 

demonstrated in other populations (Forrester et al. 1996, Stein et al. 1996, Rich-

Edwards et al. 1997), collectively raising the likelihood of a link between an adverse 

fetal environment and the development of adult diseases. This concept, now referred to 

as “developmental programming”, was initially proposed by David Barker and was 

hence termed “The Barker Hypothesis” (Barker and Osmond 1986, Hales et al. 1991, 

Hales and Barker 1992, Barker et al. 1993). The hypothesis has now evolved to a 

broader concept known as the “Developmental Origins of Health and Disease” 

(DOHaD) which proposes that environmental factors, acting early in development, can 

affect the structural and functional development of critical organs. This, in turn, 

increases the susceptibility to adult-onset diseases later in life.  

2.3.2 Evolutionary perspective of DOHaD 

The DOHaD concept is in keeping with key evolutionary principals and is consistent 

with the “Thrifty Phenotype Hypothesis” (Figure 2.4). The original hypothesis states 

that the epidemiological association between poor fetal growth and adult metabolic 

diseases, such as hypertension, obesity and type 2 diabetes, is due to a poor fetal 
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environment (Hales et al. 1991, Hales and Barker 1992, Barker et al. 1993). It is now 

clear that other in utero insults, such as excessive maternal stress, can also produce 

similar metabolic consequences in adults (Benediktsson et al. 1993, Seckl 2004, 

Sloboda et al. 2005). These stressors influence fetal development to adapt to maximise 

the chance of fetal survival in the poor intra-uterine environment, ‘assuming’ that the 

post-natal environment will be similar. Problems arise, however, if the post-natal 

environment is abundant in food and resources (Hales and Barker 1992).  

Growth-restricted offspring can grow into adults that have a range of 

physiological deficits including reduced pancreatic beta cells (Robinson 2002, de Boo 

and Harding 2006, Desai et al. 2007), reduced nephron number (Hughson et al. 2003), 

reduced liver size (Latini et al. 2004), abnormal adipose tissue gene expression (Guan et 

al. 2005, Bol et al. 2009, Mark et al. 2014), reduced brown adipose tissue endowment 

(Felipe et al. 1988, Yakubu et al. 2007) and abnormal cardiac muscle enlargement 

(Wang et al. 2011). When faced with metabolically challenging postnatal events such as 

rapid postnatal catch-up growth, over-nutrition or obesity, pathological outcomes are 

likely. Therefore, the thrifty phenotype hypothesis holds true when altered development 

driven by a poor intra-uterine environment is exacerbated by other postnatal influences 

(Hales and Barker 1992, de Boo and Harding 2006, Tamashiro and Moran 2010). But 

the precise mechanisms that underpin developmental programming outcomes remain 

poorly understood, especially the pathological changes that occur at the molecular level. 

Moreover, considerably more research is needed to understand the interactive effects of 

the postnatal environment (e.g. nutrition and other lifestyle modifications) on 

programming outcomes.   
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Figure 2.4: The thrifty phenotype hypothesis adapted from (Hales and Barker 2013). 
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2.3.3 Epidemiological evidence for DOHaD 

The DOHaD concept was proposed on the basis of several epidemiological 

studies in Europe (Barker and Osmond 1986, Hales et al. 1991, Ravelli et al. 1998). A 

key study on infants born during the Dutch Hunger Winter famine, between November 

1944 to May 1945 showed that infants impacted by the famine were born smaller than 

siblings unaffected by the famine. Specifically, the study investigated a cohort of 2414 

individuals aged 50 years old, born as singletons between the years 1944 to 1945 during 

the second world war. Their findings demonstrated that exposure to famine in early 

gestation produced low birth weight infants that developed a higher incidence of 

coronary heart disease, elevated plasma lipids, altered blood clotting properties and 

obesity in adulthood (Painter et al. 2005, Roseboom et al. 2011). Individuals exposed to 

the famine in utero underwent developmental programming changes, which were later 

amplified when they were born into a postnatal environment of abundance. This finding 

also suggested a role for postnatal influences toward the manifestation and amplification 

of programming outcomes. The postnatal influence that accentuates the programming 

outcomes may also be referred to as the “second hit”. The first recognition of this so 

called ‘second hit’ phenomenon was reported by Vickers et al. (2000), who showed that 

fetuses exposed to maternal undernutrition had an amplified response to postnatal 

overnutrition relative to that of control offspring (Vickers et al. 2000).  

In contrast to the Dutch Hunger Winter, the Leningrad famine that took place 

between the years 1941 to 1944 was much more prolonged. As a consequence, children 

exposed to this famine in utero continued to be severely malnourished for several years 

postnatally. Although these children were also born small, they were spared from the 

latent onset of cardiovascular problems that was typical for the children from the Dutch 

Hunger Winter study. Consequently, there was no correlation between low birth weight 

and the development of adverse metabolic outcomes in this population (Eriksson et al. 
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2002). The one striking difference between these two population-based studies was the 

characteristics of the postnatal environments in each. Thus, interactions between the in 

utero and postnatal environments appear to modulate the likelihood of programmed 

offspring developing non-communicable, adult-onset diseases including hypertension, 

obesity and cardiovascular disease.  

2.4 Developmental Programming of the Metabolic Syndrome 

The metabolic syndrome is a cluster of cardiovascular risk factors, the core components 

of which are central obesity, insulin resistance, dyslipidemia and hypertension (for 

review see (Lakshmy 2013). The metabolic syndrome is an increasingly global problem, 

affecting 40% adults in the US by the age of 60 years (Ford et al. 2002, Ford et al. 

2010). Development of the metabolic syndrome is influenced by many genetic and 

environmental (e.g. physical activity and diet) factors, and its key features include 

adipose tissue dysfunction (e.g. abnormal fatty acid metabolism and the subsequent 

release of inflammatory cytokines (Ye 2009, Dodson et al. 2011), and non-alcoholic 

fatty liver disease (Chitturi et al. 2007). Several animal models (e.g. maternal 

undernutrition or fetal glucocorticoid excess) show that key features of the metabolic 

syndrome are programmed by fetal insults. For example, maternal dexamethasone 

treatment programs increased adipose expression of leptin (and associated 

hyperleptinemia) (Wyrwoll et al. 2006) and inflammatory cytokines (Mark et al. 2014) 

and increased susceptibility to fatty liver disease on a high fat diet (Drake et al. 2010). 

In the following sections, therefore, key aspects of developmental programming of 

adipose and liver function, insulin resistance and hypertension are considered.  
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2.4 Adipose tissue 

Adipose tissue is a specialised connective tissue that consists of fat-storing cells 

with a rich blood supply. It is comprised of adipocytes within a vascular stroma that 

contains preadipocytes, monocytes/ macrophages, endothelial cells and other cell types 

(Figure 2.5) (Wang et al. 2010). Two fundamentally different adipose tissue types are 

recognised: white adipose tissue (WAT) and brown adipose tissue (BAT), and each has 

unique structural and physiological characteristics. Adipocytes are derived from 

mesenchymal stem cells and their fate (WAT or BAT) is determined during the 

preadipocyte stage and is governed by different transcription factors (Lau 2000). 

Histologically, WAT adipocytes are unilocular with a large vacuole that contains a 

single lipid droplet, whilst BAT adipocytes have multiple intracytoplasmic locules 

containing fat droplets (Figure 2.5). WAT is the predominant form of adipose tissue in 

adult whereas BAT is predominantly present during fetal life. In contrast, rodent BAT 

persists throughout life as a specific interscapular fat depot (Tchkonia et al. 2013). 

 

Figure 2.5: Schematic diagram of typical adipose tissue morphology. 
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2.4.1  White adipose tissue 

Expansion of WAT in response to excess caloric intake is a highly adaptive response 

that protects other tissues (e.g. liver) from excess fat deposition. The unusual capacity 

of adipocytes to store triacylglycerol is mediated via expression of lipogenic enzymes 

that are driven by a range of transcription factors including peroxisome proliferator-

activated receptor-g (Ppargsee section 2.4.3.1 below). Interestingly, recent studies 

show that ‘healthy’ WAT expansion is dependent upon an inflammatory response 

within adipose tissue to promote angiogenesis and tissue remodelling (Asterholm et al. 

2014). Unfortunately, the legacy of this crucial role of adipose inflammation is that 

when WAT expansion becomes excessive (i.e. in obesity), a state of chronic, low-grade 

inflammation develops (see section 2.4.3.2 below) and this has adverse metabolic 

effects (e.g. insulin resistance; see section 2.6 below). WAT also influences a wide 

range of physiological functions (e.g. immune responses, blood pressure control and 

reproduction) via the production of adipokines including leptin and adiponectin 

(Ailhaud and Hauner 2003 ). WAT is distributed as several anatomical depots with 

varying functional activity. Visceral WAT is metabolically distinct from subcutaneous 

WAT (Figure 2.6), and strongly associates with type 2 diabetes and cardiovascular 

disease. In contrast, subcutaneous WAT confers protective effects against these 

metabolic complications (Bjorntorp 1991). 

 An excess of WAT is reflected by an increase in both adipocyte size and number 

and is linked to metabolic disorders (Bays et al. 2008, Anand et al. 2011). In particular, 

visceral WAT hypertrophy (e.g. retroperitoneal and epididymal WAT) is associated 

with abnormal circulating lipid levels (Veilleux et al. 2011). Diet plays critical roles in 

the degree of lipid filling of adipocytes. Consumption of high-fat diet promotes 

adipocyte hypertrophy and adipose tissue inflammation (Gornicka et al. 2012, 

Asterholm et al. 2014, Chung et al. 2014). 
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2.4.2  Brown adipose tissue 

Brown adipose tissue is different from WAT in that its adipocyte lineages arise 

from distinct developmental programs in the embryo (Ross et al. 2003), and is thought 

to have a similar origin to muscle (Timmons et al. 2007). BAT depots are found in the 

interscapular, perirenal and axillary locations in rodents (Figure 2.6). In contrast to 

humans, rodent BAT persists throughout adulthood in these specific areas. Interestingly, 

small foci of BAT are also present throughout WAT depots, and these depots have the 

capacity to expand, particularly in response to cold exposure (Billon and Dani 2012). 

The primary function of BAT is thermogenesis which involves production of heat by 

the uncoupling of respiration from ATP synthesis due to uncoupling protein-1 (UCP-1) 

(Stuart et al. 2001). UCP-1 is found in the inner mitochondrial membrane of BAT 

mitochondria and is essential for BAT thermogenic function through the uncoupling of 

oxidative phosphorylation from ATP synthesis (Cannon and Nedergaard 2004). This 

thermogenic property of BAT is of vital importance in neonates exposed to the cold, 

and still persists in adult humans, where BAT is mostly located in the paracervical and 

supraclavicular regions (Virtanen et al. 2009). Activation of BAT thermogenic activity 

occurs via the sympathetic nervous system when temperature falls below 

thermoneutrality (34ºC for mice, 28ºC for rats, and 20-22ºC for humans).  
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Figure 2.6: Adipose tissue depots in rat. WAT depots are shown in yellow and BAT 
depots in brown. 

 

2.4.3  Developmental Programming of Adipose Tissue 

WAT appears to be particularly susceptible to adverse developmental programming 

effects in animal models. For example, maternal undernutrition programs increased 

visceral adiposity and plasma leptin levels in adult offspring, effects exacerbated by a 

high-fat diet (Vickers et al. 2000). Similarly, increased intra-abdominal adiposity and 

adipocyte diameter were both observed in adult offspring after hypoxia-induced IUGR, 

and again these effects were amplified by a postnatal high-fat diet (Rueda-Clausen et al. 

2011). While the molecular mechanisms underlying these outcomes are unclear, they 

may well involve Pparg, one of three related nuclear transcription factors that exert 

profound effects in metabolic tissues (the others being Ppara and Ppardfor review see 

(Evans et al. 2004). 
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2.4.3.1  PPARs 

Unliganded PPARs are bound to the promoter regions of target genes in association 

with co-repressors that suppress the target gene. In the presence of ligand, the co-

repressors are replaced with co-activators, such as Pparg-coactivator-1 (PGC1), to 

induce transcription (Hertzel et al. 2008). Pparg is expressed as two splice variants, 

Pparg1 and Pparg2, predominantly in adipose tissue, and while it was initially 

recognised for its essential role in promoting adipocyte differentiation it is now known 

to influence most aspects of adipocyte biology. This includes regulation of adipogenic 

and lipogenic pathways, glucose homeostasis (e.g. expression of glucose transporter 

type 4 (Glut4)), and expression of several secreted factors (e.g. adiponectin and tumour 

necrosis factor-a; Tnfa). PPARg-stimulated lipogenesis is mediated via induction of 

sterol regulatory element binding protein 1 (Srebp1) and the downstream induction of 

fatty acid synthase to increase intracellular lipid accumulation for review see (Desai and 

Ross 2011). Fetal adipose tissue has higher Pparg expression following maternal 

undernutrition (Lukaszewski et al. 2011), an effect that may favour fat storage and thus 

be adaptive under poor nutritional conditions. Recently, our laboratory reported that 

offspring adipose Pparg expression was unaffected by fetal glucocorticoid excess 

(Mark et al. 2014). Nevertheless, it appears likely that adipocyte Pparg expression 

interacts with other key regulators of the adipocyte phenotype in the programming of 

obesity by fetal under- and over-nutrition (Muhlhausler and Smith 2009). 

The other PPARs (a and d) also play important regulatory roles in adipose tissue 

biology. Activation of PPARa can prevent the development of adiposity in animal 

models of obesity and type 2 diabetes (Guerre-Millo et al. 2000, Tsuchida et al. 2005). 

Additionally, PPARa ligands stimulate lipolysis in normal adipocytes but not in those 

rendered PPARa deficient, indicative of a role for PPARa in fatty acid oxidation in 
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adipose tissue. Recently, (Mark et al. 2014) reported that maternal dexamethasone 

treatment programs increased adipose expression of Ppara in adult male and female 

offspring. Ppard expression is more widespread in adipose tissue so transgenic deletion 

suggests an important role in adipose tissue development (Evans et al. 2004). For 

example, constitutive activation of Ppard (via transgenic manipulation) produces mice 

that are resistant to obesity. This is due, in part, to increased expression of genes 

involved in fatty acid oxidation and energy dissipation (Wang et al. 2003). 

2.4.4  Adipose tissue inflammation 

Increased WAT mass has been linked to a state of chronic low-grade 

inflammation, with elevated levels of tumour necrosis factor alpha (TNFa), interleukin-

6 (IL6) and interleukin-1b (IL1b) in obese individuals (Figure 2.7) (Neels and Olefsky 

2006). The major source of inflammatory cytokine secretion by adipose tissue is 

activated macrophages in the vascular stroma (Kanda et al. 2006, Hirasaka et al. 2007). 

In lean adipose tissue, the resident macrophages secrete an anti-inflammatory cytokine, 

Il10, to enhance tissue repair and angiogenesis (Fujisaka et al. 2009). But when WAT 

expansion occurs, more macrophages are recruited with consequent increased secretion 

of pro-inflammatory cytokines (Coenen et al. 2007, Lumeng et al. 2007). This 

macrophage infiltration is considered an important early event in the development of 

obesity related complications (Hotamisligil et al. 1993, Wellen and Hotamisligil 2003, 

Xu et al. 2003). Because infiltrating macrophages express epidermal growth factor 

module-containing mucin-like receptor 1 (Emr1) (Khazen et al. 2005), its expression 

level in WAT can be used as a marker of macrophage recruitment. As discussed above, 

recent studies show that ‘healthy’ WAT expansion depends on this increased 

inflammation to promote angiogenesis and tissue remodelling (Asterholm et al. 2014), 

but this adaptive response becomes problematic when WAT expansion is excessive (i.e. 

in obesity). 
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Figure 2.7: Macrophage infiltration in adipose tissue following high-fat diet- 
induced obesity. This results in increased secretion of inflammatory cytokines and 
associated insulin resistance. 

2.4.4.1  Adipose production of inflammatory cytokines 

Expansion of WAT in obesity leads to increased production of inflammatory 

cytokines including TNFa, IL6 and IL1b. TNFa is strongly implicated in the 

pathogenesis of insulin resistance (Stephens et al. 1997, Wellen and Hotamisligil 2003) 

with the pathophysiology involving TNFa induction of insulin resistance through 

phosphorylation of insulin receptors and the insulin receptor substrate (Kanety et al. 

1995, Hotamisligil et al. 1996). This inhibits insulin signalling and thus glucose 

transport, mainly in the skeletal muscle and white adipose tissue (Nguyen et al. 2005). 

TNFa also inhibits lipoprotein lipase (LPL) activity (Rock and Lowry 1991) and this 

can limit triacylglycerol transfer to the liver leading to elevation of triacylglycerol levels 

in the blood as observed in LPL deficient individuals (Okubo et al. 2007). In relation to 

IL6, WAT production accounts for approximately one third of circulating levels 

(Mohamed-Ali et al. 1997), derived principally from the vascular stroma, and 

accordingly Il6 levels increase with obesity in parallel with elevations in body mass and 
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plasma free fatty acid concentrations (Guan et al. 2005). Like TNFa, IL6 contributes to 

the inhibition of insulin signalling pathways in adipose tissue and liver, resulting in 

insulin resistance (Rotter et al. 2003).  

 IL1b is also an important WAT inflammatory marker derived from non-adipose 

cells (Fain et al. 2004). Circulating IL1b levels are elevated in overweight and obese 

compared to lean subjects (Um et al. 2004). Interestingly, simultaneous elevation of 

both IL1b and IL6 puts individuals at a greater risk of developing type 2 diabetes 

compared to those with elevation of just IL6 (Spranger et al. 2003). IL1b also 

upregulates IL6 release and expression (Fain et al. 2004), which can worsen the 

inflammatory profile in the adipose tissue. IL1b induces insulin resistance in WAT 

directly via effects at the level of the insulin receptor (Fantuzzi 2005), inhibiting its 

insulin-induced phosphorylation (Lagathu et al. 2006). IL1b can also increase the 

production of monocyte chemoattractant protein-1, which is involved in macrophage 

recruitment to adipose tissue.  

Programming of WAT inflammatory cytokines was recently reported for 

offspring of dexamethasone-treated mothers, with increased WAT expression of Tnfa, 

Il6 and Il1b observed (Mark et al. 2014). Interestingly, these changes occurred without 

increased adiposity, possibly reflecting enhanced macrophage recruitment despite the 

absence of WAT expansion. This observation is also consistent with a previous report 

showing that offspring in this model also have higher circulating levels of TNFa, IL6 

and IL1b(Wyrwoll et al. 2008) 
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2.4.5 Adipokines  

The idea that central control of energy balance involves signalling by circulating 

products of WAT developed in 1950s (Kennedy 1953), but WAT became recognised as 

an endocrine organ only after the discovery of leptin in 1994 (Zhang et al. 1994, Ahima 

and Flier 2000). Since then a range of WAT-derived proteins, collectively referred to as 

adipokines (e.g. leptin, adiponectin and resistin), have been identified and shown to play 

vital roles in energy homeostasis. 

Leptin is secreted by WAT and plasma levels increase with weight gain and 

decrease with weight loss. This is consistent with its role as a signal of adipose tissue 

stores (Maffei et al. 1995, Havel et al. 1996). Larger adipocytes secrete higher levels of 

leptin, and its secretion in obese subjects is up to seven times higher than in lean 

subjects per fat cell (Fried et al. 2000). Leptin exerts its effects via the leptin receptor in 

brain regions that control appetite and feeding (i.e. the arcuate, dorsomedial and 

ventromedial hypothalamic nuclei) (Tartaglia 1997). Leptin activates a complex neural 

circuit comprising anorexigenic and orexigenic neuropeptides to control food intake. 

Additionally, leptin increases energy expenditure by activation of sympathetic nerve 

activity (Haynes et al. 1997) and promotes BAT thermogenesis (Collins et al. 1996). In 

addition to energy balance, leptin is also known to increase sympathetic nerve activity 

to the kidneys, hindlimb and adrenal glands (Halaas et al. 1995). Leptin also has direct 

effects on adipose tissue, which results in lipid mobilisation, energy dissipation and 

apoptosis (Zhang et al. 2008). Chronic leptin infusion causes elevated arterial pressure 

and heart rate in conscious rats (Shek et al. 1998) and leptin-deficient mice are known 

to have low blood arterial pressure (Mark et al. 1999) . These effects suggest that leptin 

contributes to elevated blood pressure in obese individuals (Haynes 2005).  

While the hyperleptinemia characteristic of the obese phenotype is consistent 

with the marked expansion of WAT, the biological action of leptin becomes attenuated. 
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For example, diet-induced obesity studies show that elevated leptin fails to prevent 

obesity progression (Widdowson et al. 1997, Heymsfield et al. 1999), and obese 

humans and rodents are only weakly responsive or unresponsive to exogenous leptin 

administration (Widdowson et al. 1997, Heymsfield et al. 1999, Levin and Dunn-

Meynell 2002) This state of leptin resistance is thought to occur for several reasons 

including impaired transfer of leptin across the blood brain barrier and reduced 

hypothalamic leptin receptor expression that disturbs leptin signalling (El-Haschimi et 

al. 2000, Scarpace and Zhang 2009). Defective leptin signalling distal from the leptin 

receptor had also been implicated in the state of leptin resistance (Bjorbaek et al. 1999, 

Emilsson et al. 1999, El-Haschimi et al. 2000). For example, mice with diet-induced 

obesity are unable to activate STAT-3 in the hypothalamus following peripheral leptin 

injection, despite showing a normal response to intracerebrovascular leptin treatment 

(El-Haschimi et al. 2000).  

 Hyperleptinemia is a common programming outcome in several animal models 

including fetal glucocorticoid excess (Wyrwoll et al. 2006) and maternal undernutrition 

(Vickers et al. 2000). In the latter case, programmed hyperleptinemia was accompanied 

by hyperphagia, suggestive of a state of leptin resistance (Vickers et al. 2000), and these 

outcomes were worsened by consumption of high-fat diet. Interestingly, glucocorticoid 

programming of offspring hyperletinemia is accompanied by delayed puberty onset 

(Smith and Waddell 2000, Wyrwoll et al. 2006), again suggestive of leptin resistance 

given leptin’s role in promoting sexual maturation (Chehab et al. 1996, Wade et al. 

1997).  
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2.5 Liver  

The liver is the largest internal organ of the body and its contribution to 

metabolic homeostasis is extensive. It performs a multitude of functions associated with 

carbohydrate, lipid and protein metabolism, storage of vitamins and minerals, synthesis 

and excretion of bile and metabolism of xenobiotics. Hepatic carbohydrate metabolism 

is central to blood glucose regulation, enabling a rapid shift from glucose storage (i.e. 

glucose uptake and glycogen synthesis) during feeding, to glucose production 

(glycogenolysis and gluconeogenesis) during fasting. These shifting metabolic demands 

require a capacity for dynamic gene expression in relation to feeding and activity 

cycles, which is why circadian influences on liver function are so important. 

Accordingly, programming of circadian networks within the liver could have a major 

influence on metabolic homeostasis, and this possibility is addressed specifically in 

Section 2.5.1 below. Here, evidence for programming of basal hepatic function is 

presented.  

2.5.1 Developmental programming of hepatic glucose metabolism 

Developmental programming insults such as excessive glucocorticoid exposure 

and maternal undernutrition, have been shown to lead to liver dysfunction, with adverse 

effects reported for both glucose metabolism (i.e. increased hepatic glucose production) 

and impaired fatty acid metabolism and the associated predisposition to non-alcoholic 

fatty liver disease (Chitturi et al. 2007). Animal models demonstrate that a poor fetal 

environment programs altered expression of key insulin-sensitive hepatic enzymes 

involved in glycolysis and gluconeogenesis. For example, offspring of protein-restricted 

mothers show a marked resistance to insulin inhibition of glucagon-stimulated glucose 

production (Ozanne et al. 1996). 

Consistent with these observations, a similar fetal insult results in reduced 

hepatic expression of glucokinase but increased expression of phosphoenolpyruvate 
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carboxykinase (Pepck) in adult offspring (Desai et al. 1997). The magnitude of these 

changes was substantial, with a four-fold decline in the ratio of glucokinase to Pepck 

expression, which would promote glucose production over storage. In a different model 

of IUGR (induced by placental insufficiency) offspring show similar changes in 

glucokinase and Pepck, and these are associated with increased expression of Pgc1a 

(Lane et al. 2002). Expression of this Ppar-related transcription factor drives expression 

of gluconeogenic enzymes and accordingly is elevated in liver-specific insulin-receptor 

knock out (KO) mice along with increased hepatic glucose production (Yoon et al. 

2001). Importantly, Pgc1a also provides a key link between the circadian cycle and 

hepatic glucose metabolism. 

More recent studies on transcriptional profiling of livers from adult offspring of 

undernourished mothers show gene expression patterns consistent with an insulin 

resistant phenotype (Morris et al. 2009). Finally, exposure to a high fat diet in 

pregnancy results in offspring with disturbances in hepatic glucose metabolism, 

including reduced glucose transporter 2 (Glut2) expression (Gregorio et al. 2010). This 

observation is of particular interest in the context of circadian control of hepatic glucose 

metabolism, since Glut2 expression is directly regulated by the core clock gene Bmal1 

and displays a strong circadian rhythm of expression (Lamia et al. 2008). 

2.5.2 Developmental programming of hepatic fatty acid metabolism 

The liver contributes to lipid homeostasis by oxidizing fatty acids and 

synthesizing triglycerides. Under normal physiological conditions the liver stores 

relatively little fat, serving more as a packaging site where fats are metabolically altered 

to ensure homeostasis (for review see Brumbaugh and Friedman (2014)). This requires 

a complex array of enzymes to ensure overall lipid homeostasis in the face of variable 

dietary fat intake and energy utilisation. Such complex homeostatic mechanisms appear 

to be susceptible to early life insults, since human studies show associations between 
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IUGR and markers of adult liver dysfunction (Fraser et al. 2008). Animal models of 

developmental programming report similar adverse effects on liver function. For 

example, maternal protein restriction results in offspring with programmed changes in 

hepatic expression of fatty-acid metabolizing enzymes, and these are associated with 

elevated serum triglyceride levels (Kloesz et al. 2001). Similarly, Drake et al. (2010) 

demonstrated that offspring of dexamethasone-treated mothers exhibited reduced 

hepatic gene expression of Pparg, Pgc1a and Ampk (AMP-activated protein kinase). 

These changes were associated with a predisposition for development of non-alcoholic 

fatty liver disease (NAFLD) in response to a high-fat diet. The reduction in Pgc1a may 

be particularly important since transgenic deletion of this transcription factor in mice 

results in hepatic steatosis (Leone et al. 2005). 

Maternal obesity also programs offspring liver dysfunction, again including a 

predisposition to developing NAFLD on a high-fat diet (Brumbaugh and Friedman 

2014) (for review see Stewart et al. (2013)). It seems likely that mechanisms involved in 

programming of liver dysfunction by maternal obesity differ from that linked to fetal 

insults involving undernutrition (e.g. protein restriction) or glucocorticoid excess. Thus, 

nutrient overload in fetal life is thought to drive disturbances in liver development and 

subsequent adult function. 

According to Brumbaugh and Friedman (2014), during normal human 

pregnancy, the transfer of maternal lipids to the fetus is relatively low until the third 

trimester when blood lipids rise in association with insulin resistance. In maternal 

obesity, however, elevated blood lipids are already present earlier in pregnancy, and the 

associated concentration gradient appears to drive transfer across the placenta to the 

fetus (Zhu 2010). This exposes the fetus to elevated fatty acids at a time when its 

capacity to store excess lipid in adipose tissue is limited. Accordingly, it has been 

proposed that fetal hepatic fat accumulation potentiates liver metabolic disease in 
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offspring (Brumbaugh and Friedman 2014). Despite such fundamental differences in the 

initial fetal insult, it appears that reduced hepatic expression of Pgc1a may be a 

common pathway for programming NAFLD susceptibility, since high-fat feeding of 

mothers also results in offspring with reduced hepatic Pgc1a expression associated with 

a predisposition to NAFLD when fed a high-fat diet (Burgueno et al. 2013). 

2.5.3  Hepatic inflammation 

Non-parenchymal cells of the liver function as a source of cytokine synthesis 

and the recipients for cytokine-driven signalling. Kupffer cells (see Figure 2.8) are the 

tissue macrophages of the liver, and their activation is thought to contribute to 

development of insulin resistance (Brenner et al. 2013). Specifically, activation of 

Kupffer cells is mediated via toll-like receptors and their subsequent activation of the 

NFκB pathway. This leads to synthesis of inflammatory cytokines Tnfa, Il1b and Il6, 

which then stimulate hepatocytes and other non-parenchymal liver cells in a paracrine 

manner. In regard to metabolism, the insulin resistance associated with consumption of 

a high-fat diet leads to hepatic activation of the NFκB pathway and the consequent 

release of Tnfa, Il1b and Il6 (Luedde and Trautwein 2007). Although this inflammatory 

activation accompanies the majority of acute and chronic liver disorders, including 

NAFLD, there is little information on programming of liver-specific inflammation. One 

recent report indicates that feeding mothers a ‘Western’ style, high-energy diet results in 

offspring with increased hepatic TNFa gene expression (Pruis et al. 2014). Our 

laboratory has previously reported that fetal glucocorticoid excess programs increased 

systemic (Wyrwoll et al. 2008) and adipose-specific inflammation (Mark et al. 2014), 

but these studies did not examine hepatic inflammation. 



 

 60 

Chapter2: Literature review 

 

 

Figure 2.8: Kupffer cells, the resident macrophage in the liver, and pericytes in 
hepatic perisinusoidal space are responsible for the secretion of inflammatory markers.  

2.6 Insulin resistance  

Insulin resistance is defined as an inadequate response by insulin target tissues 

such as skeletal muscle, liver and adipose tissue to the physiologic effects of circulating 

insulin. Amongst the consequence of insulin resistance is impaired insulin-mediated 

inhibition of endogenous glucose production in the liver and a reduced ability of insulin 

to inhibit lipolysis in adipose tissue. The pathology of insulin resistance stems from the 

inability of pancreatic β cells to cope with the chronic hyperglycaemia and end organ 

insulin resistance (Shoelson et al. 2007, de Luca and Olefsky 2008). The state of insulin 

resistance exists in the prediabetic state, and often precedes the onset of diabetes 

mellitus by many years (de Luca and Olefsky 2008). In the presence of insulin 

resistance, β cells will increase the production of insulin leading to compensatory 

hyperinsulinaemia. So long as the compensatory hyperinsulinaemia is able to overcome 

the insulin resistance, normal glucose tolerance will be maintained. When the 

compensatory mechanism fails, overt diabetes mellitus ensues due to the relative insulin 

deficiency (Olefsky and Glass 2010). 
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2.6.1 Developmental programming of insulin resistance 

Epidemiological studies have also demonstrated strong links between early life insults 

and programming of insulin resistance and type 2 diabetes (for review, see (Barker 

2005)). A range of animal models involving various fetal insults (maternal 

undernutrition, uterine artery ligation, glucocorticoid excess) show that glycaemic 

control is compromised in adult offspring. Of particular importance to the present 

thesis, several reports from the Seckl laboratory showed that adult offspring of mothers 

treated with dexamethasone (or with carbenoxolone to disrupt the placental 

glucocorticoid barrier) developed hyperglycemia and hyperinsulinemia (Lindsay et al. 

1996, Nyirenda et al. 1998, Drake et al. 2010, O'Regan et al. 2010). In a similar animal 

model, studies from our laboratory showed that maternal dexamethasone treatment 

programmed hyperinsulinemia in adult male and female offspring, an effect reversed by 

postnatal dietary supplementation with n-3 PUFAs (Wyrwoll et al. 2006). 
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2.7 Hypertension 

Hypertension refers to the sustained elevation of blood pressure, a major risk 

factor for cardiovascular, cerebrovascular and renal diseases. In 2013, the World Health 

Organisation (WHO) documented that hypertension is responsible for at least 45% of 

deaths due to heart disease, and 51% of deaths due to stroke (WHO 2013), which clearly 

indicates the importance of this disease to human health. In this section, the role of 

developmental programming in hypertension and its possible pathophysiology are 

discussed.  

2.7.1 Developmental programming of hypertension 

Various epidemiological studies have demonstrated the relationship between low 

birth weight and elevated blood pressure in adult life (WHO 2009). The adverse in utero 

environment that results in low birth weight is thought to program an increased risk of 

developing hypertension in later life (Barker et al. 1989). Animal studies involving 

experimental fetal insults (e.g. glucocorticoid excess, undernutrition and overnutrition) 

have identified several mechanisms by which early life insults program hypertension 

including low nephron endowment (Moritz et al. 2003). Of particular relevance to the 

present thesis, fetal glucocorticoid excess (induced by maternal dexamethasone 

treatment) also programmed adult offspring hypertension (Wyrwoll et al. 2006), an effect 

mediated in part via reduced 11-HSD2 and increased Na/K-ATPase and angiotensin 

converting enzyme (ACE) expression in the kidney (Wyrwoll et al. 2007). The 

programmed hypertension in this model was completely prevented when offspring were 

raised on a diet enriched with omega (n)-3 polyunsaturated fatty acids (PUFAs) (O'Regan 

et al. 2010), an effect that included reversal of the renal gene expression changes 

(Wyrwoll et al. 2007). This capacity of dietary n-3-PUFAs to prevent glucocorticoid-

programmed hypertension is an important example of postnatal modifications that could 

potentially be used therapeutically. It also highlights the possibility that the reverse 
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outcome, a worsening of the programmed phenotype, may result from different postnatal 

interventions. Perhaps the best examples of this are the high fat diet-induced exacerbation 

of hypertension (programmed by maternal undernutrition) in a rat model (Vickers et al. 

2000), and the predisposition to high fat diet-induced fatty liver in offspring of 

dexamethasone-treated mothers (Drake et al. 2010). It would be of interest to investigate 

if other glucocorticoid-programmed outcomes (e.g. hypertension) are worsened by a 

postnatal high-fat diet and if such effects can still be overcome by n-3-PUFA.  
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2.8 Omega-3 fatty acids 

2.8.1 Dietary fatty acids 

Dietary fat is a vital nutritional component, with fatty acids utilised for various 

metabolic and physiological processes especially to maintain cell membrane integrity 

(Deibert and DeFronzo 1980, Rochini et al. 1989). Dietary fatty acids are generally 

classified as either saturated or unsaturated, and the relative consumption of these forms 

of fatty acids can have serious implication to health.  

 Structurally, fatty acids comprise an even numbered hydrocarbon chain with a 

hydrophobic carbon methyl group at one end and a hydrophilic carboxyl group at the 

other (Saldeen and Saldeen 2006). The location of the carbon methyl group is known as 

either the n- or ω carbon atom. The aliphatic chain of the fatty acids and the number and 

location of their double bonds influence their physical and chemical characteristics 

(Mann and Murray 2002). Saturated fatty acids are those that have no double bonds in 

their hydrocarbon chain, whereas unsaturated fatty acids contain at least one double bond. 

Unsaturated fatty acids are defined as either monounsaturated (presence of only one 

double bond) or polyunsaturated fatty acids (PUFA) (multiple double bonds). Saturated 

fatty acids are primarily found in the fat of land animals whereas sources of PUFAs are 

more varied; the n-6 PUFAs are present in plants and meat whereas n-3 PUFAs are found 

in seeds (e.g. linseed) and oily fish (Mann and Murray 2002). Table 2.1 illustrates 

common dietary sources of n-6 and n-3 fatty acids.  

The intake of the different fats has changed markedly in Western diets over the 

last century. The majority of foods now contain high levels of saturated fats and 

vegetable oil (n-6 PUFA), whilst the intake of fish-derived fatty acids (n-3 PUFA) has 

decreased by 80% in the past 100 years (Saldeen and Saldeen 2006). As such, typical 
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Western diets lack sufficient n-3 PUFAs but have surplus amounts of saturated fatty acids 

and n-6 PUFAs from the consumption of highly processed food (Ailhaud et al. 2006).  

Table 2.1: Dietary sources of selected EFAs/PUFAs a,b,c 

Product LA ALA AA EPA+DHA 
n-6 fatty acid rich foods 

Corn oil 50000 900   
Cotton seed oil 47800 1000   
Peanut oil 23900    
Soybean oil 53400 7600   
Sunflower oil 60200 500   
Safflower oil 74000 470   
Margarine 17600 1900   
Lard 8600 1000 1070  
Chicken egg 3800 220   
Soya bean 8650 1000   
Maize 1630 40   
Bacon 6080 250 250  
Ham 2480 160 130  
Almond 9860 260   
Peanut 13900 530   
Walnut 34100 6800 590  

n-3 fatty acids rich foods 
Canola oil 19100 8600   
Linseed oil 13400 55300   
Herring 150 62 37 1700 
Salmon 440 550 300 1200 
Trout 74  30 500 
Tuna 260 270 280 400 
Cod 4 2 3 300 

a Data reported as mg/100g 
b Data adapted from (Russo 2009) 
c Content of n-6, n-3 fatty acids may slightly vary according to species, sources and 
analytical methods 

2.8.2 Essential PUFAs 

In humans, linoleic acid (LA) and a-linoleic acid (ALA) are the two PUFAs that 

cannot be synthesized endogenously and so must be obtained through diet. As such, they 

are considered to be essential dietary PUFAs (Mann and Murray 2002). LA is an n-6 fatty 

acid whilst ALA belongs to the n-3 fatty acid family. These fatty acids are elongated to 

form other fatty acids through several desaturation reactions catalysed by Δ6 and Δ5-

desaturases (see Figure 2.9). The n-6 and n-3 fatty acids commonly compete for access to 

these desaturase enzymes (Mann and Murray 2002). Although both PUFA groups share 
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the same metabolic and oxidative pathways, their metabolic end products often have 

antagonistic physiological effects (Saldeen and Saldeen 2006).  

2.8.3 PUFA metabolism 

LA and arachidonic acid (AA) are the main n-6 PUFAs while, eicosapentanoic 

acid (EPA), and docosahexanoic acid (DHA) are the main n-3 PUFAs (Saldeen and 

Saldeen 2006). Through desaturation and elongation processes, LA is converted to 

dihomo-gamma linoleic acid (DGLA, 20:3 n-6), which is converted to AA (20:4 n-6) via 

a subsequent desaturation reaction (Cabo et al., 2012). AA is a precursor for 

prostaglandins (2-series), thromboxanes and leukotrienes (4-series), with conversions 

catalysed by the cyclooxygenase (COX) and lipoxygenase (LOX) enzymes (Cook and 

McMaster 2002) (see Figure 2.9). The prostaglandins and leukotrienes yielded from n-6 

PUFAs are potent vasoconstrictors, platelet aggregation inducers and inflammatory 

mediators (Cook and McMaster 2002). 

The n-3 PUFA ALA also undergoes desaturation and elongation reactions to form 

EPA (C20:5), which is also a precursor for prostaglandins (in this case the 3-series) and 

leukotrienes (5-series) (Cook and McMaster 2002). The effects of these products promote 

good vascular tone, prevent platelet aggregation and protect against inflammation 

(Saldeen and Saldeen 2006). EPA can also be elongated and desaturated to produce DHA 

(C22:6). Furthermore n-3 PUFAs (both EPA and DHA) are also the precursors for 

lipoxins, resolvins and protectins. These products serve to modulate inflammation and 

can act as endogenous regulators of vascular tone, effects that may prove to be highly 

beneficial in metabolic syndrome (Cook and McMaster 2002, Serhan 2014). 

Since the biological actions of n-3 and n-6 derivatives are often antagonistic, the 

consequence of their competition for the desaturase enzymes can be metabolically 

detrimental. Therefore any dietary manipulation that increases n-3 PUFAs or reduces n-6 
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PUFAs will enhance n-3 PUFA binding to the desaturase enzymes. Recently, (Wood et 

al. 2014) demonstrated that increasing the n-3:n-6 PUFA ratio by reducing n-6 PUFA 

consumption (1% of daily energy as opposed to 5% daily energy in normal diet) 

increased n-3 PUFA levels in plasma phospholipids despite the absence in n-3 PUFA 

supplementation per se. This example illustrates the physiological importance of the 

overall n-3:n-6 PUFA ratio rather than simply the absolute amounts of each PUFA group. 

The typical Western diet is now high in red-meat products (rich in n-6) and is 

lacking in fish-derived oils (rich in n-3) (Saldeen and Saldeen 2006). The combination of 

these factors could have resulted in chronic n-3 fatty acid deprivation in the community, 

which coincides with the rapid development of obesity and the metabolic syndrome in 

many societies worldwide (Saldeen and Saldeen 2006).  

2.8.4 Beneficial health effects of omega-3 fatty acids 

The major n-3 fatty acids, primarily the EPA and DHA, have a range of 

significant health benefits related, in large part, to their incorporation into the cell 

membrane that improves cell membrane fluidity and plasticity (Biscione et al. 2007). 

This allows for better enzymatic activity, improved receptor function and enhanced 

membrane ion permeability. The cumulative effects of improved cell membrane fluidity 

appear to positively influence the function of various organs as a whole (e.g., skin and 

blood vessels). The following sections outline various specific health benefits that have 

been linked to dietary n-3 PUFA consumption. 
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Figure 2.9: PUFA biosynthesis. In mammals, conversion of LA to ALA occurs in the 
endoplasmic reticulum. However the synthesis of DHA and osbond acid requires their 
passage into the peroxisome where they undergo one cycle of beta-oxidation to produce 
DHA and osbond acid, which move back to the ER (red arrows). Eicosanoid synthesis 
from AA, EPA and DGLA by COX and LOX enzymes is reported (black arrows). 
Formation of resolvins and protectins from DGLA is also shown (Wallis et al. 2002, Lee 
et al. 2006, Kim 2007). 
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2.8.4.1  Hypertension 

The beneficial effects of n-3 PUFAs with regard to blood pressure have been 

documented in many human and animal studies. In 1970s, an article was published about 

the Greenland Eskimos that were found to have lower incidence of cardiovascular 

diseases compared to an ethnically similar population living in Denmark (Dyerberg and 

Bang 1978). Although both populations consumed a diet high in total fat content, the 

Eskimo diet was particularly high in n-3 PUFAs. Similarly, a study in the Netherlands 

found that men who never consumed fish had a higher rate of coronary heart disease than 

those who had more than one serving of fish per week (Kromhout et al. 1985). This 

relationship between high fish consumption and the low incidence of cardiovascular 

disease had been observed many times since then (Dolecek 1992, Siscovick et al. 1995, 

Burchfiel et al. 1996, Daviglus et al. 1997, Albert et al. 1998). Although the exact 

mechanism responsible for n-3 PUFA cardio protective effect is unknown, their possible 

mechanisms are summarized in table 2.2. 

Table 2.2:  Potential mechanisms responsible for n-3 PUFA cardio protective 
effects. 

Anti-thrombogenic 

Hypotriglyceridaemic 

Retard growth of atherosclerotic plaque 

Anti-inflammatory 

Promote nitric oxide-induced endothelial relaxation 

Adapted from (Kris-Etherton et al. 2002) 
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The blood pressure lowering effect of n-3 PUFAs seems to be dose-dependent and 

may also depend on the degree of hypertension itself (Kris-Etherton et al. 2002) since the 

effect were not seen in low dose omega-3 fatty acid supplementation. However a double-

blind placebo-controlled trial in Scotland demonstrated that a 5-week supplementation 

with a high dose of DHA (2g per day) decreased both systolic and diastolic blood 

pressure in hypertensive Scottish men (Sagara et al. 2011). Early supplementation with n-

3 PUFAs remains the key for the prevention of hypertension since a recent meta-analysis 

showed that n-3 PUFA supplementation had minimal effects when given to adults with 

established cardiovascular problems (Wen et al. 2014). 

Several mechanisms have been identified to account for these beneficial effects on 

blood pressure. In addition to improving cellular membrane fluidity, n-3 PUFAs also 

directly activate the large conductance calcium ion (Ca2+) dependent potassium ion (K+) 

channels in vascular smooth muscle (Hoshi et al. 2013). Omega-3 PUFAs are also 

thought to promote vascular endothelial cell protection (Sagara et al. 2011). In addition, 

n-3 PUFAs are also able to increase endothelial nitric oxide levels and reduce blood 

pressure through vasodilation (Das 2004).  

2.8.4.2  Blood lipids 

The association between elevated blood lipids and adverse cardiovascular 

outcomes is well established (Ginsberg and Stalenhoef 2003, Kolovou et al. 2005). 

Dyslipidaemia is generally regarded to include hypercholesterolaemia, elevated low-

density lipoprotein (LDL) cholesterol and reduced HDL (high-density lipoprotein) 

cholesterol (Kolovou et al. 2005). Moreover, plasma triacylglycerol (TAG) levels are an 

independent risk factor for cardiovascular disease, with increased fatality risk associated 

with even moderate TAG elevations (Lawson et al. 1991). Because the combination of 

elevated TAG and reduced HDL cholesterol is related to a rapid progression of 
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cardiovascular disease (Onat et al. 2006), reversing these two changes markedly reduces 

cardiovascular disease risk (Maruyama et al. 2003). 

Plasma TAG levels in humans are reduced by n-3 PUFAs (Holub 2009), with the 

amount of EPA and DHA typically administered for the treatment of 

hypertriglyceridaemia being 2-4 g/day (Lewis et al. 2004).  Studies have also shown that 

n-3 PUFAs accelerate chylomicron TAG clearance through the promotion of increased 

lipoprotein lipase activity (Kris-Etherton et al. 2002). 

2.8.4.2  Obesity/adiposity 

Increased n-3 PUFA consumption can protect against the development of obesity 

in response to an obesogenic diet in animal models (Park and Harris 2003) and promote a 

reduction in body fat in obese animals (Belzung et al., 1993, Hainault et al., 1993, Bailie 

et al., 1999). Hainault et al. (1993) demonstrated that feeding rats with high-fat diet (50% 

of energy as fat) ad libitum for 3 weeks reduced both subcutaneous (inguinal) and 

visceral (retroperitoneal and epididymal) adipose tissue stores when animals are 

supplemented with n-3 PUFA compared to the non-supplemented controls. Baillie et al. 

(1999) also reported a similar observation whereby animals fed a high-fat diet (40% 

energy) for 6 weeks, showed reduced epididymal fat weight when they were also fed with 

fish oil rather than corn oil, despite no differences in energy intake.  

Inflammation has been linked to the aetiology of obesity (Ruzickova et al. 2004, 

Takahashi and Ide 2008). A recent study in obese rats showed that dietary n-3 PUFA 

supplementation reduced weight gain and improved postprandial lipaemia and the 

associated inflammatory responses (Hassanali et al. 2010). Specifically the n-3 fatty acids 

derivatives namely ALA, EPA and DHA have been shown to reduce central obesity by 

diverting fat deposition away from the abdomen (Hassanali et al. 2010). Because central 
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abdominal obesity is linked to adverse cardiovascular outcome (Poudyal et al. 2011), this 

beneficial effect of n-3 PUFAs could promote a healthier metabolic profile.  

2.8.4.3  Non-alcoholic fatty liver disease  

Various clinical and animal studies report improvement of NAFLD (see section 

2.5 above) following dietary supplementation with n-3 PUFAs. In fact, the methyl esters 

of EPA/DHA have been developed as an FDA-approved prescription medication for 

severe hypertriglyceridaemia. Consumption of 4 capsules a day (a total of 4 g a day) has 

been shown to reduce TAG levels by 45% in individuals with NAFLD (Sanyal 2002, 

Vuppalanchi and Chalasani 2009). Furthermore, n-3 PUFAs also ameliorate post-prandial 

hypertriglyceridaemia, most probably through enhancement of extra-hepatic clearance of 

chylomicron TAGs (Bays et al. 2008). 
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2.9 Circadian Rhythms 

Most mammals have an internal timing system in the suprachasmatic nuclei 

(SCN) of the hypothalamus that controls various day-to-day activities from sleep-wake 

cycle to determining the optimum time for peak hormone secretion (Hastings et al. 

2007). This endogenous clock system is driven by molecular components that oscillate 

in a 24-h cycle, hence termed ‘circadian’ from the Latin word circa and diem, which 

translates into ‘about a day’. Due to its close relationship with the metabolism, 

disruption of the circadian rhythm could lead to problems such as MS (Karatsoreos et 

al. 2010). Similarly, circadian rhythm is known to be altered in individuals exposed to 

adverse pregnancy condition (Hsieh et al. 2010). Therefore, a discussion on the 

circadian rhythm is provided in the following sections to further understand its role in 

metabolic abnormality. 

2.9.1 General 

 Various physiological and behavioural processes are regulated by circadian 

rhythms. Examples of these include the sleep-wake cycle, feeding patterns and the 

timely hormonal secretions that coincide with metabolic processes. The main function 

of this regulation is to coordinate food intake, activity rhythms and metabolic activity to 

optimise homeostasis.  
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Figure 2.10: Circadian rhythms in physiological processes. Graph illustrating human 
circadian rhythms in core body temperature, urine production, melatonin and cortisol 
concentrations across 24 hours (Balk et al. 2006). The grey shading represents an 8 h 
dark phase. 

The circadian cycle can, however, be interrupted in modern society due to 

prolonged light exposure associated with extended work hours or other nocturnal 

activities. The societal change from agrarian to a more urban lifestyle has disrupted 

human sleeping patterns to the extent that homeostatic mechanisms are compromised. 

Accordingly, circadian disruptions have been linked to a range of metabolic 

disturbances including diabetes, obesity and the metabolic syndrome (Hastings et al. 

2007). This suggests a close relationship between circadian and metabolic rhythms 

(Gangwisch 2009). 

Their findings demonstrated that exposure to famine in early gestation produced 

low birth weight infants that developed a higher incidence of coronary heart disease, 

elevated plasma lipids, altered blood clotting properties and obesity in adulthood 

(Painter et al. 2005, Roseboom et al. 2011).A scenario that highlights the capacity of 

zeitgebers to reset circadian rhythms is the biological response to long distance air 

travel. Specifically, despite some disruptions associated with the transition, humans can 

generally adapt relatively quickly to a rapid change in time zone (Gimble et al. 2011). In 
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circadian research, zeitgeber times are often used to denote the elapsed time from initial 

exposure to a zeitgeber (e.g. the time of lights on in a laboratory setting). For example, 

zeitgeber time (ZT) 1 denotes the time 1-h after lights on. This convention provides a 

useful standard by which circadian physiology can be studied. 

2.9.2 The central circadian clock 

In mammals, the suprachiasmatic nucleus (SCN) in the hypothalamus functions 

as the master regulator to all circadian rhythms including those peripheral rhythms in 

the liver (Edery 2000), adipose tissue (Akhtar et al. 2002), kidney (Bjarnason et al. 

2001) and the adrenal gland (Ishida et al. 2005, Kalsbeek et al. 2012). Daily 

coordination of the circadian function begins with the detection of light stimulus by the 

retina. This input is then transmitted to the SCN where the signals are integrated to 

adjust the information about time, which elicits a change in the onset of certain 

behaviours and tissue activities. In addition, peripheral tissue signals can return 

functional information to the master clock. The hallmark of circadian rhythm 

organisation is therefore the combination of detection of environmental inputs, 

integration of this time-related information within the SCN, transmission of adjusted 

timing information to physiological processes and finally the feedback of tissue 

information to the SCN (Albrecht 2012). 

2.9.3 Molecular basis of circadian clock 

Circadian rhythms are governed by a group of highly-conserved transcription 

factors collectively referred to as clock genes. The core clock genes are circadian 

locomotor output cycles protein kaput (Clock), brain and muscle ARNT-like 1 (Bmal1), 

Period (Per) 1, 2 and 3, and Cryptochrome (Cry) 1 and 2.  

The core circadian loop is initiated by a CLOCK-BMAL1 protein heterodimer 

which activates transcription of the Per and Cry genes (Eskin 1979). In brain tissue, a 
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homolog of Clock named neural period Arnt single-minded 2 (Npas2) substitutes it at 

the heterodimer complex and drives the rhythm (Hogenesch et al., 1998). These 

heterodimers bind to E-box promoter elements (CACGTC) to activate transcription of 

Per 1-3 (Gekakis et al. 1998, Reick et al. 2001) and Cry 1 and 2 (Zheng et al. 2001). 

PER and CRY proteins then accumulate in the cytoplasm and translocate to the nucleus 

where they inhibit the CLOCK-BMAL1 stimulation of Per and Cry transcription. As a 

consequence, PER and CRY levels fall and the cycle is reinitiated by increased Bmal1 

and Clock transcription (Edery 2000). 

This core oscillation is stabilised by accessory feedback loops, most notably 

activation of Reverba that causes Bmal1 inhibition, or the activation of Rora that 

promotes Bmal1, Npas2 (van der Horst et al. 1999) and Clock transcription (Crumbley 

et al. 2010), thereby modulating their own activators. Overall, these feedback loops 

result in Bmal1 rhythms that are broadly the inverse of those for the Per, Cry and 

Reverba genes (see Figure 2.11).  

 

Figure 2.11: Mechanism of clock gene action. Clock genes are transcription factors, 
which drive positive and negative feedback loops, which cause oscillations in their own 
expression over a 24 h period. The yellow arrows refer to stimulatory effects; the red 
bar shows an inhibitory effect. 
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2.9.4 Peripheral tissue clocks  

In addition to the central SCN clock, it is now recognised that autonomous 

circadian clocks also exist in most peripheral tissues. These peripheral clocks became 

evident when it was clear that circadian oscillation of peripheral tissue function was 

maintained despite SCN ablation (Yoo et al. 2004). In this section the circadian 

characteristics of selected peripheral tissues are highlighted. 

2.9.4.1   Circadian rhythms in the liver 

The liver is an important metabolic organ crucial to a wide range of anabolic and 

catabolic processes. Recent studies show that approximately 15% of the liver 

transcriptome is expressed in a rhythmic manner (Schmutz et al. 2012, Zhang et al. 

2014), the highest among several organs investigated (Zhang et al. 2014). Liver genes 

that show rhythmic expression include those involved in cholesterol homeostasis and 

fatty acid metabolism (Vollmers et al. 2009), glucose metabolism (Damiola et al. 2000) 

and detoxification pathways (Panda et al. 2002). The molecular components of the 

hepatic circadian clock are similar to those described above for the SCN. Rhythmic 

clock gene expression drives circadian oscillation of many downstream genes to 

influence hepatic physiology. This ensures coordination with, and anticipation of, 

feeding times with metabolic processes to optimise homeostasis (Akhtar et al. 2002, 

Schmutz et al. 2012). 

 An example of clock gene regulation of metabolic function is the effect of 

Bmal1 on hepatic glucose transporter gene expression. Thus, mice with liver-specific 

Bmal1 deletion develop abnormal glucose homeostasis, with a lack of circadian 

oscillation in several genes vital for glucose metabolism. For example, hepatic 

expression of glucose transporter 2 (Glut2) is controlled by Bmal1 and normally peaks 

during the fasting period, thereby enhancing glucose availability to other tissues (e.g. 

muscle). In contrast, hepatic Glut2 expression is lower during the feeding phase when 
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glucose demand is more readily met via ingestion. Thus, Bmal1 drives a daily rhythm of 

hepatic glucose export in concordance with the SCN controlled feeding cycle to buffer 

daily variations in plasma glucose concentration (Lamia et al. 2008). Metabolic 

involvement of hepatic clock genes is also implicated by the expression profiles of 

several mRNAs encoding key metabolic proteins that have parallel expression with 

Per1 (Enolase 3, Lipase, Ppara) and Per2 (Mod1, Pepck, Lipin 1). Clock genes also 

drive oscillation of other metabolic genes indirectly via clock-controlled transcription 

factors such as Dbp (Lamia et al. 2008) and nuclear receptor genes such as Ppara (Ueda 

et al. 2005). 

 Hepatic clock genes are also influenced by the autonomic nervous system and 

are reset by feeding / fasting cycles. Therefore, although SCN is the main synchronizer 

of the entire circadian system, physical cues such as food intake can uncouple the 

peripheral clocks in the liver from SCN control. This suggests that altered eating 

patterns can modify the phase relationship between the master clock in the SCN and the 

liver clock (Rudic et al. 2004). 

2.9.4.2  Circadian rhythms in adipose tissue 

 When alterations in circadian rhythms were implicated in the development of 

obesity (Balsalobre et al. 2000), various studies investigated the role of the adipocyte 

circadian clock in adipose tissue function (Tanaka et al. 2010, Polidarova et al. 2011). 

These demonstrated that several adipose tissue functions including adipokine secretion, 

lipogenesis or lipolysis (Gavrila et al. 2003, Kalra et al. 2003), and adipocyte 

differentiation (Suzuki et al. 1983, Zardoya et al. 1994) exhibit clear circadian 

rhythmicity.  

Similar to the liver, adipose tissue receives neuro-humoral stimulation from the 

master circadian regulator, the SCN (Chawla and Lazar 1993). But in addition, the 
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adipose circadian clock is also responsive to various stimuli across the day such as the 

changing levels of glucose, insulin, fatty acids and melatonin (Zvonic et al. 2006). 

Studies in mouse (Ibrahim 2010) and human adipose tissue explant (Bray and Young 

2007) also show differences in circadian gene expression between different adipose 

tissue depots. These observations are consistent with the very different phenotype of 

visceral (e.g. larger adipocytes, more insulin resistance and more susceptible to 

lipolysis) versus subcutaneous adipose tissue (smaller adipocytes and greater uptake of 

free fatty acids and triacylglycerol) (Bray and Young 2007) and suggests that tissue-

specific circadian oscillations may regulate local adipocyte functions.  

Abnormality in clock gene expression is linked to the development of metabolic 

diseases such as obesity and diabetes. For example, Clock mutant mice display marked 

alterations in circadian rhythmicity and develop features of the metabolic syndrome 

including hyperleptinemia, hyperlipidemia, and hepatic steatosis (Turek et al. 2005). 

Similarly, Bmal1-/- mice display disturbances in energy homeostasis, notably including 

elevations in plasma lipids and ectopic lipid accumulation associated with a reduced 

capacity to store fat in adipose tissue (Shimba et al. 2005). Interestingly, restoration of 

rhythmicity in Bmal1-/- mice with Bmal2 restores insulin sensitivity (Shi et al. 2013). 

Finally, mice deficient in all three Per genes (by transgenic ablation) developed 

increased adiposity on a high-fat diet, despite reduced food intake (Dallman and Weaver 

2010), again indicative of a key role for clock genes in metabolic adaptation.  

While clock gene disturbances can lead to metabolic dysfunction, the reverse 

also appears to be true, with several studies showing that clock gene circadian rhythms 

in metabolic tissues change in response to a high fat diet (for review see (Fonken and 

Nelson 2014)). Interestingly, the nature of these changes varies considerably among 

different models. For example, adipose expression of Clock, Bmal1 and Per2 were 

reduced after 6 weeks of high-fat feeding in mice (Kohsaka et al. 2011) whereas adipose 
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Cry1 and Per2 expression were increased after a similar period high fat diet exposure in 

rats (Miranda et al. 2013). While these inconsistencies may reflect species differences, it 

is clear that a dietary high-fat challenge can disrupt clock gene networks in metabolic 

tissues. 

Given the profound effects of circadian clock disruptions on metabolic function, 

it is possible that developmental programming of adult onset diseases, including the 

metabolic syndrome, involve disturbances in circadian function. This possibility is 

explored in the next section. 

2.9.5 Developmental programming of circadian rhythms 

Relatively few studies have examined the possibility that circadian rhythms are subject 

to developmental programming. In humans, there is evidence that low birthweight, 

particularly thinness (i.e., low ponderal index), programs reduced pineal melatonin 

production (Kennaway 2002), although it is unclear if rhythmicity itself was altered. 

Datta et al. (2000) demonstrated that adult offspring of malnourished mothers spent 

20% more time in slow-wave sleep. Because sleep is an important indicator of a healthy 

circadian function, this altered sleep pattern could imply programming of circadian 

dysfunction overall. Recently, provision of a low protein diet (LPD) to pregnant mice 

programmed abnormal rhythmic behaviour in offspring including increased food 

consumption and wheel running during the light phase, but reduced wheel running 

during the dark phase (Sutton et al. 2010). Given that mice are nocturnal, these findings 

could be indicative of a switch towards a reversed circadian system, perhaps 

comparable to “night eating syndrome” in humans. When challenged with a postnatal 

high-fat diet, these animals were more susceptible to elevated levels of serum TAG, 

cholesterol and leptin as well as inflammatory markers at 20 weeks of age (Sutton et al. 

2010). Clock gene disturbances were also noted in these offspring, with increased 

Bmal1 and Per2 but reduced Reverba in brain, hepatic and muscle tissues. But the 
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extent to which clock gene rhythmicity was programmed in this LPD model is difficult 

to assess because analysis was limited to only two circadian timepoints. More recently, 

two studies have reported programming effects in immature offspring; Orozco-Solis et 

al. (2011) identified LPD-programmed disturbances in hypothalamic and hepatic Bmal1 

and Per1 expression in 17- and 35-day old rats, and Borengasser et al. (2014) showed 

that although maternal obesity did not program changes in hepatic clock gene 

expression, it did result in reduced clock gene expression when immature offspring 

were fed a high-fat diet for 2 weeks post-weaning. 

 



 

 82 

Chapter 3: Experimental Objectives 

 

CHAPTER 3:  EXPERIMENTAL OBJECTIVES 

The experiments in this thesis aimed to investigate the effects of fetal 

glucocorticoid excess on the development of adverse phenotypic outcomes in adult 

offspring, including disturbances in circadian clock genes in metabolic tissues. This 

thesis also aimed to investigate whether postnatal dietary modification, either a high-fat 

diet or a high-fat diet supplemented with n-3 PUFAs, altered the severity of the 

programmed phenotype. It is clear from the review of literature that exposure to excess 

glucocorticoids during gestation leads to adverse programmed outcomes in adult 

offspring, including elevated blood pressure, impaired glycaemic control and 

dyslipidaemia. Furthermore, it is clear that postnatal dietary modifications can modify 

these developmental programming outcomes. In particular, provision of a high-fat diet 

can potentially worsen the programmed phenotype (e.g. fatty liver), whereas n-3 PUFA 

supplementation can exert beneficial effects. Experiments in this thesis therefore sought 

to determine whether a postnatal high-fat diet amplified adverse programming outcomes 

and, if so, whether such effects could be overcome by n-3 PUFA supplementation of the 

high-fat diet. The latter was considered important given that high intake of fat that is 

characteristic of Western diets. 

A particularly novel focus of this thesis was the assessment of programmed 

changes in circadian clock gene expression. This was considered important given the 

intricate link between circadian rhythms and metabolic function, as well as the capacity 

of disturbances in either of these physiological functions to impact the other. Although 

there is some evidence that circadian function may be programmed by fetal insults, no 

previous studies have examined the impact of fetal glucocorticoid excess. Moreover, the 

interactive effects of fetal glucocorticoid excess and postnatal dietary high-fat 

modifications on circadian biology have not previously been investigated.  



 

 83 

Chapter 3: Experimental Objectives 

 
Using the rat as an experimental model, we investigated the effects of fetal 

glucocorticoid excess and postnatal dietary high fat and high omega-3 fatty acids on the 

development of hypertension, dyslipidaemia and adiposity. With the exception of body 

weight and food intake monitoring, all experiments focused on 6-month-old male 

offspring. The experimental model involved treatment of pregnant rats with 

dexamethasone from day 13 of gestation to term (day 23). A key aspect of the 

experimental design was that all offspring were cross-fostered to untreated mothers (see 

Figure 3.1) within 24 h of delivery to eliminate possible interactive effects of abnormal 

lactation. At weaning, male offspring were placed on one of three semi-pure diets; 

standard (Std), high-fat (HF) or high-fat supplemented with omega-3 fatty acids (HFHn-

3). At 6 months of age, ranges of phenotypic outcomes were assessed, including 

adiposity and blood pressure as well as the rhythmic expression of adipose and hepatic 

clock genes (measured across four circadian timepoints; 0200, 0800, 1200 and 2000 h). 

The results are presented in four chapters; the first relates to optimisation of the 

experimental model while the remaining three present data in manuscript format. The 

first of these (Chapter 6) is presented exactly as published (Endocrinology 154:3110-

3117; 2013) and Chapters 7 and 8 are presented as draft manuscripts prepared for 

publication.  
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Figure 3.1: Experimental design. 
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Validation of experimental procedures (Chapter 5). 

The initial objective was to identify the appropriate maternal dexamethasone 

dose that would generate a fetal insult (assessed by fetal growth restriction) sufficient to 

induce an adverse programmed phenotype but without significant pregnancy loss. 

Previous research indicated that the severity of fetal growth restriction after 

dexamethasone treatment can vary among cohorts, and so it was important to test a 

range of dexamethasone doses. These were provided as dexamethasone acetate in 

drinking water (range 0.5 – 0.75 g/ml) from day 13 of gestation until term and 

pregnancy outcomes (pup number, sex ratio and birth weight) were assessed.  

The second part of the method validation chapter was to establish whether 

animals generally maintained comparable food intake when placed on one of three 

semi-pure diets (standard, high-fat or high-fat supplemented with n-3 PUFAs). This was 

important to reduce the possibility that phenotypic outcomes could be driven simply by 

variations in the amount of food consumed. Accordingly, this experiment examined the 

effect of each of the three semi-pure diets on food intake, caloric intake and body 

weight over a 3-week trial period in otherwise untreated adult rats.  

Manuscript 1 (Chapter 6): Postnatal dietary omega-3 fatty acid supplementation 

rescues glucocorticoid-programmed adiposity, hypertension, and hyperlipidaemia in 

male offspring raised on a high-fat diet. 

In the first manuscript, the objective was to investigate how maternal 

glucocorticoid excess affected offspring development and how subsequent offspring 

postnatal dietary manipulation altered the programmed metabolic phenotype. To model 

excess fetal glucocorticoid exposure, pregnant rats were administered dexamethasone 

according to the dose optimised in Chapter 5 (0.5 g/kg in drinking water from day 13 

of pregnancy to term). Birth weights were recorded and offspring from both control and 
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Dex pregnancies were cross-fostered to untreated mothers. Offspring were weaned onto 

one of three semi-pure diets (standard, high-fat or high-fat supplemented with omega-3 

fatty acids). Growth trajectories, puberty onset and food intake on the different diets 

were monitored. When offspring reached 5 months of age, systolic blood pressure was 

taken. Whole body adiposity was measured at age 6 months and tissues were collected 

at 1400 h (zeitgeber time 7). Blood was also taken for the measurement of plasma 

cholesterol, triacylglycerol, HDL-cholesterol and LDL-cholesterol levels. This study 

was important to confirm that an adverse metabolic phenotype can be programmed by 

maternal exposure to excess glucocorticoids during pregnancy. Furthermore, we aimed 

to determine whether high-fat diet consumption amplified adverse programming 

outcomes and whether omega-3 PUFA supplementation attenuated programming 

effects, even in the presence of a high fat diet.  

Manuscript 2 (Chapter 7): Developmental programming of adipocyte clock gene 

rhythms: fetal glucocorticoid excess reduces adipose clock gene expression in adult 

offspring and limits the circadian response to a high-fat diet. 

The objective of this study was to determine whether the metabolic 

programming by prenatal glucocorticoid excess involves alterations of adipose tissue 

core clock gene machinery, pro-inflammatory cytokine and metabolic gene expression. 

Clock genes are now recognized as key regulators of metabolic function in a range of 

tissues, but the impact of perinatal insults on their expression is unknown. Adipose 

tissue collected at 4 time points (ZT1: 0800, ZT7: 1400, ZT13: 2000 and ZT19: 0200) 

was analysed using RT-qPCR for expression of clock genes, metabolic genes and pro-

inflammatory cytokines. Plasma was assayed for glucose, insulin, cholesterol, 

triacylglycerol, HDL-cholesterol and LDL-cholesterol levels. This study was important 

to determine if circadian variation in adipose tissue expression of clock genes is 

programmed by prenatal glucocorticoids. Because clock genes are also influenced by 
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dietary fat, we aimed to determine whether high-fat diet consumption amplified adverse 

programming outcomes and whether omega-3 PUFA supplementation attenuated these 

programming effects, even in the presence of a high fat diet.  

Manuscript 3 (Chapter 8): Interactions between fetal glucocorticoid excess and 

postnatal dietary fats in the regulation of hepatic circadian clock gene expression and 

their downstream targets. 

The objective of the final experimental chapter was to determine whether 

hepatic clock genes, pro-inflammatory cytokine and metabolic gene expression were 

programmed by prenatal glucocorticoid excess. Furthermore, we investigated whether a 

high-fat diet would amplify programmed effects and n-3 PUFA supplementation would 

attenuate the programmed outcomes in the liver. Livers collected at 4 time points (0800, 

1400, 2000 and 0200) were analysed using RT-qPCR for expression of clock genes, 

metabolic genes and pro-inflammatory cytokines. Livers were also qualitatively 

assessed for accumulation of lipid by staining of sections with oil red O. This study was 

important to determine if circadian variation in hepatic expression of clock genes was 

programmed by prenatal glucocorticoids. Similar to Manuscript 2, we aimed to 

determine whether high-fat diet consumption amplified adverse programming outcomes 

and whether n-3 PUFA supplementation attenuated programming effects, even in the 

presence of a high fat diet.  
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CHAPTER 4:  MATERIALS AND METHODS 

4.1 Animals and experimental treatment 

All procedures involving the use of animals were approved by the Animal Ethics 

Committee of The University of Western Australia (AEC number: RA/3/100/919). 

Nulliparous female Wistar rats (n = 96) aged between 8 and 12 weeks old were ordered 

from Animal Research Centre (Murdoch, WA, Australia). Animals were maintained in 

controlled conditions with 12 h light/dark cycle (7 am - 7 pm light cycle) with chow and 

acidified water available ad libitum. Oestrus cycles were monitored using an oestrus 

probe (EC-40; Fine Science Tools, Vancouver, Canada) and during pro-oestrus, they 

were housed with a male overnight for mating. Pregnancy was confirmed by the 

presence of sperm in their vaginal smear the following day, which denotes Day 1 of 

pregnancy.  

At day 13 of pregnancy, 24 females were administered 0.5 µg/ml of dexamethasone-21-

acetate in their drinking water until parturition. Another 72 pregnant females were left 

untreated to be either control mothers (n = 24) or as recipient mothers for cross-

fostering purposes (n = 48).  

4.2 Postpartum characteristics 

Upon delivery at day 23 of pregnancy, all offspring were weighed and the litter sizes 

recorded. Within 24 hours of delivery, all litters were cross-fostered to untreated foster 

mothers. During this time, litters were kept constantly on a heating pad at 37ºC before 

cross-fostering, to reduce the likelihood of rejection. Success rates were determined the 

day after cross fostering. Litters were culled to 5 males and 5 females to standardise 

caloric intake during lactation. After weaning, litters were further culled to 4 males, 

with one animal from each litter allocated to each of the 4 collection time points. Male 

offspring were housed in pairs in a clear plastic cage throughout the duration of the 
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experiment. It is important to note that only male offspring were used for studies 

described in Chapters 6, 7 and 8. These animals were kept until at least 24 weeks of age. 

The decision to limit these studies to male offspring was due to space limitations in the 

animal holding facility over the extended period of time required. 

4.3 Postnatal growth and puberty assessment 

All male offspring were assessed daily for body weight measurement up until weaning, 

and weekly until 6 months. At day 25 postpartum, offspring were weaned onto one of 

three semi-pure diets: standard (Std), high fat (HF) or high fat diet with high omega-3 

fatty acids (HFHn-3). This yielded 6 treatment groups of Con/Std, Con/HF, Con/HFHn-

3, Dex/Std, Dex/HF and Dex/HFHn-3. From one month of age, animals were monitored 

daily for signs of puberty through the examination of male genitalia for the presence of 

balano-preputial separation and the morphological change of the glans penis (Gaytan et 

al. 1988). Body weights were recorded at puberty onset.  

4.4 Systolic blood pressure measurements 

Systolic blood pressure (SBP) was measured between 23 to 24 weeks of age by tail-cuff 

plethysmography (PowerLab 4/30, ADInstrument Pty. Ltd, NSW, Australia) in one 

male from each litter. Prior to actual measurement, selected animals were trained on 

daily basis for at least 4 weeks to acclimatise them to the procedure. Rats were 

restrained in a clear, plastic tube placed on a 39˚C heating pad, with the tail exposed 

from the restrainer. An inflatable cuff was placed at the proximal end of the tail and a 

pulse detector placed more distally. The cuff was then inflated to 200 mmHg. The 

reappearance of a pulse during cuff deflation was used to determine the SBP reading. A 

minimum of three clear SBP recordings were taken per animal. To minimise stress, no 

animal was restrained for more than 15 min at a time.  
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4.5 Food intake measurements 

Every month, the same 2 animals from each litter were measured for food intake. 

Animals were kept in a clear plastic cage with reduced bedding during the course of 6 

days. Animals were allowed 3 days acclimatisation to the new bedding environment 

prior to food intake measurement. Starting on day 4, the amount of food in the food 

hopper was weighed every morning for the next 3 days. The amount of food consumed 

by the two littermates over the course of 3 days was then averaged. The measurement 

was not performed in a metabolic cage due to limited space in the animal house.  

4.6 Plasma sampling, tissue collection & body fat analysis 

At 6 month of age, tissues were collected at either 0800 (ZT1), 1400 (ZT7), 2000 

(ZT13) or 0200 (ZT19) under isoflurane anaesthesia (in a 4:1 ratio of nitrous oxide to 

oxygen). For tissue collections that were done during the dark phase, anaesthesia was 

carried out under red light with the head covered by a light proof material to ensure that 

there were no disturbances in circadian rhythms upon exposure to light. Collections 

were performed in white light with the head still covered.  

Blood (2 ml) was taken from dorsal aorta and mixed with 10:1 (v/v) 0.6 M 

ethylenediamine tetra-acetic acid (EDTA) and centrifuged at 13,000 x g for 6 min to 

obtain plasma. Tissues were collected and weighed, and were either snap-frozen in 

liquid nitrogen and stored at -80˚C for RT-qPCR (right adrenal gland and kidney, a 

portion of the liver, retroperitoneal fat and epidydimal fat) or fixed in 4% 

paraformaldehyde at 4ºC for histological analysis (left kidney and adrenal gland and a 

portion of the liver). Animals were euthanized through piercing of the diaphragm and 

severance of the heart while still under anaesthesia. Following tissue collection, one 

member from each litter was re-sutured and bodies were stored at -20˚C for subsequent 

dual energy X-ray absorptiometry (DEXA) analysis.  
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4.7 Body composition analysis 

Frozen carcasses were assessed for body composition by DEXA (GE Lunar Prodigy 

series, GE Lunar, Madison, WI) using small animal software (Encore 2004, version 

8.50.093, GE Lunar, WI). To obtain an estimate of abdominal fat, the area between the 

superior point of the iliac crest and the inferior margin of the sternum was analysed. The 

program enables direct measurement of body composition by adapting the calculation 

typically used for humans towards small animals. A routine calibration scan was 

conducted prior to each animal scan. 

4.8 Blood glucose and plasma cholesterol analysis 

Blood glucose levels were measured immediately after anaesthesia (Accuchek; Roche 

Diagnostics, Manheim, Germany). Plasma cholesterol, triacylglycerol (TAG) levels and 

high-density lipoprotein cholesterol (HDL-C) were determined enzymatically on an 

Architect c16000 (Abbott Laboratories, Lake Forest, IL) as per the manufacturer’s 

instructions. Low density lipoprotein cholesterol (LDL-C) values were derived 

according to the Friedewald calculation (Huang et al. 1997). 

4.9 Plasma leptin and insulin levels 

Plasma leptin and insulin levels were measured using Milliplex map kit (Cat#RADPK-

81k; Millipore, St Charles, MO) and the different analytes were measured on a Luminex 

100 machine (Millipore). The reported intra-assay variability in this determination was 

<4% with a limited detection level at 9.7 pg/ml for plasma leptin and 52.5 pg/ml for 

plasma insulin.  

4.10 Quantitative RT-PCR analysis  

Total RNA were extracted from snap frozen tissues using Tri Reagent RT (Molecular 

Research Centre, Ohio, US) and checked for quantity and purity using a NanoDrop 

(ND-1000) spectrophotometer (Thermo Scientific, Wilmington, DE, US). Absorbance 
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readings (A280/260) between 1.8 to 2 were taken as the cut off point for RNA purity. 

RNA integrity was not assessed unless indicated. RNA (5 g) was reverse transcribed 

using Mouse Moloney leukaemia virus reverse transcriptase and random hexamers 

(Promega, Sydney, Australia). Resultant cDNAs were purified using the Ultraclean 

PCR Cleanup kit (MoBio Laboratories, Inc., Carlsbad, CA).  

Quantitative PCR was performed in 10 µl reaction volumes using the Rotorgene 3000 

system (Corbett Research, Sydney, Australia) with 0.5 U Immolase enzyme (Bioline, 

Alexandria, Australia) and 0.5 M primers per reaction. The primers used, MgCl2 

concentrations and PCR cycling conditions for both metabolic and circadian genes are 

summarised in Table 4.1. All primers were designed, using Primer3 software, to span an 

intron to avoid contamination by amplification from genomic DNA. The exception to 

this was the primers for Il1b, which were purchased from Qiagen (Melbourne, 

Australia). External standards were generated from regular PCR products and 10 fold 

serial dilutions were made in RNase-free water. 

The PCR cycling conditions involved an initial denaturation phase at 95˚C for 7 min, 

followed by 45 cycles at 95˚C for 30 sec; an annealing temperature specified in Table 

4.1 for 45 sec and extension at 72˚C for 45 sec. Melt curve analysis between 70-99˚C 

showed a single PCR product (Figure 4.1A) which was later confirmed by gel 

electrophoresis and cDNA sequence analysis (results not shown). Fluorescence values 

were then analysed and a standard curve was constructed using the Rotorgene software 

(Figure 4.1C). All samples were standardised against the amplification of Sdha and 

Ppia reference genes using the GeNorm algorithm (Vandesompele et al. 2002). 
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Table 4.1: Primer used, MgCl2 concentrations, PCR conditions and amplicon sizes 

for gene products. F indicates forward primer and R indicates reverse primer.  

Gene Primer sequence MgCl2 

(mM) 

Annealing 

Temp(°C) 

Amplicon 

size (bp) 

Clock F 5’ - ACAGCGCACACACAGGCCTTC - 3’  

R 5’ - TGGCGGCGCCCTGTGATCTA - 3’  

2 60 175 

Bmal1 F 5’ - ACACTGCACCTCGGGAGCGA - 3’  

R 5’ - CGCCGAGCTCCAGAGCACAA - 3’  

2 60 100 

Per1 F 5’ - CGCACTTCGGGAGCTCAAACTTC - 3’  

R 5’ - GTCCATGGCACAGGGCTCACC - 3’  

2 63 169 

Per2 F 5’ - TGAGCTCCTTGGCGTTGCCG - 3’  

R 5’ - ACTCAGGCCCACTGGCCACA - 3’  

2 60 147 

Per3 F 5’ - TTTTCCCCTTCAAGACATGG - 3’  

R 5’ - GTCCATGGCACAGGGCTCACC - 3’  

2 60 169 

Cry1 F 5’ - AGCTGGCCACTGAGGCTGGT - 3’  

R 5’ - TGCTGGCATCTCCAGGGGCT - 3’  

2 60 158 

Cry2 F 5’ - CTGCCCAGGAGCCACCAAGC - 3’  

R 5’ - CTGCCCAGGAGCCACCAAGC - 3’  

2 60 192 

Sdha F 5’ - TGGGGCGACTCGTGGCTTTC - 3’  

R 5’ - CCCCGCCTGCACCTACAACC - 3’  

2 60 134 

Ppia F 5’ - AGCATACAGGTCCTGGCATC - 3’  

R 5’ - TTCACCTTCCCAAAGACCAC - 3’  

3 62 127 

Tnfa F 5’ - TACTGAACTTCGGGGTGATTGGTCC - 3’ 

R 5’ - CAGCCTTGTCCCTTGAAGAGAACC - 3’ 

3 60 295 

Reverba F 5’- ATTGCCCACGGGGCGAGAGA - 3’ 

R 5’- GCCAAATGAGCGGGCAGGGT - 3’ 

2 60 292 

Il6 F 5’ - TCCGCAAGAGACTTCCAGCCAGT - 3’ 

R 5’ - AGCCTCCGACTTGTGAAGTGGT - 3’ 

3 60 148 

Il1b Qiagen QT00181657    

Emr1 F 5’ - CAGCTGTCTTCCCGACTTTC - 3’ 

R 5’ - TAATCAAGATTCCGGCCTTG - 3’ 

3 60 156 

PPARa F 5’ - AATCCACGAAGCCTACCTGA - 3’ 

R 5’ - GTCTTCTCAGCCATGCACAA - 3’ 

2.5 54 132 

PGC1a F 5’- TCTGGAACTGCAGGCCTAACTC - 3’ 

R 5’ - GCAAGAGGGCTTCAGCTTTG - 3’ 

4 60 96 

PPARg F 5’ – GACCCAGAGCATGGTGCCTTCG – 3’ 

R 5’ – GCTGATTCCGAAGTTGGTGGGCC – 3’ 

3 63 108 
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Figure 4.1: Sample plots of (A) melt curve analysis, (B) standard amplification 
curves and (C) standard curve data. For melt curve analysis, a single peak of 
amplified product was obtained for each sample. In the standard amplification curves, 
the noise band threshold is indicated by the horizontal line and is the point where 
fluorescent intensity is above the background noise and where samples are clearly 
within the log-linear phase of amplification. To obtain a standard curve, the cycle 
number at which unknown samples reach the log-linear phase of amplification is plotted 
against concentration, and this plot is used to calculate concentrations of unknown 
samples.  
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4.11 Statistical analyses 

Data were expressed as mean ± SEM and when not normally distributed (assessed by 

Kolmogorov-Smirnov test) data were log transformed prior to analysis. Group means 

were compared by either two-way or three-way ANOVA, where appropriate, to account 

for variation due to prenatal treatment (Con or Dex), postnatal diet (Std, HF or HFHn-3) 

or time of day (ZT1, ZT7, ZT13 or ZT19). When the F statistic reached significance 

(P<0.05), specific group comparisons were made by least significant different (LSD) 

test (Snedecor and Cochran 1989). Where there was significant interaction between 

sources of variation, separate one- or two-way ANOVAs were conducted. Circadian 

rhythmicity of clock genes was assessed by cosinor analysis using non-linear 

regression. This analysis generated group means (± SEM) for each of the key circadian 

descriptors (mesor, amplitude and acrophase), and these were compared among groups 

by one- or two-way ANOVA as appropriate. When the F statistic for cosinor analysis 

reached significance (P<0.05), specific group comparisons were made by least 

significant different (LSD) test (Snedecor and Cochran 1989). 
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CHAPTER 5:  VALIDATION OF EXPERIMENTAL PROCEDURES 

5.1 Introduction 

This thesis explored the interaction between developmental programming 

outcomes that arise from prenatal elevated glucocorticoid exposure and the interactive 

effects of postnatal dietary fat manipulation for the offspring phenotype. The latter 

included the effects of either a high fat (HF) diet or a high fat diet supplemented with 

omega-3 fatty acids (HFHn-3). This chapter describes optimisation of the appropriate 

dexamethasone dose as well as validation of the suitability of the three semi-pure diets. 

For ease of comprehension, this chapter has been divided into two parts; part 1 for 

validation of dexamethasone dosage and part 2 for dietary validation.  

5.2 Part 1: Validation of dexamethasone dose  

5.2.1 Introduction 

Excess fetal glucocorticoid exposure through the administration of the synthetic 

glucocorticoid, dexamethasone, reduces birth weight and programs metabolic 

disturbances in adult offspring (Benediktsson et al. 1993, Cleasby et al. 2003, Wyrwoll 

et al. 2006). Previous rat models used various dexamethasone dosages, delivered via 

different routes of administration and given at different stages of gestation (Lindsay et 

al. 1996, Smith and Waddell 2000, Wyrwoll et al. 2006). Each of the treatments used 

resulted in fetal growth restriction and programming outcomes with varying degrees of 

severity.  

Rat gestation lasts for 22-23 days with pregnancy day 1 being defined as the first 

day after the overnight mating with a fertile male. The first 12 days of gestation denote 

the embryonic period, a period of time where major organogenesis take place. From day 

13 onwards, the pregnancy enters the fetal period (Hebel and Stromberg 1986). During 
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this time, the fetus has completed major organ formation and the remainder of the 

pregnancy is now directed towards fetal growth (Figure 15). Any insult that occurs 

during this period will typically result in restricted growth of the fetus.  

At birth, intrauterine growth restriction is presented as a reduction in birth 

weight. There are varying degrees of IUGR. Although disturbances in growth may not 

be immediately fatal, severe growth restriction may still result in fetal and neonatal loss. 

This is commonly the outcome of placental insufficiency, which is characterised by 

failure in adequate nutritional delivery and gas exchange for the growing fetus or due to 

intrinsic defects in the fetus as a consequence of the severe growth restriction (Dincsoy 

et al. 1988, Aucott et al. 2004). 

 

Figure 5.1: Diagrammatic representation of rat prenatal development. Cell 
divisions and organ developments occur most rapidly during the embryonic period 
whereas rapid growth takes place during the fetal period. Red dotted line separates the 
two in utero periods. Blue solid curve emphasizes the exponential growth in the fetal 
phase. Information was extracted and adapted from Anatomy and Embryology of the 
Laboratory Rat (Hebel and Stromberg 1986). 

This trial was therefore necessary to optimise the dexamethasone dose to be 

administered to the pregnant dams. In any such experimental model there is a need to 

balance the effect of glucocorticoid exposure to produce sufficient growth restriction 
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(approximately 20-30%) while at the same time ensuring close to 100% offspring 

survival rate. In this trial various doses of dexamethasone were examined in terms of 

fetal growth and survival, with the objective of identifying the dose that provided 

approximately 25% growth reduction without significant fetal loss.  

5.2.2 Procedure 

5.2.2.1 Rat husbandry 

Virgin female Wistar rats at 8 weeks old were obtained from Animal Research 

Centre (Murdoch, Australia). These animals were acclimatised in the animal holding 

facility for a week. Following acclimatisation, oestrous cycle was tracked on a daily 

basis using an EC40 oestrus probe (Fine Science Tools, North Vancouver, Canada) that 

measures the difference in electrical resistance in the rat vagina. The inherent electrical 

resistance of the rat vaginal epithelium rises markedly near the beginning of oestrus and 

then falls to low levels for the remainder of the ovarian cycle (Ramos et al. 2001). Probe 

readings of more than 8,000 ohms indicated that the rat was in pro-oestrus, at which 

stage females were mated overnight with a male.  

To confirm the pregnancy, a vaginal smear was obtained on the next day to 

confirm the presence of sperm and thus successful mating; this was designated as day 1 

of pregnancy. From day 13 onwards, pregnant dams (n=21) were given dexamethasone 

acetate (Dex) in drinking water at doses of 0.75, 0.7, 0.65, 0.6 or 0.5 µg/ml (n=3-6 per 

group). The remainder of the pregnant dams were left untreated to either serve as 

control mothers (Con; n=6) or for cross-fostering purposes (n=27).  

5.2.2.2 Post-partum characteristics and cross fostering to untreated mothers 

Upon delivery on day 23, offspring birth weights were recorded within 12 h of 

birth and litter sizes recorded. Within 24 h of delivery, each litter was cross-fostered to 

an untreated foster mother. During the brief cross-foster procedure, litters were 
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maintained on a heating pad set at 37°C to preserve neonatal body heat and to reduce 

the likelihood of maternal rejection. The outcome of cross-fostering was recorded the 

day after by counting the number of pups that remained with the new foster mother.  

5.2.3 Results 

Administration of the various dexamethasone doses over the final 10 days of 

pregnancy resulted in differing degrees of fetal growth restriction and fetal loss (see 

Table 5.1). A dexamethasone dose of 0.75 μg/ml resulted in complete resorption of the 

litters in all 4 pregnancies. Doses of 0.7, 0.65 and 0.6 g/ml resulted in 49%, 42%, and 

29% birth weight reduction respectively, and these doses were also associated with litter 

size reductions and rejection by the foster mothers. A dexamethasone dose of 0.5 μg/ml, 

however, resulted in 26% birth weight reduction, with appropriate litter sizes and 

successful cross-fostering outcomes.  

Table 5.1: Litter characteristics following dexamethasone exposure. 

Dexamethasone 
dosages (μg/ml) 

Control 

n=6 

0.75 

n=3 

0.7 

n=3 

0.65 

n=3 

0.6 

n=6 

0.5 

n=6 

Average birth 
weight (g) 

6.49 ± 

0.08 

No data 3.36 ± 

0.20 

3.82 ± 

0.18 

4.61 ± 

0.11 

4.80 ± 

0.09 

Birth weight 
reduction  

0% No data 49% 42% 29% 26% 

Litter size 12.6 ± 0.3 0 

(all 

resorbed) 

7.8 ± 0.2 7.1 ± 0.8 10.5 ± 0.3 12.3 ± 0.3 

Cross-fostering 

outcome 

Success-

ful 

No data 100% 

Failed 

100% 

Failed 

50% 

Failed 

Success-

ful 

5.2.4 Discussion 

This study aimed to optimise the dexamethasone dose for pregnancy outcomes, 

as measured by litter size, offspring birth weight and cross-fostering success. The aim 

was to achieve an approximate 25% birth weight reduction without having to 

compromise on either the size of the litter or the ability of the offspring to be 
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successfully cross-fostered. This was essential to confine the effects of the 

dexamethasone exposure to the fetal period, as maternal dexamethasone exposure is 

known to compromise lactation and subsequent postnatal growth (Virtanen et al. 2009). 

Dexamethasone doses greater than 0.5 μg/ml resulted in a range of effects, from total 

fetal loss at 0.75 μg/ml to severe reduction in offspring birth weight (between 29% to 

62%) at lower doses. Consequently, all offspring from doses above 0.5 g/ml 

dexamethasone were rejected by their cross-foster mothers.   

In contrast, maternal treatment with 0.5 μg/ml Dex from day 13 of gestation did 

not affect litter size and resulted in 100% offspring survival rate despite a birth weight 

reduction of 26%. This birth weight reduction was comparable to that previously shown 

to program adult onset diseases in rats (Burton et al. 1998, Smith and Waddell 2000, 

Wyrwoll et al. 2006). Interestingly, several previous maternal glucocorticoid excess 

models used in our laboratory (Smith and Waddell 2000, Wyrwoll et al. 2006) 

employed higher doses of dexamethasone acetate (1.0 and 0.75 g/ml) without resulting 

in severe fetal loss or cross-fostering failure. The reason for this inconsistency is 

unknown, but one possibility is that they may have arisen due to a change in the 

acidification protocol for water in the animal facility, which may have impacted on 

bioavailability of the dexamethasone acetate. Importantly, the effect of 0.5 g/ml Dex 

administration on fetal growth was stable throughout the entire study in this thesis. 

Another notable aspect of the dexamethasone treatment regimen is that it does 

not involve any direct handling of pregnant mothers, and so they are effectively 

unaware of the ongoing treatment.  Other methods of administration (e.g. oral gavage, 

s.c. injection etc) were not considered due to the potentially stressful nature of the 

administration that could impact on programming outcomes in control animals 

(O'Regan et al. 2010).                                                                                        .                       
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5.3 PART 2: Dietary validation  

5.3.1 Introduction 

The experimental manipulation of postnatal diet was designed to test whether 

programming outcomes (resulting from excess fetal glucocorticoid exposure) could be 

either amplified (HF) or attenuated (HFHn-3) relative to offspring raised on the Std diet. 

The approach taken was to develop semi-pure diets so that the amount of nutrients and 

energy density per kilogram of food could be controlled. Consequently, each diet was 

designed with appropriate combinations of several highly purified ingredients. Along 

with these alterations, however, there are small diet-specific changes in food colour, 

odour and texture. It was considered possible that these variations could potentially alter 

the palatability of the food and subsequently affects total food consumption.  

Before embarking on the full study, therefore, it was important to establish that 

animals generally maintained comparable food intake on the semi-pure diets and thus 

reduce the possibility that phenotypic outcomes were driven by variations in the amount 

of food consumed. Accordingly, this experiment examined the effect of each of the 

three semi-pure diets on food consumption, caloric intake and body weight over a 3-

week trial period otherwise untreated adult rats.  

5.3.2 Procedure 

5.3.2.1 Allocation of rats to diet groups 

All experimental animals were obtained from Animal Resource Centre 

(Murdoch, WA, Australia), following approval from the Animal Ethics Committee of 

The University of Western Australia. Female albino Wistar rats (n=21) weighing 130-

170 g at approximately 6 weeks of age were utilised for this experiment. The decision to 

perform the diet trial on females was made early in the development phase of the project 

before the subsequent decision was made on the gender of the offspring used in the 
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main experiment. Due to limited housing and high cost for consumables and diets, it 

was decided to use only males to avoid the complexity of the oestrus cycle in females. 

Furthermore, based on our previous programming studies, programmed outcomes in 

male offspring of dexamethasone-treated mothers tended to occur earlier and were more 

pronounced than in their female counterparts (Wyrwoll et al. 2006). 

Animals (n= 7/diet) were allocated to one of three diets: standard (Std), high fat 

diet with low omega-3 fatty acid content (HF) or high fat diet with high omega-3 fatty 

acid content (HFHn-3) (see details below and refer appendix 1-3). Animals were 

distributed so groups were weight-matched. Animals were housed individually and 

given ad libitum access to experimental diets and acidified water under controlled 

conditions (Smith and Waddell 2000, Wyrwoll et al. 2006). Food intake and body 

weight were measured on a daily basis for approximately 21 days.  

5.3.2.2 Diet manufacture, nutritional composition and palatability 

The three semi-pure diets were developed in conjunction with Mr Warren Potts 

(Specialty Feeds, Glen Forrest, Australia). The Std diet contained 0.04% omega-3 fatty 

acids and 5% fat, which is comparable to the levels of both components in normal rat 

chow. The high fat diets contained 23.5% fat (Table 5.2, appendices 1-3), almost 5 

times higher than that of normal rat chow. Although the two high fat diets were 

isocaloric, the HFHn-3 diet had an omega-3 fatty acid content of 1.84% (Table 5.2). 

Data on the nutrient content of the diets are presented in Table 5.2. Nutrient 

composition of the semi-pure diets had been validated in previous studies (Wyrwoll et 

al. 2006). Diets were stored at 4°C prior to use. 

5.2.3.3 Statistical analyses 

All data are expressed as the mean ± SEM, and were analysed utilising the 

statistical software SPSS version 20. There were 6 to 9 animals per experimental group. 
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Variation in food intake, caloric intake and bodyweight were assessed by one-way 

ANOVA with diet as the source of variation. Where the F-test was significant (P<0.05), 

differences amongst the groups were assessed using post hoc LSD tests.  
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Table 5.2: Fatty acid composition of the customised diets. Analysis of dietary 

components of the three semi-pure diets (expressed as percentage) and energy value 

(expressed as MJ/kg). 
 

Nutritional component Std diet HF diet HFHn-3 diet 

Fatty 

acids 

C12:0 0.8 1.11 1.25 

C14:0 0.2 0.5 0.63 

C16:0 0.3 4.42 4.38 

C18:0 0.3 2.76 2.44 

C16:1 Tracea 0.29 0.45 

C18:1 2.8 5.48 5.19 

C20:1 0.01 0.13 0.13 

C18:2 0.44 7.88 6.1 

C18:3 0.02 0.21 0.18 

C18:4 0.03 NDb ND 

C20:4 0.03 ND 0.08 

C20:5 Trace ND 0.27 

C22:6 ND ND 1.19 

Total Fat (%) 5 23.5 23.5 

Energy value (MJ/kg) 15,700 19,000 19,000 

a - Trace amounts detected but below accurate quantitation levels. 
b - ND: below detectable levels. 
Diets were designed in collaboration with Specialty Feeds (www.specialtyfeeds.com) 
For additional information on n-3 and n-6 content and protein/ fat energy breakdown, refer to Table 6.1. 
For additional information on diet micronutrient profiles see Appendices 1-3.  

5.3.3 Results 

Animals provided with the Std diet consumed on average 16.7 ± 0.9 g of food a 

day across the monitored period. This was higher (P=0.03, ANOVA) than the 

consumption rates for both the HF (15.4 ± 0.8 g/day) and the HFHn-3 (14.2 ± 0.6 g/day) 

diets (Figure 5.2A). Energy consumption was similar among the three diets (Figure 

5.2B). In contrast, daily total fat intake was much higher in the high fat groups (HF 

group; 3.61 ± 0.11g and HFHn-3 group; 3.33 ± 0.08g, both P<0.05). There was no 

difference in bodyweight change observed among the three groups animals consuming 

the different diets (Figure 5.2D). 
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Figure 5.2: Profiles of A) Daily food intake, B) Daily energy intake, C) Daily fat 
intake and D) Bodyweight change over the course of 3 weeks on the Std, HF and 
HFHn-3 semi-pure diets. Values are the mean ± SEM (n = 8 to 9 animals per group). 
Values without common notation differ significantly (ANOVA and LSD test, P<0.05). 
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5.3.4 Discussion 

Dietary intervention studies designed to manipulate nutrient intake can lead to 

marked phenotypic alterations in animal models. Importantly, an intended nutrient 

intervention can inadvertently be confounded by unintended changes in nutrient intake. 

The present model was designed to change fat intake in rats, specifically in terms of 

both quantity and type. An evaluation of relative intake of experimental diets was 

considered important to ensure appropriate dietary fat intake was achieved. Potentially, 

this could have been affected by differences in diet palatability. In this study, the key 

finding was that despite likely differences (as perceived by the rats) in the colour, odour 

and texture of the three semi-pure diets, there were no differences in total caloric intake 

or short-term weight gain in female rats. 

Consumption of high fat diets often leads to increased weight gain in rodent 

models (Shin et al. 2010). The absence of such an effect in the present study was likely 

due to the auto-regulation of caloric intake observed in both the HF and HFHn-3 groups 

such that caloric intake was similar among the three groups. It remains possible that had 

the trial been run for longer than the relatively short period of 3 weeks, the high fat 

groups may have eventually gained more weight. In any event, the similarity of the 

caloric intake across the three groups was considered sufficient to proceed with these 

semi-pure diets in the main study. It was recognised that although the HF and HFHn-3 

semi-pure diets were unlikely to result in an obese phenotype, the clearly higher fat 

ingestion was considered a sufficient postnatal challenge to test the major hypotheses.  
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6.1 Abstract  

Fetal glucocorticoid excess programs several adverse outcomes in adult offspring, 

many of which can be prevented by postnatal, dietary omega-3 (n-3) fatty acids. Here 

we tested two separate hypotheses: (i) a postnatal high-fat diet exacerbates the 

glucocorticoid-programmed phenotype; and (ii) postnatal, dietary n-3 fatty acids rescue 

programmed outcomes even in the presence of a high fat diet challenge. Pregnant dams 

were either untreated (Smith and Waddell 2000, Wyrwoll et al. 2006) or administered 

dexamethasone acetate (Dex; 0.5 μg/ml drinking water) from day 13 of pregnancy. 

Offspring were cross-fostered to untreated mothers and males were weaned onto either 

a standard (Std), high-fat, low n-3 (HF) or high-fat, high n-3 (HFHn-3) diet. Prenatal 

Dex reduced birth weight (26%) and delayed puberty onset by 1.2 days irrespective of 

postnatal diet. Prenatal Dex programmed increased blood pressure in adult offspring, 

an effect worsened by the postnatal HF diet. Supplementation with high n-3 fatty acids, 

however, prevented both the Dex and HF-induced increases in blood pressure. Prenatal 

Dex also programmed increased adiposity, plasma cholesterol and plasma triglyceride 

levels at 6 months of age, particularly in those offspring raised on the HF diet. But 

again, each of these adverse outcomes was rescued by supplementation of the HF diet 

with n-3 fatty acids. In conclusion, the capacity of n-3 fatty acids to overcome adverse 

programming outcomes remains evident even in the presence of a HF diet challenge. 
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6.2 Introduction 

A poor intrauterine environment predisposes offspring to a range of adult onset diseases 

including hypertension, dyslipidaemia, and obesity. The most prevalent prenatal insults 

that induce such developmental programming outcomes are maternal undernutrition 

(Langley-Evans and Nwagwu 1998, Vickers et al. 2000, Desai et al. 2007) and 

overnutrition (Howie et al. 2009, Borengasser et al. 2011, Rooney and Ozanne 2011), 

and excess fetal glucocorticoid exposure (Benediktsson et al. 1993, Wyrwoll et al. 2006, 

Wyrwoll et al. 2008, Dumortier et al. 2011). During normal pregnancy, the fetus is 

protected from exposure to excess maternal glucocorticoids by the placental 

glucocorticoid barrier (Burton and Waddell 1994, Lindsay et al. 1996, Holmes et al. 

2006, Mark et al. 2009). Synthetic glucocorticoids, such as dexamethasone, are able to 

bypass this protective mechanism to reach the developing fetus. Accordingly, animal 

models of fetal glucocorticoid excess typically utilize synthetic glucocorticoids to 

simulate prolonged stress hormone exposure of the placenta and fetus (Wyrwoll et al. 

2006, Sloboda et al. 2007, Mark et al. 2009). Similarly, chemical inhibition of the 

placental barrier increases fetal exposure to endogenous glucocorticoids (Lindsay et al. 

1996, Welberg et al. 2000, Xu et al. 2011). The resultant fetal growth restriction alters 

fetal development and predisposes offspring to elevated blood pressure (Benediktsson et 

al. 1993), glucose intolerance (Nyirenda et al. 1998) and cognitive and behavioural 

impairments (Holmes et al. 2006, Kleinhaus et al. 2010) during adult life. 

Numerous studies have investigated the capacity of the postnatal environment, 

including hyper- or hypo-caloric dietary modifications (Vickers et al. 2000, Chen and 

Nyomba 2003) to either exacerbate or attenuate programmed outcomes. For example, 

previous work from our laboratory demonstrated that postnatal high omega-3 (n-3) 

supplementation from birth rescued glucocorticoid-programmed hypertension, 

hyperlipidaemia, and hyperinsulinaemia (O'Regan et al. 2010)and reduced the overall 
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inflammatory state of adult offspring (Wyrwoll et al. 2008). In contrast, other studies 

have shown that postnatal consumption of a high-fat diet amplified offspring 

hypertension, hyperinsulinaemia, hyperleptinaemia and obesity programmed by 

maternal undernutrition (Vickers et al. 2000). Recently, Drake et al. (2010) showed that 

reductions in the expression of hepatic Pparg and Pgc1a programmed by fetal 

glucocorticoid excess were not exacerbated by postnatal consumption of a high-fat diet, 

although interestingly this diet did amplify a programmed increase in hepatic 

triacylglycerol levels. Importantly, the interactive effects of prenatal glucocorticoids and 

a postnatal high-fat diet on offspring blood pressure and whole body adiposity were not 

measured. Therefore, the present study tested two separate hypotheses: (i) a postnatal 

high-fat diet exacerbates the glucocorticoid-programmed phenotype; and (ii) postnatal, 

dietary n-3 fatty acids rescue programmed outcomes even in the presence of a high fat 

diet challenge. 
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6.3 Materials and Methods 

6.3.1 Animals and diets 

Nulliparous albino Wistar rats aged 8 to 10 weeks were obtained from Animal 

Resources Centre (Murdoch, WA, Australia). Animals were maintained under 

controlled lighting and temperature as previously described (Wyrwoll et al. 2006)and all 

procedures were approved by Animal Ethics Committee of The University of Western 

Australia. Females were monitored for oestrous cycle stage using the EC40 oestrous 

probe (Fine Science Tools, Canada) and were housed with a male on the night of pro-

oestrous. The presence of spermatozoa in the vaginal smear the next morning was 

designated as day 1 of pregnancy. Pregnant dams were caged individually and on day 

13 were either left untreated (Con; n=24) or given 0.5 µg/ml of dexamethasone-21-

acetate (Dex; n=24) in their drinking water until parturition. Upon delivery, typically on 

day 23 of gestation, offspring of Con and Dex mothers were cross-fostered to untreated 

mothers maintained on chow diet. Litters were standardized to 5 males and 5 females 

until weaning. Offspring were weighed daily until 1 month of age and then weekly until 

6 months of age.  

On postnatal day 25, male offspring were weaned onto one of 3 diets (8 Con and 8 Dex 

litters per diet): standard semi-pure (Std) (12% energy from fat, 0.04% n-3); high-fat, 

low omega-3 (HF) (45% energy from fat, 0.23% n-3); or high-fat, high omega-3 diet 

(HFHn-3) (45% energy from fat, 1.84% n-3). Diets were manufactured by Specialty 

Feeds (Glen Forrest, Australia). Details on the composition of the different diets are 

outlined in Table 6.1.  

Offspring were monitored from day 30 for puberty onset, defined by morphological 

changes of the glans penis, including the capacity for preputial separation, as described 
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previously (Burton and Waddell 1994). Monthly food intake was measured by taking 3-

day food consumption logs each month from 2 animals per litter.  

Table 6.1: Dietary composition of standard (Std), high- fat, low omega-3 (HF) and 
high-fat, high omega-3 (HFHn-3) diets. EPA: eicosapentaenoic acid; DHA: 
docosahexanoic acid; AA: arachadonic acid; LA: linoleic acid. % values refer to total 
dietary percentage. 

 Std HF HFHn-3 

Digestible energy (kJ/g) 15.5 18.8 18.8 

Energy from protein (%) 22 21 21 

Energy from fat (%) 12 43 43 

Fat content (%) 5.0 23.5 23.5 

Protein content (%) 19.4 22.6 22.6 

n-3 content (%) 0.04 0.23 1.84 

EPA Trace Trace 0.27 

DHA Trace Trace 1.19 

n-6 content (%) 0.47 7.89 6.28 

AA 0.03 Trace 0.08 

LA 0.44 7.88 6.10 

 

6.3.2 Systolic blood pressure (SBP) measurements 

SBP was measured using a tail-cuff plethysmography system as previously described 

(Smith and Waddell 2000). At 5 months of age, one animal from each litter was 

randomly selected and trained for at least 4 weeks prior to SBP measurement. Rats were 

restrained in a clear plastic tube at 39°C. The tail-cuff was placed at the proximal end of 

the tail and inflated to 200 mmHg.  The reappearance of a pulse during deflation of the 

cuff was taken as the SBP reading. To reduce stress, no animal was restrained for more 

than 15 min and a minimum of three clear SBP recordings were taken per animal. SBP 

measurements were obtained at the same time each day to control for any circadian 

change of blood pressure. 
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6.3.3 Tissue sampling and blood glucose measurement 

At 6 months of age, animals were anesthetised under isoflurane / nitrous oxide, a blood 

sample was obtained from the dorsal aorta and mixed with 10:1 (v/v) 0.6 M EDTA. 

Blood glucose was measured immediately (Accu check; Roche Diagnostics, Manheim, 

Germany), and the heart, right kidney, and right epididymal fat pad were weighed. 

Carcasses were sutured closed and kept frozen at -20°C for subsequent analysis of body 

composition. 

6.3.4 Body composition analysis 

Frozen carcasses were measured for body composition analysis using dual X-Ray 

absorptiometry (DEXA) (GE Lunar Prodigy Series, GE Lunar, Madison, WI) with 

small animal software (Encore 2004, version 8.50.093, GE Lunar). Central adiposity 

was based on the area between the inferior margin of the sternum and the anterior 

superior iliac spine. Preliminary measurement on fresh, frozen and thawed carcasses 

demonstrated no detectable change in body composition measurements among the 

different carcass states.  

6.3.5 Plasma lipid analyses 

Plasma total cholesterol, triacylglycerol (Wyrwoll et al., 2006) and high density 

lipoprotein cholesterol (HDL-C) were determined enzymatically on an Architect c16000 

(Abbott Laboratories, Lake Forest, IL, USA) as per the manufacturer’s instructions. The 

intra-assay coefficients of variation were 0.9% for total cholesterol, 1.7% for 

triglycerides and 2.6% for HDL-C. Low density lipoprotein cholesterol (LDL-C) values 

were derived according to the Friedewald calculation (Henry et al. 2012). In each case 

all samples were measured in a single assay.  
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6.3.6 Statistical Analyses 

Statistical analyses were carried out using SPSS version 20. Unless otherwise indicated, 

analyses were performed on n=8 per group. Data assessed as not normally distributed 

(by Kolmogorov-Smirnov test) were log transformed prior to ANOVA to facilitate the 

use of parametric tests. Groups were compared using either two- or three-way ANOVA 

or two-way repeated measures ANOVA, as indicated in the figure legends. For all 

ANOVAs, where the F test was significant (P<0.05), subsequent post hoc analyses 

using least significant different (LSD) tests were undertaken (Snedecor and Cochran 

1989) and are presented in the figures and text. Where there was a significant 

interaction effect, independent one- or two-way ANOVAs were carried out as 

appropriate. 

6.4 Results 

6.4.1 Birth weight, litter size, sex ratio and puberty onset 

Maternal Dex treatment reduced offspring birth weight by 26% in both males and 

females (P<0.001; Table 6.2) but litter size and sex ratio were unaffected. All 

subsequent results refer exclusively to outcomes in male offspring. Offspring of Dex-

treated mothers exhibited a 1.2-day delay in puberty onset (P<0.05; Table 6.2) 

irrespective of postnatal diet. 

6.4.2 Food intake 

Prenatal exposure to Dex did not affect food intake of animals raised on any of the diets 

(Table 6.2). All animals on the energy-dense HF diet demonstrated a persistent 

reduction in food intake (P<0.01; Table 6.2), which resulted in comparable total energy 

intake between animals on the Std and HF diets (Table 6.2). In contrast, those animals 

raised on the HFHn-3 diet did not reduce food intake and so maintained higher energy 

intake throughout (P<0.01; Table 6.2).  
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Table 6.2: Pregnancy data and timing of puberty onset and average monthly 

food intake in male offspring. Mothers were either untreated (Con) or 

administered dexamethasone in drinking water (Dex) from day 13 of pregnancy. 

Male offspring were weaned onto standard (Std), high-fat, low omega-3 (HF) or 

high-fat, high omega-3 (HFHn-3) diets *P<0.05, **P<0.001 compared to 

corresponding Con value. #P<0.05 compared to Std diet. 

 Con Dex 

Litter size 12.7 ± 0.3 12.3 ± 0.3 

M:F sex ratio 1.05 ± 0.08 0.95 ± 0.08 

Birth weight (g)   

Male 6.5 ± 0.09 4.8 ± 0.09 * * 

Female 6.1 ± 0.10 4.5 ± 0.09 * * 

Puberty onset (days)   

Std 38.5 ± 0.2 40.2 ± 0.1 * 

HF 38.6 ± 0.3 39.4 ± 0.2 * 

HFHn-3 38.9 ± 0.3 40.2 ± 0.1 * 

Monthly food intake (g)   

Std 592 ± 23 625 ± 28 

HF 499 ± 12 # 511 ± 22 # 

HFHn-3 590 ± 15 628 ± 43 

Monthly energy intake (J)   

Std 9295 ± 382 9804 ± 350 

HF 9478 ± 227 9703 ± 346 

HFHn-3 11214 ± 276 # 11935 ± 426 

 

6.4.3 Postnatal growth 

Offspring body weight varied with prenatal treatment (P<0.01) from birth until 

postnatal week 3, with offspring of Dex-treated mothers lighter than Con animals (Fig 

6.1). Upon weaning at day 25, Dex offspring underwent catch-up growth such that by 

week 4 they were similar in weight to Con offspring. Interestingly, Dex offspring 

experienced a slight lag in their growth trajectories compared to Con (P<0.05) from 

week 7 to week 9, but by week 10 no differences in offspring weights were evident. 

Consumption of the different diets did not affect the growth pattern in any treatment 

groups. 
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Figure 6.1: Body weight (g) of offspring from control (Con) and dexamethasone-

treated (Dex) mothers. Offspring were raised on a standard (Std), high-fat, low omega-3 

(HF) or high-fat, high omega-3 diet from weaning to 6 month of age. Insert shows 

offspring body weight (g) for the first four weeks. Values are the mean ± SEM. *P<.05 

compared to Con group at indicated times (two-way, repeated measures ANOVA). 

6.4.4 Organ weights 

Prenatal Dex programmed a reduction in kidney weight (relative to bodyweight) at 6 

months of age irrespective of postnatal diet (overall Dex effect P<0.01, Table 6.3). In 

contrast, Dex programmed a 21% increase in relative epididymal fat pad weight 

(P<0.01), and again there was no diet effect. Relative heart weight was not affected by 

either prenatal treatment or postnatal diet. 
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 Table 6.3: Organ weight (% of body weight) in 6 month-old male offspring of control (Con) and dexamethasone- treated 
(Dex) mothers raised on standard (Std), high-fat, low omega-3 (HF) and high-fat, high omega-3 (HFHn-3) diets. Values are 
mean ± SEM. Main statistical effects detailed (Two-way ANOVA). NS: not significant. 

  Con   Dex  Treatment Diet 

 Std HF HFHn-3 Std HF HFHn-3   

Kidney 0.38 ± 0.02 0.39 ± 0.02 0.40 ± 0.03 0.34 ± 0.02 0.32 ± 0.03 0.36 ± 0.02 P<0.01 NS 

Epididymal fat 0.98 ± 0.13 1.08 ± 0.10 0.86 ± 0.07 1.29 ± 0.12 1.43 ± 0.12 1.23 ± 0.13 P<0.01 NS 

Heart 0.26 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 NS NS 
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 6.4.5 Plasma lipids and blood glucose 

Prenatal Dex programmed increased plasma cholesterol, TAG and HDL-C levels 

(Figure 6.2A-C; two-way ANOVA, P<0.05) in those offspring raised on the Std diet. 

Consumption of the HF diet further increased plasma cholesterol and also raised LDL-C 

levels (Figure 6.2A & D; two-way ANOVA, P<0.05), but these effects were reversed 

by enrichment of the HF diet with n-3 fatty acids (Figure 6.2A-D; two-way ANOVA, 

P<0.05). Plasma HDL-C levels were not influenced by either of the HF diets. Blood 

glucose levels were unaffected by prenatal Dex treatment (data not shown), but animals 

on Std diet showed slightly higher (P<0.05, two-way ANOVA) blood glucose levels 

(overall 8.6 ± 0.3 mmol/L) compared with those raised on either the HF (7.9 ± 0.2 

mmol/L) or HFHn-3 diets (7.9 ± 0.1 mmol/L). 

6.4.6 Systolic blood pressure  

Adult offspring of Dex-treated mothers raised on a Std diet showed a programmed 

increase in systolic blood pressure (approx. 10 mmHg) (P<0.01; Figure 4). 

Consumption of the HF diet further increased blood pressure in Dex offspring (21 

mmHg higher than those on the Std diet; P<0.05) and also raised blood pressure in Con 

animals (15 mmHg higher; P<0.05). Consumption of the HFHn-3 diet normalised both 

the programmed and diet-induced increases in blood pressure (Figure 6.3).  
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Figure 6.2: Plasma levels of a) cholesterol, b) triacyclglycerols, c) high-density 
lipoprotein cholesterol (HDL-C), and d) low-density lipoprotein cholesterol (LDL-C) in 
6 mo old offspring from control (Con) and dexamethasone-treated (Dex) mothers. 
Offspring were raised on a standard (Std), high-fat, low omega-3 (HF) or high-fat, high 
omega-3 (HFHn-3) diet from weaning to 6 month of age. Values are the mean ± SEM. 
*P < .05 prenatal treatment effect (two-way ANOVA). Values without common 
notation differ significantly (P < .05, LSD test). 

  



 

 120 

Chapter 6: Manuscript 1 

  

 

 

Figure 6.3: Systolic BP (mmHg) of 5– 6 month old offspring from control (Con) and 

dexamethasone-treated (Dex) mothers. Offspring were raised on a standard (Std), high-

fat, low omega-3 (HF) or high-fat, high omega-3 (HFHn-3) diet from weaning. Values 

are the mean ± SEM. Values without common notation differ significantly (P < .05, 

LSD test). 
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 6.4.7 Adiposity 

Analysis of body composition revealed that prenatal Dex programmed increased total 

body adiposity independent of postnatal diet (overall prenatal treatment effect, P<0.05; 

Fig 6.4A). By post-hoc pair-wise analysis, this programming effect was significant only 

in animals raised on the HF diet (44% higher than that in offspring of Con mothers; 

P<0.05, LSD). Similar effects were observed in changes in abdominal adiposity (overall 

prenatal treatment effect, P<0.05; Figure 6.4B). 

 

Figure 6.4: a) Total body and b) abdominal adiposity measured by DEXA analysis 

in 6 mo old offspring from control (Con) and dexamethasone-treated (Dex) mothers. 

Offspring were raised on a standard (Std), high-fat, low omega-3 (HF) or high-fat, high 

omega-3 diet from weaning. Values represent mean ± SEM. *P<.05 prenatal treatment 

effect compared to Con (two-way ANOVA). Values without common notation differ 

significantly (P<.05, two-way ANOVA). 
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 6.5 Discussion 

The key findings of this study were that offspring hyperlipidemia and 

hypertension programmed by maternal Dex treatment were worsened by consumption 

of a postnatal HF diet. In each case, however, enrichment of the HF diet with n-3 fatty 

acids rescued both the programmed and HF-induced outcomes. Increased adiposity was 

also programmed by prenatal Dex, being most evident in HF-fed offspring, and again 

this effect was normalized by n-3 fatty acid supplementation. Thus, the capacity of n-3 

fatty acids to overcome adverse programming outcomes (Wyrwoll et al. 2006, Wyrwoll 

et al. 2007, Wyrwoll et al. 2008) was maintained even in the presence of a HF diet.  

 Consistent with previously reported programming effects of maternal Dex 

treatment (Wyrwoll et al. 2006), offspring raised on a Std diet had higher blood pressure 

(approx 10 mm Hg). In addition, however, in those offspring fed a HF diet, blood 

pressure was increased by a further 10 mm Hg. Importantly, the HF diet also increased 

blood pressure in offspring of Con mothers to a level comparable with that in HF-fed 

Dex offspring, such that blood pressure did not differ between the two high-fat diet 

groups. This implies that prenatal programming by Dex did not render offspring more 

susceptible to a HF challenge as occurs in offspring programmed by maternal 

undernutrition (Vickers et al. 2000). It also suggests that hypertension programmed by 

prenatal Dex may be mediated via similar mechanisms to that promoted by a postnatal 

high-fat diet (i.e. their effects do not appear to be additive).  

Although we had previously shown that consumption of high n-3 fatty acids can 

alleviate programmed hypertension under standard dietary conditions (Wyrwoll et al. 

2006), here we demonstrate that postnatal high n-3 fatty acid consumption alleviated 

Dex-programmed hypertension even in the presence of a HF diet. Various mechanisms 

have been described to explain the capacity of n-3 fatty acids to lower blood pressure, 

including their antagonism of angiotensin II receptor activation, stimulation of 
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 vasodilative eicosanoids, and inhibition of the renin-angiotensin system (Wyrwoll et al. 

2007, Poudyal et al. 2011). We have previously shown that the rescue of Dex-

programmed hypertension by postnatal dietary n-3 fatty acids was associated with 

increased renal 11-HSD2 expression (Wyrwoll et al. 2007) and a reduction in the 

systemic inflammatory state of adult offspring (Wyrwoll et al. 2008). Whether the 

protective effect of n-3 fatty acids in the high-fat diet setting is also mediated via these 

mechanisms requires further study.  

 Adult offspring of Dex-treated mothers also had increased plasma levels of 

cholesterol, TAG and HDL-C, but not LDL-C. To our knowledge, this is the first 

evidence for glucocorticoid programming of hyperlipidemia, although importantly this 

effect was most evident in the HF-fed offspring (e.g. cholesterol 38% higher). Indeed, 

although there was a significant programming effect overall, this effect appeared 

marginal in offspring raised on the Std diet and was not significant by post-hoc analysis. 

This is consistent with our previous report showing no blood lipid effects in offspring 

(raised on a standard diet) of Dex-treated mothers (Wyrwoll et al. 2006), and a more 

recent report by Drake et al. (2010). Interestingly, the latter study also did not observe 

programmed hyperlipidemia even with a postnatal high-fat diet, possibly because the 

fetal glucocorticoid insult was substantially less (e.g. the birthweight reduction of only 

11%; (Drake et al. 2010)). Interestingly, although prenatal dexamethasone exposure in 

common marmosets did not program elevated cholesterol levels in first generation 

offspring, female F2 and F3 generations exhibited elevated cholesterol and LDL-C 

levels, presumably through an epigenetic alteration (Buchwald et al. 2012). Whether 

epigenetic modifications drive the programmed increases in cholesterol in the current 

study remains to be determined. 

In the present study it is clear that prenatal Dex treatment rendered adult 

offspring more susceptible to the dyslipidemic effects of the HF diet, similar to 
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 observations reported by Rueda-Clausen et al. (2011) in a rat model of hypoxia-induced 

IUGR. These examples highlight the fact that certain aspects of the programmed 

phenotype can remain latent unless unveiled (or exacerbated) by a postnatal challenge, 

in this case by a HF diet. Intriguingly, our data also show that when this postnatal HF-

challenge included n-3 fatty acid supplementation, all of the programmed effects on 

blood lipids were corrected. The ability of n-3 fatty acids to lower plasma lipids, 

including TAG, total cholesterol and LDL-C, is well recognized (Dasgupta and 

Bhattacharyya 2007) and various mechanisms for this effect have been proposed. These 

include diminished TAG synthesis due to reduced substrate availability, decreased 

delivery of non-esterified fatty acids to the liver, and increased fatty acid β-oxidation 

(Jump et al. 1996, Faeh et al. 2005, Harris and Bulchandani 2006). Importantly, the 

present study demonstrates for the first time that the cholesterol and TAG lowering 

effects of n-3 fatty acids were retained despite animals receiving a diet rich in saturated 

fat. Interestingly, offspring of Dex-treated mothers also had elevated plasma HDL-C 

levels overall (irrespective of diet), an effect that might convey some beneficial effects 

given the associated increases in plasma cholesterol and LDL-C.  

 Prenatal Dex exposure also programmed an increase in total-body and 

abdominal adiposity as measured by DEXA analysis. Similarly, relative epididymal fat 

pad weight was also elevated in offspring of Dex-treated mothers, consistent with an 

earlier cohort of animals (Wyrwoll et al. 2006). In the current study, the changes in 

body composition occurred even though Dex-exposed offspring did not become heavier 

than Con counterparts in adult life. These observations are in contrast to previous 

reports in which offspring adiposity, assessed using retroperitoneal fat pad weight as a 

marker, was unaffected by prenatal glucocorticoid exposure (Drake et al. 2010).  It is 

likely that the programming effect on adiposity was more apparent in our model (i.e., 
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 current study and (Wyrwoll et al. 2006) because of the higher dose of dexamethasone 

and the associated greater severity of the fetal insult. 

 Offspring of Dex-treated mothers showed delayed puberty onset, an outcome not 

affected by the HF diet with or without increased n-3 fatty acids. This effect is 

consistent with previous reports of a programmed delay in puberty onset observed in 

both male and female offspring raised on a standard diet (Smith and Waddell 2000, 

Wyrwoll et al. 2006), and presumably reflects a disturbance in hypothalamic-pituitary-

gonadal (HPG) signaling. Interestingly, the HPG axis is normally positively responsive 

to increased adiposity, possibly via increased leptin levels (Connor et al. 2012), yet in 

our study the greater adiposity in offspring of Dex-treated mothers was unable to 

prevent the puberty delay. Further studies are required to identify the specific 

mechanism(s) by which prenatal Dex delays puberty onset in offspring. 

  An important overall caveat for this study is that consumption of the HF diet did 

not induce obesity in Con offspring, presumably due to the caloric auto-regulation 

evident in these animals. In contrast, offspring on the HFHn-3 diet, which had the same 

energy content as the HF diet, did not auto-regulate food intake and thus had a higher 

energy consumption (approximately 20% higher) than those on the Std or HF diets. 

Despite this increased energy intake, these animals did not develop diet-induced obesity 

or even increased adiposity. This is consistent with previous reports in which dietary n-

3 fatty acids decreased adiposity in rats (Wyrwoll et al. 2006, Shirouchi et al. 2007, 

Flachs et al. 2009). It is possible that the n-3 fatty acids, notably eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), stimulated fat burning and repressed fat 

storage in the liver via interaction with peroxisome proliferator-activated receptor 

(PPAR)-a (Jump et al. 1996, Clarke et al. 1999). Activation of PPAR-d in adipocytes 

also leads to improved lipid profiles and reduced adiposity (Wang et al. 2003) and n-3 

fatty acids are known ligands for these PPARs (Flachs et al. 2009). EPA and DHA are 
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 also incorporated into the membrane phospholipid fraction of the adipocyte to increase 

insulin sensitivity and mediate anti-inflammatory effects (Luo et al. 1996, Fickova et al. 

1998, Li et al. 2005).  

 A second consideration includes the use of the non-physiological glucocorticoid, 

dexamethasone, as the fetal insult rather than the physiological glucocorticoid, 

corticosterone. Dexamethasone is used in our model specifically to ensure that the 

placental glucocorticoid barrier is by-passed, thus increasing fetal glucocorticoid 

exposure in a uniform manner (Burton and Waddell 1994, Hewitt et al. 2006). 

Importantly, pharmacological inhibition of the placental glucocorticoid barrier via 

carbenoxolone administration achieves similar effects in terms of fetal and placental 

weight reduction and many programmed outcomes (Edwards et al. 1996, Lindsay et al. 

1996, Lindsay et al. 1996, Waddell et al. 2000). Nevertheless, it remains possible that 

not all of the effects we observe with dexamethasone would be recapitulated by excess 

fetal corticosterone exposure. 

Despite achieving normal body weight following postnatal catch-up growth, 

Dex offspring had a substantial (10-18%) reduction in relative kidney weight, consistent 

with previous reports showing that fetal glucocorticoid excess reduces the number of 

functional nephrons in association with programmed hypertension (Kuure et al. 2000, 

Schreuder and Nauta 2007). In this context it is noteworthy that kidney size remained 

relatively small in the HFHn3-fed offspring despite normalization of blood pressure. It 

is unlikely, therefore, that the n-3 fatty acid-mediated reduction in blood pressure 

involved a rescue of nephron number, perhaps unsurprising given that nephrogenesis in 

the rat is normally complete prior to weaning (Merlet-Benichou et al. 1994).  

In conclusion, this study demonstrates that Dex-programmed hypertension, 

hyperlipidemia and increased adiposity in 6-month-old male offspring is worsened 

following consumption of a HF diet from weaning. Importantly, we show for the first 
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 time that consumption of high dietary n-3 fatty acids rescued these programmed 

outcomes even in the presence of the HF diet.  
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 7.1 Abstract 

Fetal glucocorticoid excess predisposes offspring to an adverse metabolic 

phenotype, including increased adiposity and altered adipose tissue gene expression, 

and the programmed phenotype can be exacerbated or attenuated by postnatal dietary fat 

modifications. Clock genes are key regulators of metabolic function in a range of 

tissues, but the impact of programming insults on their rhythmic expression is unknown. 

Here we tested the hypothesis that fetal glucocorticoid excess programs changes in the 

adipose tissue circadian clock gene network and its response to postnatal dietary fat 

modification. Pregnant rats were either untreated (Con) or administered dexamethasone 

acetate (Dex; 0.5 μg/ ml drinking water) from day 13 (term = day 23). Offspring were 

cross-fostered to untreated mothers and males were weaned onto either a standard (Std), 

high-fat (HF) or high-fat supplemented with omega (n)-3 fatty acids (HFHn-3) diet. At 

6 months of age, retroperitoneal adipose tissue was collected at four Zeitgeber times 

(ZT1=8am, ZT7=2pm, ZT13=8pm and ZT19=2am; each n=8). Prenatal Dex suppressed 

adipose expression of Bmal1, Per1 and Per3 and reduced the circadian rhythmicity of 

each gene. In offspring of control mothers the HF diet reduced expression of Per1 but 

increased that of Per2, Per3 and Cry1. The HF effects on Per1 and Per3 were partially 

corrected by n-3 fatty acid supplementation. In contrast, these HF diet-induced changes 

were mostly absent in Dex offspring, indicative of an abnormal response to a HF dietary 

challenge. Dex exposure also altered adipose expression of metabolic genes (Ppara and 

Pgc1a) including their response to the HF diet. In conclusion, we show that prenatal 

Dex programs major perturbations in adipose tissue clock gene expression, most 

notably a reduction in circadian rhythmicity of the Per genes and their responsiveness to 

a HF diet. These findings implicate a key role for disturbed circadian rhythmicity as a 

mediator of adverse metabolic programming outcomes induced by maternal 

dexamethasone exposure. 
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 7.2 Introduction 

Glucocorticoids are essential for late fetal development, but fetal exposure to 

excess maternal glucocorticoid limits fetal growth and programs a range of adverse 

metabolic outcomes in adult offspring (Seckl 2004) including hyperinsulinaemia 

(Wyrwoll et al. 2008), hyperleptinaemia (Wyrwoll et al. 2006) and increased 

inflammation (Wyrwoll et al. 2008). Adipose tissue is central to overall metabolic 

homeostasis, playing key roles in substrate storage / utilization and in signaling to the 

brain on energy status (Ahima and Flier 2000). Offspring of mothers exposed to 

prenatal undernutrition or glucocorticoid excess develop increased visceral adiposity 

(Bjorntorp 1991), dysregulated adipocyte gene expression, and insulin resistance 

(Jaquet et al. 2000). While these phenotypic outcomes potentially confer a selective 

advantage in a nutritionally-deprived postnatal environment (de Boo and Harding 

2006), they are generally detrimental in a nutritionally-abundant environment. Indeed, 

programmed offspring appear more susceptible to the adverse effects of a high-fat diet 

(see Chapter 6 and Vickers et al. (2000)). Despite the clear evidence for adverse 

metabolic programming effects and their exacerbation by postnatal high-fat diets, the 

mechanisms linking early life insults to aberrations in adult metabolic homeostasis 

remain unclear. 

Circadian rhythmicity is now recognized as a key component of metabolic 

function, ensuring optimal coordination with feeding and activity rhythms (Hastings et 

al. 2007). Circadian physiology is driven by the suprachiasmatic nucleus (SCN) where a 

set of core clock genes, namely Clock, Bmal1, Period (Per) 1, Per2, Per3, 

Cryptochrome (Cry) 1, and Cry2, form transcriptional-translational feedback loops to 

drive circadian rhythmicity (Dunlap 1999, Young and Kay 2001, Lowrey and Takahashi 

2004). The SCN clock is entrained by environmental cues, particularly photoperiod, and 

coordinates the function of peripheral tissue clocks including those in metabolic tissues 
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 such as the liver (Storch et al. 2002, Canaple et al. 2006, Gimble et al. 2011, Schmutz et 

al. 2012) and adipose tissue (Sukumaran et al. 2010). These peripheral tissue clocks are 

central to metabolic homeostasis via effects on several gene networks that optimize cell 

function in relation to feeding and activity (Akhtar et al. 2002, Panda et al. 2002, Froy 

2010, Balakrishnan et al. 2012). In adipose tissue, circadian clock gene expression 

exerts major effects on key genes that regulate metabolism including peroxisome 

proliferator-activated receptor-g (Pparg). Although the normal rhythmic secretion of 

glucocorticoids directly influences the clock gene network in various tissues, it is not 

known if this network is programmed by fetal glucocorticoid excess. Therefore, the 

present study tested the hypothesis that fetal glucocorticoid excess programs 

disturbances in adipose tissue clock gene expression in adult offspring, as well as 

expression of possible downstream gene targets (e.g. metabolic regulators). We also 

determined whether any programming effects of fetal glucocorticoid excess were 

modified by a high-fat postnatal diet with or without omega (n)-3 fatty acid 

supplementation. Our previous studies have established that postnatal n-3 fatty acid 

supplementation rescues many aspects of the glucocorticoid-programmed metabolic 

phenotype (Wyrwoll et al. 2006), even in the presence of a postnatal HF diet (see 

Chapter 6).  

7.3 Materials and Methods 

7.3.1 Animals and diets 

Nulliparous albino Wistar rats aged between 8 and 10 weeks were obtained from 

Animal Resources Centre (Murdoch, W.A., Australia). Animals were maintained under 

controlled lighting and temperature as previously described (Wyrwoll et al. 2006), with 

lights on between 0700h (Zeitgeber time (ZT) 0) and 1900h (ZT12). Females were 

monitored for estrus cycle stage using an estrous probe (Life Scientific, US) and housed 
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 with a male on the night of pro-oestrous. The presence of spermatozoa in the vaginal 

smear the next morning confirmed mating, with this day designated as day 1 of 

pregnancy. Pregnant dams were caged individually and from day 13 were either left 

untreated (Con) or administered 0.5 µg/ml of dexamethasone-21-acetate (Dex) in their 

drinking water until parturition. Following delivery, offspring of Con and Dex mothers 

were cross-fostered to untreated mothers maintained on standard chow diet. At postnatal 

day 25, four male offspring per litter were kept and housed in pairs in a clear plastic 

cage. They were weaned onto one of three semi-pure diets: standard (Std) (12% energy 

from fat, 0.04% n-3); high-fat, low-omega-3 (HF) (45% energy from fat, 0.23% as n-3); 

or high-fat, high-omega-3 (HFHn-3) (45% energy from fat, 1.84% as n-3). These semi-

pure diets were designed and manufactured by Specialty Feeds (Glen Forrest, W.A., 

Australia) and details of their composition are provided in Table 5.2. At 6 months of 

age, one member of each litter was anesthetized with isoflurane / nitrous oxide at one of 

four circadian time points (ZT1, ZT7, ZT13 or ZT19). A blood sample was obtained 

from the dorsal aorta and mixed with 10:1 (v/v) 0.6 M EDTA, and two samples of 

retroperitoneal adipose tissue (RPAT) were obtained (one fixed in 4% 

paraformaldehyde and one snap frozen on liquid nitrogen and stored at -80 C). 

7.3.2 Measurement of blood glucose and plasma insulin, leptin and lipids 

Blood glucose levels were measured immediately after collection (Accucheck; 

Roche Diagnostics, Manheim, Germany). Plasma insulin and leptin were measured as 

part of a Milliplex MAP, rat multiple adipokine kit on a Luminex 100 machine 

(Millipore, St Charles, MO). The intra-assay variability for this determination was <4%. 

Plasma cholesterol, triacylglycerol (TAG) and high-density lipoprotein cholesterol 

(HDL-C) levels were determined enzymatically on an Architect c16000 (Abbott 

Laboratories, Lake Forest, IL) as per the manufacturer’s instructions. Low-density 



 

 133 

Chapter 7: Manuscript 2 

 lipoprotein cholesterol (LDL-C) values were derived according to the Friedewald 

calculation (Huang et al. 1997). 

7.3.3 Adipose tissue stereology 

Adipose tissue stereology is a standard histological technique used to investigate 

changes in adipose tissue morphometry (Mark et al. 2014). RPAT samples were fixed in 

4% paraformaldehyde and processed for routine paraffin histology. Three 5 m sections 

were obtained for each sample, the first at a random start point and subsequent sections 

at 300 m intervals. All sections were stained with hematoxylin and eosin and mounted 

in DPX. An unbiased stereological analysis was conducted using an Olympus BX50 

microscope, using Cavelieri grid overlay with an automated stage and Stereo 

Investigator software (MBF Bioscience, Williston, VT). The area of white adipocytes 

was estimated by point counting (Gundersen and Jensen 1987); briefly, 100 adipocytes 

were chosen by systematic uniform sampling, and the size of each was estimated based 

on the number of intersecting grid points (x20 objective). Area estimates were 

calculated by multiplying the number of grid points counted per cell by the area 

associated with each grid point (20 μm2). The resultant volumes were adjusted for 

shrinkage by the measurement of erythrocyte diameter.  

7.3.4 RNA sample preparation 

Total RNA was isolated from adipose tissue samples using an RNeasy Lipid kit 

(Qiagen, Melbourne, Australia) according to manufacturer’s instruction. RNA was 

quantified using the NanoDrop (ND-1000) spectrophotometer after which 5 μg of the 

RNA was reverse transcribed using Mouse Moloney leukaemia virus reverse 

transcriptase and random hexamers (Promega, Sydney, Australia). Resultant cDNAs 

were purified using ultraclean PCR Cleanup kit (MoBio Laboratories, Inc., Carlsbad, 

CA) as per manufacturer’s guide.  
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 7.3.5 Real-time quantitative RT-PCR 

Gene specific primers for Clock, Bmal1, Per1, Per2, Per3, Cry1, Cry2, Reverba, 

Emr1, Tnfa, Il6, Il1b, Ppara, Pgc1a, Pparg and the reference genes Ppia and Sdha were 

derived from those reported previously (Wharfe et al. 2011). All primers were designed 

to span introns to prevent amplification of product from genomic DNA. Each gene was 

sequenced to confirm specificity (data not shown). Primer sequences, MgCl2 and primer 

concentrations, annealing temperature, and PCR product sizes for each gene are shown 

in Table 4.3 (section 4.10). Standard curves were generated from 10-fold serial dilutions 

of gel-extracted PCR products and interpreted using the Rotorgene 6000 software 

(Corbett Research, Sydney, Australia). All samples were normalized against Ppia and 

Sdha using the GeNorm algorithm (Vandesompele et al. 2002). 

7.3.6 Statistical analyses 

Data were expressed as mean ± SEM and when not normally distributed 

(assessed by Kolmogorov-Smirnov test) data were log transformed prior to analysis. 

Group means were compared by either two-way or three-way ANOVA where 

appropriate to account for variation due to prenatal treatment (Con or Dex), postnatal 

diet (Std, HF or HFHn-3) or time of day (ZT1(0800 h), ZT7 (1400 h), ZT13 (2000 h) or 

ZT19 (0200 h)). When the F statistic reached significance (P<0.05), specific group 

comparisons were made by least significant different (LSD) test (Snedecor and Cochran 

1989). Where there was significant interaction between sources of variation, separate 

one- or two-way ANOVAs were conducted. Circadian rhythmicity of clock genes was 

assessed by cosinor analysis using non-linear regression. This analysis generated group 

means (± SEM) for each of the key circadian descriptors (mesor, amplitude and 

acrophase), and these were compared among groups by one- or two-way ANOVA as 

appropriate. 
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 7.4 Results 

7.4.1 Glucose, insulin, lipids and adipocyte morphology 

Time of day effects on blood sugar: Blood glucose was elevated in offspring of 

Dex-treated mothers (5% overall, P<0.001; Figure 7.1) whilst there is a trend for 

elevation of plasma insulin levels (P=0.061; Figure 7.1), both varied significantly with 

time-of-day (P<0.001 and P<0.05, respectively). Blood glucose also varied with 

postnatal diet (being slightly lower in the HF and HFHn-3 groups, P=0.005; see Fig 

7.1).  

Time of day effects on plasma lipids: Plasma levels of cholesterol, TAGs, HDL-

C and LDL-C did not vary with time of day, and so data were pooled for different ZTs 

and group means are presented in Table 7.1. Plasma cholesterol was not affected by 

prenatal treatment or postnatal diet, but there was a significant interaction between these 

sources of variation. Accordingly, in offspring of Dex-treated mothers, plasma 

cholesterol was higher (27%; P=0.02) on the HF diet compared with offspring of 

control mothers. Interestingly, this programmed hypercholesterolemia was not observed 

in offspring raised on the HFHn-3 diet. Plasma TAG levels were increased (P=0.006) 

by prenatal Dex treatment, but again there was a significant Dex x Diet interaction such 

that no Dex effect was observed in offspring raised on the HFHn-3 diet. Plasma TAG 

levels were strongly influenced by diet (P<0.001), with lower levels observed in 

offspring raised on both the HF and HFHn-3 diets. Plasma HDL-C was unaffected by 

prenatal Dex but was reduced by the HF diet (P=0.01 overall diet effect). LDL-C was 

also unaffected by prenatal Dex but was increased by both the HF and the HFHn-3 diets 

irrespective of prenatal treatment (overall diet effect P<0.001). 
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 Prenatal Dex treatment increased adipocyte size in adult offspring by 33% 

(P<0.01; Figure 7.2). Consumption of the HF diet (but not the HFHn-3 diet) also 

increased adipocyte size irrespective of prenatal treatment (P<0.05).  

 

 

Figure 7.1: Plasma insulin and blood glucose levels in offspring of control and 
dexamethasone-treated (Dex) mothers. Offspring were raised from weaning on a 
standard (Std), high fat (HF), or high fat / high n-3 (HFHn-3) diet. Values are the mean 
± SEM of samples obtained at 6-h intervals across the day. Both insulin and glucose 
levels varied significantly with time (P=0.03 and P<0.001, respectively) and with Dex 
(P=0.032 and P=0.001), and glucose varied with diet (P=0.005). ZT refers to Zeitgeber 
time (hours after lights-on). The white and black bars on the X-axis indicate periods of 
lights-on and lights-off respectively. 
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Figure 7.2: White adipocyte cell size (retroperitoneal fat) in offspring of control 
and dexamethasone-treated (Dex) mothers. Offspring were raised from weaning on a 
standard (open bars), high fat (HF; black bars), or high fat / high n-3 (HFHn-3; striped 
bars) diet. Values are the mean ± SEM (n=4 per group).  

 

# P<0.05 compared with corresponding HFHn3 group (ANOVA and LSD test);  

** P=0.006, overall prenatal Dex effect (ANOVA). 
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 Table 7.1: Plasma cholesterol, TAG, HDL-C, and LDL-C levels in offspring of control (Con) and dexamethasone-treated (Dex) mothers. Offspring 
were raised from weaning on a standard, high fat, or high fat / high n-3 diet. None of these measures varied significantly with time of day. 

 Standard diet  High Fat diet  High Fat, High n-3 diet   ANOVA  

 Con Dex Con Dex Con Dex Dex Diet Dex x 
Diet 

Chol (mM) 1.90 ± 0.15 2.13 ± 0.16 1.94 ± 0.14 2.35 ± 0.17* 2.03 ± 0.11 1.85 ± 0.11 NS NS 0.036 

TAG (mM) 1.54 ± 0.20   2.00 ± 0.31*   1.12 ± 0.16 a   1.49 ± 0.12* a   0.94 ± 0.06 a    0.93 ± 0.11 ab 0.006 <0.001 0.048 

HDL-C (mM) 0.73 ± 0.05 0.81 ± 0.05  0.64 ± 0.03 0.73 ± 0.04 0.73 ± 0.02 0.69 ± 0.03 NS 0.01 NS 

LDL-C (mM) 0.54 ± 0.10 0.50 ± 0.07   0.83 ± 0.07 a  0.94 ± 0.10 a 0.87 ± 0.09 a   0.73 ± 0.07 a NS <0.001 NS 

* P<0.05 compared with Con group on the same diet (LSD test)  

a P<0.05 compared with corresponding group on the Standard diet (LSD test) 

b P<0.05 compared with corresponding group on the High Fat diet (LSD test) 
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7.4.2 Adipose expression of clock genes 

(i) Variation attributable to time, treatment and diet (assessed by conventional 

ANOVA):  

Time-of-day variation in was clearly evident in adipose tissue expression of all 

canonical clock genes (P<0.001) with the exception of Clock. Prenatal Dex treatment 

reduced expression of Bmal1 (P=0.001), Per1 (P=0.003) and Per3 (P<0.001) (see Fig 

7.3) and there were significant Dex-Time interactions for Per1 (P=0.001), Per2 

(P=0.01) and Per3 (P=0.004), such that only expression at ZT7 and ZT13 was typically 

reduced. This suggests that prenatal Dex influenced the circadian expression patterns of 

the three Per genes, consistent with cosinor analysis (see below).  

Variation in clock gene expression attributable to diet was also highly significant 

for Per1, Per2, Per3, Cry1 and Cry2 (all P<0.001). The most striking dietary effects in 

offspring of control mothers were higher expression of Per1 and Cry2 (for both HF and 

HFHn-3 diets) and Per3 (HF diet only). Importantly, prenatal Dex substantially altered 

the impact of diet on adipose expression of Clock (Dex x Diet interaction: P=0.035), 

Per1 (P=0.006), Per2 (P<0.001) and Cry2 (P<0.001). In essence, the clear dietary 

effects observed in offspring of Con mothers were almost entirely absent in offspring of 

Dex-treated mothers, suggesting that prenatal Dex limited the capacity of adipose clock 

gene expression to respond to dietary manipulation. 

(ii) Impact of prenatal treatment and postnatal diet on circadian characteristics:  

Analysis of clock gene expression by conventional ANOVA cannot specifically 

assess the impact of programming and diet on circadian variation of clock genes. 

Therefore, non-linear (cosinor) regression analyses were used to derive the circadian 

characteristics of mesor (mid-point of circadian range), amplitude and acrophase (time 
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 of peak expression). These analyses showed highly significant circadian variation for all 

canonical clock genes except Clock (see Suppl Table 7.2 for r2 and P values), consistent 

with the ANOVA data. The mesors (mean level of periodic function) and amplitudes 

(distance from mesor to peak or trough) are shown for each gene in Table 7.2, and 

examples of circadian rhythmic profiles (Per1, Per2, Per3 and Reverba) are shown in 

Figure 7.3. The key programming outcomes were that Dex reduced mesor levels for 

Clock, Bmal1, Per1, Per2 and Per3, and also reduced the circadian amplitude for each 

of the Per genes (see Table 7.2 and Figure 7.3). Mesors for the three Per genes, Cry2 

and Reverba also varied with postnatal diet, as did the amplitude for each of these genes 

(except Per2 where amplitude was unaffected). Prenatal Dex also significantly 

advanced the time of peak expression (acrophase) for Reverba in offspring raised on the 

Std diet (≈ 1.3h; P<0.001).  

Prenatal Dex also strongly influenced how particular clock genes responded to 

dietary manipulation, with highly significant Dex x Diet interactions observed for the 

mesor of all three Per genes as well as those for Cry1, Cry2 and Reverba. Interestingly, 

while these observations were broadly consistent with the Dex x Diet interactions 

observed by conventional ANOVA, derivation of the circadian characteristics appears 

to provide more sensitivity. Thus, while a significant Dex x Diet interaction was 

observed for four of the clock genes by conventional ANOVA (Suppl Table 7.1), all but 

Clock showed a Dex x Diet interaction for either mesor or amplitude (Table 7.2). 

Collectively, these data suggest that fetal glucocorticoid excess limits the response of 

adipose clock gene expression to a dietary challenge. Finally, there were also significant 

Dex x Diet interactions for the acrophase of Per2, Cry2 and Reverba; most notably, the 

peak in Per2 expression was delayed by both the HF and HFHn-3 diets only in Dex 

offspring (see Figure 7.3). 
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 Table 7.2: Mesor and amplitude values derived by cosinor regression analyses of adipose tissue clock gene expression in offspring of control (Con) and dexamethasone-treated 
(Dex) mothers. Offspring were raised from weaning on a standard, high fat, or high fat / high n-3 diet. Values are the mean ± SEM and are expressed relative to the mesor value 
in the Con/Std group (set at 100). Mesor refers to the mean level of periodic function and amplitude refers to the distance from mesor to peak or trough. 

  Standard diet  High Fat diet  High Fat, High n-3 diet   ANOVA  

  Con Dex Con Dex Con Dex Dex Diet Dex x Diet 

Clock        Mesor 
       Amplitude 

100 ± 17 
  36 ± 24 

99 ± 16 
46 ± 22 

128 ± 19 
  40 ± 27 

110 ± 15 
  30 ± 22 

126 ± 20 
  37 ± 28 

60 ± 9 
    9 ± 12 

0.035 
NS 

NS 
0.032 

NS 
NS 

Bmal1        Mesor 
       Amplitude 

100 ± 10 
  71 ± 13 

82 ± 12 
77 ± 17 

100 ± 14 
110 ± 20 

70 ± 12 
51 ± 17 

102 ± 11 
  68 ± 14 

73 ± 9 
  86 ± 13 

0.007 
NS 

NS 
NS 

NS 
0.040 

Per1        Mesor 
       Amplitude 

100 ± 11 
  88 ± 16 

105 ± 14 
  44 ± 19 

71 ± 8 
  40 ± 12 

44 ± 4 
16 ± 6 

140 ± 15 
  88 ± 22 

76 ± 7 
  17 ± 11 

0.001 
0.0002 

<0.0001 
0.040 

0.006 
NS 

Per2        Mesor 
       Amplitude 

100 ± 13 
  97 ± 19 

157 ± 21 
154 ± 28 

283 ± 31 
209 ± 45 

214 ± 24 
  94 ± 31 

290 ± 24 
250 ± 33 

139 ± 12 
  67 ± 18 

0.002 
0.0015 

<0.0001 
NS 

<0.0001 
0.0004 

Per3        Mesor 
       Amplitude 

100 ± 9 
    57 ± 12 

76 ± 5 
37 ± 7 

209 ± 22 
149 ± 31 

111 ± 10 
  42 ± 14 

125 ± 9  
    77 ± 12 

70 ± 5 
20 ± 8 

<0.0001 
<0.0001 

<0.0001 
0.005 

0.007 
0.036 

Cry1        Mesor 
       Amplitude 

100 ± 8 
    51 ± 12 

113 ± 15 
59 ± 22 

72 ± 6 
45 ± 8 

73 ± 13 
26 ± 18 

120 ± 15 
  43 ± 20 

88 ± 9 
  60 ± 13 

NS 
NS 

NS 
NS 

0.005 
NS 

Cry2        Mesor 
       Amplitude 

100 ± 5 
 27 ± 7 

124 ± 6 
  29 ± 8 

185 ± 6 
    5 ± 8 

166 ± 5 
  53 ± 6 

192 ± 8  
    70 ± 11 

165 ± 5 
  30 ± 6 

NS 
NS 

<0.0001 
0.006 

<0.0001 
<0.0001 

Reverba        Mesor 
       Amplitude 

100 ± 13 
114 ± 18 

130 ± 25  
169 ± 34 

129 ± 17 
155 ± 24 

    163 ± 22  
    196 ± 32 

314 ± 38 
337 ± 55 

168 ± 20 
181 ± 29 

NS 
NS 

<0.0001 
<0.0001 

0.0001 
<0.0001 
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 Per1 

 

Per2 

 

Per3 

Reverba 

 

Figure 7.3: Circadian variation of adipose clock gene expression (Per1, Per2, Per3 and 
Reverba) in offspring of control (solid curves, closed circles) and dexamethasone-
treated (dashed curves,open squares) mothers. Offspring were raised from weaning on a 
standard (Std), high fat (HF), or high fat / high n-3 (HFHn-3) diet. Values are the mean 
± SEM and are expressed relative to the mesor value in the Control/Std group (set at 
100). Cosinor rhythms were derived for each group by non-linear regression (see 
Supplementary Table 7.2 for cosinor r2 values). See Table 7.2 for details of statistical 
differences among mesors and amplitudes. ZT refers to Zeitgeber time (hours after 
lights-on). The white and black bars on the X-axis indicate periods of lights-on and 
lights-off respectively. 
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 7.4.3 Adipose expression of PPAR genes 

Among the PPARs, only adipose expression of Pparg varied with time-of-day 

(P<0.001) (figure not shown), whereas Pgc1a and Ppara were affected by postnatal diet 

(both P<0.001; see Figure 7.4). Prenatal Dex reduced expression of Pgc1a overall (main 

effect P<0.001) but not that of either Pparg or Ppara. There were, however, strong Dex 

x Diet interactions for Ppara and Pgc1a (P=0.002 and P<0.001, respectively), 

indicative of blunted responses to dietary challenge for both. Accordingly, the HF-

induced increases in Ppara and Pgc1a expression observed in Con offspring were not 

evident in Dex offspring (see Figure 7.4). HFHn-3 diet also increased PGC1a 

expression in Con offspring (P<0.001, see Figure 7.4), an effect not observed in 

offspring of Dex-treated mothers. 
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Figure 7.4: Adipose expression of PPAR genes (Ppara, Pparg and Pgc1a) in offspring 
of control and dexamethasone-treated (Dex) mothers. Offspring were raised from 
weaning on a standard (Std), high fat (HF), or high fat / high n-3 (HFHn-3) diet. Values 
are the mean ± SEM. Significant Dex x Diet interactions were observed for both for 
Ppara (P=0.002) and Pgc1a (P<0.001), consistent with blunted responses to the HF diet 
for these genes in Dex offspring.  

* P<0.05 compared with Std diet in same in offspring of control mothers;  

** P<0.001, overall Dex effect for Pgc1a  
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 7.4.4 Adipose expression of inflammatory genes  

Among the four inflammatory genes investigated, only the macrophage marker Emr1 

varied significantly with time-of-day (P<0.001; ANOVA) (figure not shown), but this 

variation was not well described by cosinor regression analysis. Emr1, Il6, Tnfa and 

Il1b expression was increased by the HF diet (but not by the HFHn-3 diet; see Figure 

7.5). Although prenatal Dex did not influence inflammatory gene expression in 

offspring raised on the Std diet, Dex did modify the response to diet, with clear Dex x 

Diet interactions for Tnfa (P<0.001) and Il6 (P=0.004). Most notably, the response of 

Il6 expression to the HF diet was less pronounced in offspring of Dex-treated mothers 

compared with that in control offspring (Figure 7.5). 
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Figure 7.5: Adipose expression of inflammatory genes in offspring of control and 
dexamethasone-treated (Dex) mothers. Offspring were raised from weaning on a 
standard (Std), high fat (HF), or high fat / high n-3 (HFHn-3) diet. Values are the mean 
± SEM. Only Emr1 varied significantly with time of day, whereas all four genes varied 
with diet (each P<0.001). Prenatal Dex influenced expression of Emr1 (P=0.03) and 
Il1b (P<0.001) and there were significant Dex x Diet interactions for both Tnfa 
(P<0.001) and Il6 (P=0.004). 

  
* P<0.05 compared with corresponding Std and HFHn-3 groups (ANOVA and LSD 
test). 
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 7.5 Discussion 

A range of fetal insults can predispose adult offspring to an adverse cardiometabolic 

phenotype characterized by hypertension, increased adiposity and reduced insulin 

sensitivity (Eriksson et al. 2002, Barker 2005). Given the key role played by the clock 

gene network in metabolic regulation (Scheer et al. 2009, Yang and Shieh 2009), the 

focus of this study was to assess whether fetal glucocorticoid excess programs adult 

clock gene expression in adipose tissue. The key findings were that offspring of Dex-

treated mothers showed marked alterations in the key circadian rhythm characteristics 

(mesor and amplitude) of adipose clock gene expression. Moreover, the normal 

response of these adipose clock genes to a postnatal HF diet was diminished, suggesting 

that the capacity to adapt metabolic function to dietary challenges is compromised by 

fetal glucocorticoid excess. As such, our data implicate a key role for disturbed 

circadian rhythmicity as a mediator of adverse metabolic programming outcomes. 

Clock gene rhythms are driven by transcriptional-translational feedback loops 

that regulate downstream genes involved in a range of metabolic processes (for reviews 

see Froy et al. (2010) and Balakrishnan et al. (2012)). Not only are these rhythms 

important for daily metabolic homeostasis, they also underpin adaptations to more 

chronic metabolic challenges such as a high-fat diet. The core circadian loop is initiated 

by a CLOCK-BMAL1 protein heterodimer which activates transcription of the Per and 

Cry genes (Balakrishnan et al. 2012). PER and CRY proteins then accumulate in the 

cytoplasm and translocate to the nucleus where they inhibit the CLOCK-BMAL1 

stimulation of Per and Cry transcription. As a consequence, PER and CRY levels fall 

and the cycle is reinitiated by increased Bmal1 and Clock transcription (Balakrishnan et 

al. 2012). This core oscillation is stabilised by accessory feedback loops, most notably 

CLOCK:BMAL1 activation of Reverba transcription and a consequent down regulation 

of Bmal1 by REVERBA. Overall, these feedback loops result in Bmal1 rhythms that are 
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 broadly the inverse of those for the Per, Cry and Reverba genes. Because clock genes 

drive transcription of many downstream genes (10-15% of the transcriptome; (Schmutz 

et al. 2012)), they are central to metabolic adaptations. Indeed, disturbances in clock 

gene rhythms (e.g. via transgenic manipulation) lead to a range of metabolic 

disturbances including obesity and insulin resistance (see below; for review see Fonken, 

2014). 

In the present study offspring of Dex-treated mothers showed reduced 

expression of Bmal1, Per1 and Per3 overall and a blunted rhythmic oscillation for the 

three Per genes (based on an overall reduction in their circadian amplitudes). The latter 

effect was also supported by conventional ANOVA which showed significant Dex x 

Time interactions for the three Per genes. These observations suggest that the Per genes 

are less responsive to transcriptional activation following prenatal Dex exposure, an 

effect also supported by their blunted responses to a HF diet. Thus, adipose expression 

of both Per1 and Per2 increased markedly on the HF diet in offspring of control 

mothers, whereas Dex offspring were effectively unresponsive to this dietary challenge. 

Previous studies show that clock gene circadian rhythms change in response to a high 

fat diet in metabolic tissues for review see (Fonken and Nelson 2014), although 

interestingly very different responses have been reported. For example, adipose 

expression of Clock, Bmal1 and Per2 were reduced after 6 weeks of high-fat feeding in 

mice (Kohsaka et al. 2011) whereas adipose Cry1 and Per2 expression were increased 

after a similar period of high fat diet exposure in rats (Miranda et al. 2013), comparable 

to observations in the present study. While these inconsistencies may reflect species 

differences, it is clear that a dietary high fat challenge disrupts the clock gene network, 

and our current data in control offspring confirm that this disruptive effect remains 

evident after 5 months.  
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 Our data also suggest that the type of dietary fat, not just the quantity, can 

influence clock gene expression. Thus, those animals fed a HF diet supplemented with 

n-3 PUFAs exhibited a different pattern of clock gene expression. In particular, the HF-

induced suppression of Per1 and upregulation of Per3 were both prevented by 

supplementation with n-3 PUFAs. Moreover, n-3 PUFAs greatly increased adipose 

expression of Reverba (elevation in mesor value >3-fold), although interestingly this 

effect was not seen in Dex offspring. Such differential effects of dietary fats on clock 

gene expression potentially involve a wide range of signaling pathways, but a role for 

PPARs is certainly worthy of investigation (see below). 

 The consequences of the blunted clock gene response to a high fat diet in Dex 

offspring remain to be elucidated. Indeed, the adaptive advantage of specific clock gene 

responses to a dietary challenge remain unclear, in part because the expression of all 

canonical clock genes are inherently linked by their transcriptional-translational 

feedback loops. Nevertheless, there is little doubt that a dysfunctional clock gene 

network, such as that programmed by prenatal Dex in the present study, results in a 

more vulnerable metabolic phenotype. For example, Clock mutant mice display marked 

alterations in circadian rhythmicity and develop features of the metabolic syndrome 

including hyperleptinemia, hyperlipidemia, and hepatic steatosis (Turek et al. 2005). 

Similarly, Bmal1-/- mice display disturbances in energy homeostasis, notably including 

elevations in plasma lipids and ectopic lipid accumulation associated with a reduced 

capacity to store fat in adipose tissue (Shimba et al. 2011). Interestingly, restoration of 

rhythmicity in Bmal1-/- mice with Bmal2 restores insulin sensitivity (Hoshi et al. 2013) 

Finally, mice deficient in all three Per genes (by transgenic ablation) developed 

increased adiposity on a high-fat diet, despite reduced food intake (Dallman and Weaver 

2010), again indicative of a key role for clock genes in metabolic adaptation. 

Collectively, these studies suggest that the programmed reduction in adipose clock gene 
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 expression observed in our model (notably the Bmal1 and the Per genes) is 

mechanistically implicated in several aspects of the Dex programmed phenotype.  

The failure of adipose Per1, Per2 and Cry2 expression to respond normally to 

the high fat diet highlights the important concept of latency in developmental 

programming outcomes. Thus, many adverse effects of early life insults may never 

eventuate because they require a second insult in postnatal life to be uncovered. For 

example, in the cohort of animals used in this study, Dex exposure in utero resulted in 

increased adiposity only when followed by a high fat diet in postnatal life (see Chapter 

6).  

 To our knowledge the present study provides the first evidence for 

developmental programming of the full circadian rhythm of clock genes in adult 

offspring. A key feature of our data is that samples were obtained at 4-h timepoints 

across the circadian cycle, and clear, robust rhythms were confirmed by cosinor 

regression analyses for all clock genes (with the exception of Clock). One previous 

report by Sutton et al. (2010) did show disturbances in brain, hepatic and muscle clock 

gene expression programmed by a maternal low protein diet (LPD), with increased 

Bmal1 and Per2 and reduced Reverba expression in adult offspring. But the full extent 

of this programmed circadian disruption is difficult to assess since analysis was limited 

to only two circadian timepoints. More recently, two studies have reported 

programming effects in immature offspring; Orozco-Solis et al. (2011) identified LPD-

programmed disturbances in hypothalamic and hepatic Bmal1 and Per1 expression in 

17- and 35-day old rats, and Borengasser et al (2014) showed that although maternal 

obesity did not program changes in hepatic clock gene expression, it did result in 

reduced clock gene expression when immature offspring were fed a high fat diet for 2 

weeks post-weaning. Although this abnormal clock gene response to a high fat diet is 
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 quite different to that observed in our Dex model, it again highlights the latency of 

certain programmed effects. 

The mechanisms by which fetal glucocorticoid excess programs adult clock 

gene expression are not known, but interestingly glucocorticoids are recognized as key 

regulators of clock genes in adults (Balsalobre et al. 2000). Thus, glucocorticoids 

potently induce clock gene expression across the circadian cycle, and the rhythmic 

pattern of adrenal glucocorticoid secretion is thought to coordinate peripheral tissue 

clocks. Although we have previously shown that prenatal Dex can program enhanced 

adrenal activity (Waddell et al. 2010), adipose clock gene expression was reduced, not 

stimulated, by prenatal Dex in the present study. Therefore, it seems more likely that the 

programming of clock gene expression involves long-term epigenetic changes in clock 

gene promoters. Indeed, recent studies show that Bmal1 expression is highly sensitive to 

the methylation status of its promoter, and altered methylation of clock gene promoters 

has been linked to cancer (Joska et al. 2014, Kelleher et al. 2014). Such epigenetic 

alterations could also account for the blunted response of the Per genes to dietary 

challenge. Further studies are required to assess the extent to which Dex programming 

of clock gene expression is mediated by altered methylation. 

Prenatal Dex also programmed several other aspects of the adipocyte phenotype 

including increased white adipocyte size. This observation is consistent with the 

increased adiposity (both central and total by DEXA analysis) and greater epididymal 

fat in adult offspring following prenatal Dex (see Chapter 6). While greater adipocyte 

size is indicative of enhanced lipid storage, further studies are needed to determine 

whether this altered adipocyte phenotype is linked to the programmed changes in clock 

gene expression. Adipocyte size was also increased by the HF diet but not by the 

HFHn-3 diet, consistent with the overall effects of these diets on adiposity described in 

Chapter 6. Adipose expression of the Ppar-related genes was also programmed by 
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 prenatal Dex, with an overall reduction in Pgc1a and blunted responses of Ppara to the 

HF diet. Interestingly, Pgc1a is recognized as a positive regulator of clock gene 

rhythmicity (Liu et al. 2007, Yang et al. 2012), and so its reduced expression in Dex 

offspring may contribute to the observed reduction in adipose clock gene expression. 

There were also strong Dex x Diet interactions for Pgc1a and Ppara, suggestive of 

additional, latent programming effects. The full significance of this Dex programming 

outcome requires a greater understanding on the adaptive value of clock gene response 

to dietary challenge. 

Prenatal Dex also programmed elevated blood glucose, an effect evident across 

the full circadian cycle, and this is consistent with several previous reports of 

hyperglycemia programmed fetal glucocorticoid excess (Seckl 2004, Drake et al. 2010). 

Interestingly, while there was only a trend for Dex programming of hyperinsulinemia, 

time-of-day variation in insulin appeared more marked in Dex offspring, at least on the 

Std diet. Moreover, supplementation with n-3 PUFAs appeared to restore the more 

stable plasma insulin circadian profile, possibly linked to their well-recognized, insulin-

sensitising effects (Luo et al. 1996). The full circadian analysis of plasma lipids 

confirmed the key programming and diet effects reported in Chapter 6, which were 

based only on the data obtained at ZT7 (12 noon). Prenatal Dex programmed elevated 

plasma cholesterol only in offspring raised on the HF diet, again indicative of a latent 

programming effect. Interestingly, this programmed hypercholesterolemia was 

prevented when the HF diet was supplemented with n-3 PUFAs, which also prevented 

the hypertriglyceridaemia otherwise programmed by prenatal Dex. These beneficial 

effects of n-3 PUFAs on plasma lipids again highlight their potential therapeutic value 

in rescuing programmed outcomes even in the presence of a high fat diet. 

Prenatal Dex also programmed increased plasma TAG levels in offspring that 

consumed the Std and HF diet. Interestingly, this programming effect was not observed 
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 in offspring raised on the HFHn-3 diet, presumably due to the TAG reducing properties 

of n-3 PUFAs (Flachs et al. 2009). Interestingly, plasma TAG levels were slightly lower 

in animals raised on the HF diet compared to controls. The reason for this is unknown 

but it may reflect a disturbance in normal lipid metabolism.  

A pro-inflammatory state has previously been reported in offspring of Dex-

treated mothers, both systemically (Wyrwoll et al. 2008) and in adipose tissue (Mark et 

al. 2014) Surprisingly, the inflammatory state of adipose tissue in the present study was 

not enhanced by prenatal Dex; indeed, adipose expression of Il1b was actually lower in 

offspring of Dex-treated mothers. These inconsistencies may relate to the substantially 

higher dose (50%) of Dex used in these previous studies, or to more subtle differences 

such as the timing of introduction of the semi-pure diets (from the start of pregnancy in 

the previous model, but only from weaning in the present study). Regardless of these 

programming differences, the impact of the HF diet on adipose expression of Emr1 and 

the inflammatory cytokines was striking, with up to 9-fold increases in expression of 

Il6. High-fat induced adipose inflammation is well recognized and is due, in part, to 

altered insulin sensitivity and altered expression of adipose tissue pro-inflammatory 

proteins (Estrany et al. 2013). 

Lipid overload seems a more likely driver of adipose inflammation since the HF 

diet caused hepatic steatosis (see Chapter 8) but not increased adiposity, except in Dex 

offspring (see Chapter 6). Just as striking as the adipose inflammation in HF-fed rats 

was its complete absence in the HFHn-3-fed animals. While this is consistent with 

previous reports showing n-3 PUFA-suppression of adipose cytokines (Flachs et al. 

2009, Bringhentia et al. 2011, Fan et al. 2013, White and Marette 2014), it is 

noteworthy that this protective effect is clearly maintained even with the presence of a 

HF diet insult.  
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 Although the beneficial effects of n-3 PUFAs observed in this study are likely 

mediated by their direct physiological actions, the associated shift in the n-3:n-6 PUFA 

ratio may also be important. Thus, the design of the HFHn-3 diet included not only 

increased n-3 PUFA levels but also reduced n-6 PUFAs (relative to the HF diet), with a 

resultant 10-fold change in the n-3:n-6 ratio. Given the the competition between n-3 and 

n-6 PUFAs for binding to desaturase enzymes, this ratio change would be expected to 

greatly reduce levels of AA and its pro-inflammatory metabolites in various tissues. 

Thus, these changes are likely to have also contributed to the observed phenotype in the 

HFHn3-fed animals. 

In conclusion, the data presented in this chapter show that prenatal Dex 

programs major perturbations in adipose tissue clock gene expression, most notably a 

reduction in circadian rhythmicity of the Per genes and in their responsiveness to a HF 

diet. Associated changes in the adipocyte phenotype (i.e. programmed changes in 

adipocyte size and expression of Ppar genes and inflammatory cytokines) are 

potentially related to the programming of adipose clock genes, but further studies are 

required to examine these possible links. Overall, these findings implicate a potential 

key role for disturbed circadian rhythmicity as a mediator of adverse metabolic 

programming outcomes. 
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7.7 Supplementary information 

Supplementary Table 7.1: Variation in adipose tissue expression of the core clock 
genes and Reverba attributable to time of day (Time), prenatal treatment (Dex) or 
postnatal diet (Diet) in offspring of control and dexamethasone-treated mothers. 
Offspring were raised from weaning on a standard, high fat, or high fat / high n-3 diet, 
and gene expression data were analysed by three-way ANOVA. Figure 1 shows specific 
examples of circadian variation in adipose tissue clock gene expression (Bmal1, Per1 
and Per2) in each group. 

ANOVA:   Source of Variation    Interactions 

 Time Dex Diet Time*Dex Time*Diet Dex*Diet 

Clock NS NS NS NS NS 0.035 

Bmal1 <0.001 <0.001 NS NS NS NS 

Per1 <0.001 <0.001 <0.001 <0.001 NS 0.006 

Per2 <0.001 NS <0.001 0.01 0.003 <0.001 

Per3 <0.001 <0.001 <0.001 0.004 NS NS 

Cry1 <0.001 NS <0.001 NS NS NS 

Cry2 <0.001 NS <0.001 NS <0.001 <0.001 

Reverba <0.001 NS <0.001 0.01 NS NS 
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 Supplementary Table 7.2: Values for r2 derived from cosinor regression analyses of 
adipose tissue clock gene expression in offspring of control (Con) and dexamethasone-
treated (Dex) mothers. Offspring were raised from weaning on a standard, high fat, or 
high fat / high n-3 diet. Relevant P values are shown in parentheses unless these were 
not significant (NS). 

 Standard diet High Fat diet High Fat, High n-3 diet 

 Con Dex Con Dex Con Dex 

Clock 0.01  
(NS) 

0.08 
(NS) 

0.07 
(NS) 

0 
(NS) 

0 
(NS) 

0 
(NS) 

Bmal1 0.49 
(P<0.0001) 

0.50 
(P<0.0001) 

0.45 
(P<0.0001) 

0.43 
(P=0.0002) 

0.22 
(P=0.0118) 

0.59 
(P<0.0001) 

Per1 0.50 
(P<0.0001) 

0.12 
(NS) 

0.26 
(P=0.0035) 

0.17 
(P=0.0327) 

0.38 
(P=0.0006) 

0.02 
(NS) 

Per2 0.49 
(P<0.0001) 

0.52 
(P<0.0001) 

0.42 
(P<0.0001) 

0.23 
(P=0.0115) 

0.69 
(P<0.0001) 

0.30 
(P=0.0015) 

Per3 0.41 
(P=0.0001) 

0.47 
(P<0.0001) 

0.42 
(P<0.0001) 

0.21 
(P=0.0143) 

0.60 
(P<0.0001) 

0.14 
(P=0.038) 

Cry1 0.36 
(P=0.004) 

0.17 
(P=0.027) 

0.49 
(P<0.0001) 

0.01 
(NS) 

0.09 
(NS) 

0.43 
(P<0.0001) 

Cry2 0.34 
(P=0.0006) 

0.31 
(P=0.0017) 

0 
(NS) 

0.72 
(P<0.0001) 

0.63 
(P<0.0001) 

0.43 
(P<0.0001) 

Reverba 0.62 
(P<0.0001) 

0.48 
(P<0.0001) 

0.60 
(P<0.0001) 

0.63 
(P<0.0001) 

0.63 
(P<0.0001) 

0.65 
(P<0.0001) 
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 8.1 Abstract 

Excess fetal glucocorticoid exposure programs offspring to develop symptoms 

of the metabolic syndrome (MS) including dyslipidaemia, hypertension and 

hepatosteatosis. Coordinated hepatic circadian rhythms are crucial for normal liver 

function, and these rhythms are highly responsive to dietary modifications. Here we 

tested the hypothesis that fetal glucocorticoid excess programs changes in the hepatic 

clock gene network, including responses to dietary modifications. Pregnant rats were 

either untreated (Con) or administered dexamethasone acetate (Dex, 0.5 μg/ml in 

drinking water) from day 13 (term=day 23). Offspring were cross-fostered to untreated 

mothers and males weaned onto either a standard (Std), high fat (HF) or high fat 

supplemented with omega (n)-3 fatty acids (HFHn-3) diet. At 6 months of age, liver 

tissue was collected at four Zeitgeber times (ZT1=8am, ZT7=2pm, ZT13=8pm and 

ZT19=2am, each n=6-8). Consumption of the HF diet increased fat accumulation in the 

liver (as assessed by oil-red-O staining), and this effect was attenuated by n-3 fatty 

acids. Prenatal Dex suppressed hepatic Cry2 expression, but only in those offspring 

raised on the Std diet (Dex x Diet interaction; P=0.013). Prenatal Dex also increased 

adult hepatic Ppara expression (P<0.003) but the HF diet suppressed Ppara expression, 

an effect partially corrected by n-3 PUFA supplementation. The HF diet also suppressed 

circadian rhythmicity of hepatic Per2, Per3, Ppara, Pgc1a and Il6 (P<0.05), and in the 

case of Per2 and Ppara rhythmicity, this suppression was partially overcome by n-3 

PUFA supplementation. In conclusion, our data show that fetal glucocorticoid excess 

altered the circadian rhythmicity of hepatic Cry2 and Ppara, whereas a postnatal HF 

diet suppressed hepatic Per2 and Ppara rhythms, effects that were partially rescued by 

n-3 PUFA supplementation. 
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 8.2 Introduction 

Fetal glucocorticoid excess and other early life insults can program the 

development of dyslipidaemia, hyperinsulinaemia and a predisposition for non-

alcoholic fatty liver disease in adult offspring (Drake et al. 2010). Liver function is 

critical to overall metabolic homeostasis through its regulation of storage and 

availability of carbohydrates, lipid and protein (for review see (Brumbaugh and 

Friedman (2014)). Insults during pregnancy, such as fetal glucocorticoid excess and 

maternal undernutrition, cause adaptations in fetal gene expression and organ 

development that can promote survival in a poor intrauterine environment. Whilst these 

adaptations may also be advantageous in a low nutrient environment experienced after 

birth, they are generally detrimental in situations of abundant postnatal nutrition (Hales 

and Barker 2001). Accordingly, programmed offspring exhibit amplification of adverse 

phenotypic outcomes when exposed to excess postnatal nutrition (Vickers et al., 2000, 

Chapter 6 & 7). Although clear associations have been identified between poor in utero 

environments and metabolic dysfunction following excess postnatal nutrition, the 

underlying mechanisms remain unclear. 

 Coordinated hepatic circadian rhythms are central to appropriate liver function, 

aligning metabolic processes with feeding and activity rhythms. This synchrony is 

thought to promote homeostasis via more efficient processing of nutrient into storage 

(during feeding), and release of stored nutrients (during fasting). Peroxisome 

proliferator activated receptor alpha (Ppara) is a key regulator of hepatic metabolic 

processes, including uptake, utilization and oxidation of fatty acids (Pegorier et al. 

2004, Jump et al. 2005). Hepatic Ppara mRNA expression exhibits circadian 

oscillations in rodents (Borengasser et al. 2014), with peak expression at the beginning 

of the active phase (zeitgeber time (ZT) 12 in the rat), which coincides with the onset of 

feeding. Disruption of circadian rhythms, through either altered light cycle or restricted 



 

 160 

Chapter 8: Manuscript 3 

 feeding schedules disturbs the coordinated alignment of feeding behaviour and 

metabolism, particularly in the liver (Varcoe et al. 2011, Varcoe et al. 2013). 

Furthermore, recent studies indicate that modification of dietary intake to include high 

fat consumption also disturbs core clock machinery (Clock, Bmal1 etc) and downstream 

metabolic regulators e.g. Ppara circadian profiles (Hsieh et al. 2010, Borengasser et al. 

2014). 

Circadian secretion of glucocorticoids is a known regulator of the clock gene 

network in peripheral tissues e.g. liver (Balsalobre et al. 2000), and offspring 

hypothalamic-pituitary-adrenal (HPA axis) hyperactivity is programmed by 

inappropriate fetal exposure to glucocorticoids in the rat (Waddell et al. 2010). It is not 

known, however, whether the hepatic clock network and associated clock-controlled 

metabolic regulators are programmed by fetal glucocorticoid excess. Therefore, this 

study tested the hypothesis that fetal glucocorticoid excess programs disturbances in 

hepatic clock gene expression in adult offspring as well as altered expression of 

potential downstream metabolic regulators and inflammatory molecules. Furthermore, 

we determined whether any programming effects were amplified by postnatal 

consumption of a high-fat diet, with or without omega (n)-3 polyunsaturated fatty acids 

(PUFAs). Our previous studies have demonstrated that postnatal n-3 PUFA 

supplementation rescues many aspects of the glucocorticoid-programmed metabolic 

phenotype (Wyrwoll et al. 2006), even in the presence of a postnatal HF diet (See 

Chapters 6 and 7).  

8.3 Materials & Methods 

8.3.1 Animals and diets 

Nulliparous albino Wistar rats between the ages of 8 to 10 weeks old were 

obtained from Animal Resources Centre (Murdoch, WA). Animals were maintained 

under controlled 12-hour light dark-cycle (0700:2100) and temperature (21-23°C) 
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 conditions with all procedures approved by The University of Western Australia Animal 

Ethics Committee. Females were monitored for oestrus cycle using the EC40 oestrous 

probe (Fine Science Tool, Canada) and were housed with a male on the night of pro-

oestrous. The presence of spermatozoa in the vaginal smear the next morning confirmed 

pregnancy (designated Day 1 of pregnancy). Pregnant dams were housed individually 

and on day 13 were either left untreated (Con) or administered 0.5 µg/ml of 

dexamethasone-21-acetate (Dex) in their drinking water until parturition (Day 23). 

Within 24 hours of delivery, offspring of Con and Dex mothers were cross-fostered to 

untreated mothers on standard chow during the lactation period.  

On day 25 postpartum, 4 male offspring per litter were weaned on to one of 

three semi-pure diets: standard (Std: 12% energy from fat, 0.04% n-3; 8 Con, 8 Dex), 

high fat low omega-3 (HF: 45% energy from fat, 0.23% n-3; 8 Con, 8 Dex) or high fat 

high omega-3 diet (HFHn-3: 45% energy from fat, 1.84% n-3; 8 Con, 8 Dex). Diets 

were designed and manufactured in conjunction with Specialty Feeds (Glen Forrest, 

Australia; see Chapter 6 for full dietary composition). These animals were previously 

assessed for alterations in the adipose tissue circadian clock gene network and its 

response to postnatal dietary fat modification (see Chapter 7). 

8.3.2 Tissue sampling 

At 6 months of age, rats were anaesthetised under isoflurane/nitrous oxide and 

sampling was performed at 0800 (ZT1), 1400 (ZT17), 2000 (ZT13) and 0200 h (ZT19). 

For dark phase sampling, rats were anaesthetised under red light illumination and tissue 

sampling was carried out under normal light with the head of the rat covered with light-

proof material. The right lobe of the liver was collected, and divided into two parts. One 

portion of the liver was fixed in 4% paraformaldehyde whilst the other portion was 

snap-frozen in liquid nitrogen and stored at -80°C until further analysis. 
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 8.3.3 Liver histology 

Following liver fixation, samples were transferred to phosphate buffered saline 

(PBS) for storage at 4°C. Samples were then cryoprotected in 30% sucrose PBS and 

transferred to a solution made from equal portions of 30% sucrose PBS and optimal 

cutting temperature (OCT) compound for 24 h. Tissues were embedded in OCT, 

sectioned at 5 µm thickness with chamber and object temperatures set to -20°C. 

Sections were mounted on Superfrost Plus slides (Thermo Scientific, Victoria, 

Australia) and left to air dry then stored at -20°C. All sections were stained using 

freshly prepared, filtered 0.6% (w/v) oil red O solution (60% isopropanol, 40% water) 

in a single run to control for variation in stain quality. Images were obtained using 

Olympus BX50 microscope. 

8.3.4 RNA isolation 

Total RNA was isolated from liver samples using TRI reagent (Molecular 

Research Centre, Cincinnati, OH) and quantified using the NanoDrop (ND-1000) 

spectrophotometer. RNA (5 g) was reverse transcribed using Mouse Moloney 

leukaemia virus reverse transcriptase and random hexamers (Promega, Sydney, 

Australia). Resultant cDNAs were purified using the Ultraclean PCR Cleanup kit 

(MoBio Laboratories, Inc., Carlsbad, CA).  

8.3.5 Real-time quantitative RT-PCR 

Gene-specific primers for Clock, Bmal1, Per1, Per2, Per3, Cry1, Cry2, Reverba, 

Tnfa, Il6, Ppara, Pgc1a, Pparg and the reference genes Ppia and Sdha have been 

reported previously (Chapter 7). All primers were designed to span introns to prevent 

amplification of product from genomic DNA. Each gene product was sequenced to 

confirm specificity (data not shown). Primer sequences for each gene are shown in 

Table 4.1 with information on MgCl2 and primer concentrations, annealing 
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 temperatures and PCR product sizes. Standard curves were generated from 10-fold 

serial dilution of the gel-extracted PCR products and interpreted using the Rotorgene 

6000 (Corbett Research, Sydney, Australia) software. All samples were normalized 

against Ppia and Sdha genes using the GeNorm algorithm (Vandesompele et al. 2002). I 

this study, only the mRNA expressions of the specified genes were studied. Therefore 

the changes observed in this study may not necessarily reflect protein levels. 

 

8.3.6 Statistical analyses 

Data are expressed as mean ± SEM and if not normally distributed (assessed by 

Kolmogorov-Smirnov test) they were log transformed. Groups means were compared 

using either two- or three-way ANOVA, where appropriate, to account for variation in 

prenatal treatment (Con or Dex), postnatal diet (Std, HF or HFHn-3) or time of day 

(ZT1, ZT7, ZT13 or ZT19). Where the F statistic reached significance (P<0.05), specific 

group comparisons were performed by least significant different (LSD) test (Snedecor 

and Cochran 1989), as indicated in the text. Where there was a significant interaction 

between sources of variation, separate one- or two-way ANOVAs were carried out. 

Circadian rhythmicity of clock genes was assessed by cosinor analysis using non-linear 

regression. This analysis generated group means (± SEM) for each of the key circadian 

descriptors (mesor, amplitude or acrophase), and these were compared among groups by 

one- or two-way ANOVA as appropriate. 
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 8.4 Results 

8.4.1 Liver histology  

Qualitative histological analysis of the liver did not indicate any major change in 

hepatic fat deposition in 6-month old offspring of Dex-treated mothers (Figure 8.1; A-C 

- Con & D-F - Dex). Consumption of HF diet, however, caused marked accumulation of 

fat throughout the entire liver in both Con (Figure 8.1B) and Dex (Figure 8.1E) animals. 

In contrast, HFHn-3 diet consumption limited the degree of fat accumulation and 

restricted localization of fat deposition predominantly to the perivascular region (Figure 

8.1C & 8.1F).  

 

 

Figure 8.1: Histological sections of liver stained with oil red O in offspring from 
control (A-C) or dexamethasone-exposed (D-F) mothers. Offspring were raised from 
weaning on a standard (Std; A&D), high fat (HF; B&E), or high fat / high n-3 (HFHn-3; 
C&F) diet. Prenatal Dex exposure did not appear to increase susceptibility for fat 
accumulation. HF diet consumption increased fat accumulation while n-3 PUFA 
supplementation attenuated fat accumulation. Scale bar is 50 m. 
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 Table 8.1: Mesor and amplitude values derived by cosinor regression analyses of liver tissue clock gene expression in offspring of 
control (Con) and dexamethasone-treated (Dex) mothers. Offspring were raised from weaning on a standard, high fat, or high fat / high n-3 
diet. Values are the mean ± SEM and are expressed relative to the mesor value in the Con/Std group (set at 100).  

 Standard diet  High Fat diet  High Fat, High n-3 diet   ANOVA  

 Con Dex Con Dex Con Dex Dex Diet Dex x Diet 

Clock   Mesor 
           Amplitude 

100 ± 15 
20  ± 20 

123 ± 28 
32 ± 40 

11 ± 28  
  17 ± 11 

72 ± 10  
24 ± 15 

67 ± 6  
24 ± 8  

104 ± 22  
  58 ± 31  

NS 
NS 

NS 
NS 

NS 
NS 

Bmal1   Mesor 
           Amplitude 

100 ± 12 
105 ± 18 

139 ± 21 
131 ± 30 

124 ± 16 
104 ± 23 

109 ± 13 
125 ± 18 

  98 ± 13 
  91 ± 18 

106 ± 15 
105 ± 22 

NS 
NS 

NS 
NS 

NS 
NS 

Per1     Mesor 
           Amplitude 

100 ± 19 
  11 ± 27 

 93 ± 11 
 87 ± 15 

114 ± 18 
121 ± 25 

99 ± 16 
101 ± 22 

148 ± 27 
145 ± 38 

129 ± 15 
  94 ± 22 

NS 
NS 

0.066 
NS 

NS 
NS 

Per2     Mesor 
           Amplitude 

100 ± 10 
  75 ± 15 

94 ± 10 
83 ± 14 

42 ± 9 
  37 ± 12 

52 ± 9 
  41 ± 13 

73 ± 10 
49 ± 14 

 83 ± 11 
  62 ± 16 

NS 
NS 

<0.0001 
0.018 

NS 
NS 

Per3     Mesor 
           Amplitude 

100 ± 13 
128 ± 19 

86 ± 15 
117 ± 21 

51 ± 13 
68 ± 18 

40 ± 6 
42 ± 9 

44 ± 7  
  42 ± 10 

42 ± 5 
40 ± 8 

NS 
NS 

<0.0001 
<0.0001 

NS 
NS 

Cry1     Mesor 
           Amplitude 

100 ± 8 
    61 ± 11 

109 ± 11 
  61 ± 15 

71 ± 8 
  38 ± 11 

61 ± 5 
41 ± 7 

72 ± 6 
40 ± 9 

72 ± 6 
53 ± 9 

NS 
NS 

<0.0001 
NS 

NS 
NS 

Cry2     Mesor 
           Amplitude 

100 ± 7 
    18 ± 11 

72 ± 6 
  10 ± 8 

49 ± 5 
  1 ± 7 

55 ± 6 
  5 ± 9 

38 ± 3  
13 ± 4 

47 ± 4 
15 ± 5 

NS 
NS 

<0.0001 
NS 

0.0008 
NS 

Reverba  Mesor 
           Amplitude 

100 ± 27 
162 ± 37 

79 ± 16  
119 ± 23 

160 ± 35 
246 ± 49 

181 ± 45  
251 ± 64 

145 ± 26 
199 ± 37 

176 ± 41 
160 ± 57 

NS 
NS 

0.0414 
0.0865 

NS 
NS 
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 8.4.2 Hepatic expression of clock genes  
 

(i) Variation attributable to time, treatment and diet (conventional ANOVA):  

Hepatic expression of all canonical clock genes exhibited time-of-day changes (Figure 

8.2; three-way ANOVA, P<0.05) except for Clock. Prenatal Dex exposure reduced 

Cry2 expression only in the Std diet group (Dex x Diet interaction, P=0.013), while all 

other canonical clock genes were unaffected (Figure 8.2). Consumption of either the HF 

or HFHn-3 diet suppressed Per3 and Cry1 expression (P<0.05), whereas Per2 

expression was suppressed by the HF diet and partially rescued by n-3 PUFA 

supplementation. Conversely, Reverba expression was increased by the HF diet, and 

again this effect was partially rescued by n-3 PUFA supplementation. 

 

(ii) Impact of prenatal treatment and postnatal diet on circadian characteristics 

(cosinor analysis):  

Conventional analysis of canonical clock genes by ANOVA is limited in that it cannot 

specifically assess variation in circadian characteristics such as mesor (midpoint of 

circadian range), amplitude of variation (peak to mesor) or acrophase (time of peak 

expression). Thus, non-linear (cosinor) regression analyses were used to calculate these 

characteristics to assess the impact of programming and diet on circadian variation of 

clock genes. Consistent with the conventional ANOVA outcomes, circadian variation 

was clearly evident for all canonical clock genes (see Suppl Table 3 for r2 and P values), 

with the exception of Clock. Mesors and amplitudes are shown for each gene in Table 1, 

and examples of circadian profiles (Per2, Per3, Cry2 and Reverba) are presented in 

Figure 2. Prenatal Dex programmed a reduction (28%) in Cry2 mesor only in offspring 

raised on the Std diet (P<0.01, unpaired t test; Dex x Diet interaction, P<0.0008); no 

other canonical clock genes were affected by prenatal Dex. Consumption of the HF diet 

suppressed mesors for Per2, Per3, Cry1 and Cry2 (all P<0.0001) and the amplitude of 
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 Per2 (P=0.018) and Per3 (P<0.0001). Suppression of the Per2 mesor, but not that for 

Per3, was partially corrected by n-3 PUFA supplementation. There was also an overall 

diet effect for the Reverba mesor (P=0.0414), although no specific pairwise 

comparisons reached statistical significance for any diet-treatment combination (Table 

8.1).  

8.4.2 Hepatic expression of Ppar genes 

Ppara mRNA expression (Figure 8.3) varied with time-of-day (P<0.001), 

prenatal treatment (P=0.005) and postnatal diet (P<0.001). In the Con/Std group, Ppara 

expression peaked at ZT13 (Figure 8.3). Ppara expression was increased by prenatal 

Dex, irrespective of diet (P<0.05, LSD test), but was reduced by consumption of the HF 

diet. This HF-induced suppression of Ppara was partially corrected by n-3 PUFA 

supplementation. Pgc1a expression did not vary with time-of-day or treatment but was 

affected by diet (P<0.001). Specifically, the HF diet suppressed Pgc1a expression 

(P<0.05, LSD test) and this effect was prevented by n-3 PUFA supplementation. 

 

  



 

 168 

Chapter 8: Manuscript 3 

 

 

Figure 8.2: Circadian variation of adipose clock gene expression (Per2, Per3, Cry2 and 
Reverba) in offspring of control (black circles, solid curves) and dexamethasone-treated 
(white square, dashed curves) mothers. Offspring were raised from weaning on a 
standard, high fat (HF), or high fat / high n-3 (HFHn-3) diet. Values are the mean ± 
SEM and are expressed relative to the mesor value in the Control/Std group (set at 100). 
Cosinor rhythms were derived for each group by non-linear regression (see 
Supplementary Table 2 for cosinor r2 values). ZT refers to Zeitgeber time (hours after 
lights-on). The white and black bars on the X-axis indicate periods of lights-on and 
lights-off respectively. See Table 1 for details of statistical differences among mesors 
and amplitudes. 
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Figure 8.3: Hepatic expression of PPAR genes (Ppara and Pgc1a) in offspring of 

control and dexamethasone-treated mothers. Offspring were raised on a standard 

(Std), high-fat (HF) or high-fat, high omega-3 (HFHn-3) diet. Values are the mean ± 

SEM. Prenatal Dex exposure increased Ppara (P=0.005). HF decreased Ppara and 

Pgc1a expression (P<0.05). Omega-3 supplementation prevented HF suppression of 

Pgc1a. 

Ppara 

Pgc1a 
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8.4.3 Hepatic expression of cytokines 

Tnfa mRNA expression varied with time-of-day (P<0.001) and diet (P=0.032) 

and there was a trend for a prenatal Dex effect (P=0.088) (Figure 8.4). Specifically, 

Tnfa peaked at ZT7 in Con animals and this peak tended to be lower after Dex 

treatment, although this did not reach statistical significance. Tnfa expression was 

suppressed by both the HF and HFHn-3 diets.  

Il6 mRNA expression exhibited a significant Dex x Time interaction (P=0.028) 

such that Con animals showed time-of-day variation with a peak at ZT7, while Dex 

animals did not exhibit time-of-day variation (Figure 8.4). Il6 expression was reduced 

following prenatal Dex treatment across all diets (P=0.05) and was suppressed by HF 

diet consumption (P=0.033), particularly in Con animals. Supplementation with n-3 

PUFAs did not rescue the HF suppression. 

Il1b mRNA expression (Figure 8.4) was unaffected by time-of-day overall, but 

there was a trend for a Dex x Time interaction (P=0.070) which suggested there was 

potentially more time-of-day variation in Con animals. The HF diet suppressed Il1b 

expression (P<0.001) and this effect was not corrected by n-3 PUFA supplementation. 
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Figure 8.4: Hepatic expression of pro-inflammatory cytokine genes (Tnfa, Il6 and 
Il1b) in offspring of control and dexamethasone-treated mothers. Offspring were 
raised on a standard (Std), high-fat (HF) or high-fat, high omega-3 (HFHn-3) diet. 
Values are the mean ± SEM. Prenatal Dex exposure reduced Il6 expression (P=0.05). 
HF consumption suppressed Tnfa, Il6 and Il1b expression (P<0.05). ZT refers to 
Zeitgeber time (hours after lights-on).  
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 8.5 Discussion 

A poor intrauterine environment is known to program the development of a 

range of adverse phenotypic outcomes in adult offspring, including metabolic 

dysfunction in the liver that leads to the development of hepatic insulin resistance in 

later life (Latini et al. 2004, Yeh and Brunt 2008, Brumbaugh and Friedman 2014). 

Given the intricate link between metabolic function and circadian rhythms, the present 

study investigated whether fetal glucocorticoid excess programs disturbances in adult 

clock gene expression in the liver. The key finding was that adult offspring of Dex-

treated mothers showed altered hepatic expression of Cry2 in terms of both its basal 

circadian profile and its response to dietary manipulation. Furthermore, we demonstrate 

that prolonged consumption of a HF diet (from weaning) was detrimental to liver 

function irrespective of prenatal treatment, as evidenced by marked hepatic steatosis, 

disruption of hepatic clock gene expression, and alterations in expression of Ppars and 

inflammatory cytokines. We also show that dietary supplementation with n-3 PUFAs at 

least partly rescued several of the HF diet effects. 

Liver function is critical to overall metabolic homeostasis through its regulation 

of storage and availability of carbohydrates, lipids and proteins (for review see 

(Brumbaugh and Friedman 2014)). Because feeding and other activities are usually 

compartmentalized to specific times of the day, circadian biology has evolved to ensure 

nutrients are efficiently stored when surplus to requirements (e.g. during feeding), and 

released during fasting periods to fuel metabolic needs. To facilitate this process, 

molecular rhythms in clock gene expression in the liver link into metabolic pathways 

such that 10-15% of the hepatic transcriptome exhibits rhythmic expression (Vollmers 

et al. 2009), including the major metabolic regulator, Ppara (Borengasser et al. 2014). 

Consequently, disturbances in the hepatic circadian network can affect liver metabolism 
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 and may lead to metabolic disturbances including obesity and insulin resistance 

(Karatsoreos et al. 2010). 

The current study demonstrated for the first time that fetal glucocorticoid excess 

programmed the hepatic clock network of adult offspring, with suppression of Cry2 

expression in animals consuming the Std diet. Interestingly, the programmed 

disturbances in hepatic clock gene network are far subtler than those observed in 

adipose tissue in this same cohort of animals (Chapter 7). Programming of hepatic clock 

gene expression has been reported previously, with offspring of mothers fed a low 

protein diet (LPD) shown to have increased Bmal1 and Per2 but reduced Reverba in 

brain, hepatic and muscle tissues (Sutton et al. 2010). But the extent to which clock 

gene rhythmicity was programmed in this LPD model is difficult to assess because 

analysis was limited to only two circadian timepoints. More recently, two studies have 

reported programming effects in immature offspring; (Orozco-Solis et al. 2011) 

identified LPD-programmed disturbances in hypothalamic and hepatic Bmal1 and Per1 

expression in 17- and 35-day old rats, and (Borengasser et al. 2014) showed that 

although maternal obesity did not program changes in hepatic clock gene expression, it 

did result in reduced clock gene expression when immature offspring were fed a high-

fat diet for 2 weeks post-weaning.  

Previous studies have demonstrated that disturbances in circadian rhythms 

contribute to the onset of obesity in both rodents (Dallman and Weaver 2010) and 

humans (Spivey 2010). These disturbances have been induced through either alterations 

in the light cycle (Schwartz et al. 2009) or genetic deletion of core circadian 

components (Dallman and Weaver 2010). Therefore, the programmed hepatic clock 

gene disturbances observed in the present study could contribute to the previously 

observed increases in plasma cholesterol and TAG, and the elevated total body and 

central obesity in these same animals (Chapter 6). Moreover, our data suggest that the 
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 predisposition to NAFLD previously observed in adult offspring of dexamethasone-

treated mothers (Drake et al. 2010) may have been driven, in part, by disturbances in 

hepatic clock gene network. 

Increased hepatic expression of Ppara was also programmed by prenatal Dex 

treatment. This Ppara increase may have been a compensatory response to other 

programmed effects on hepatic metabolism, since activation of Ppara typically lowers 

plasma TAG levels (Sugden et al. 2002). As such, had this programmed increase in 

hepatic Ppara not occurred, the observed elevation in plasma TAG levels (see Chapters 

6 & 7) would likely have been even worse. Consistent with this proposal, n-3 PUFA 

supplementation decreased plasma TAG levels even in the presence of a HF diet (see 

Chapter 6), and n-3 PUFAs are known to activate Ppara. Interestingly, a previous study 

reported that hepatic Ppara expression was not affected by prenatal Dex (Drake et al. 

2010). While this inconsistency may reflect differences between the experimental 

models, it is also likely that measures at the four circadian timepoints increased the 

statistical power in the present study. Indeed, had the Dex effect been assessed only on 

the ZT1 sample time, no difference in Ppara expression would have been detected. 

 Hepatic clock gene expression was also influenced by consumption of the HF 

diet, with suppression of Per2, Per3 and Cry2. Similar suppression of core clock genes 

by consumption of the HF diet was observed in adipose tissue of these animals (see 

Chapter 7). Previous HF feeding studies have demonstrated disturbances in clock gene 

circadian rhythms in metabolic tissues, including liver for review see (Fonken and 

Nelson (2014))with different studies showing either increased or decreased expression. 

For example, liver expression of Bmal1, Per1-3 and Cry1-2 were all elevated following 

consumption of a high-fat diet for 11 months in mice, while Clock levels remained 

unchanged (Hsieh et al. 2010). In contrast, hepatic Bmal1 and Per2 amplitudes were 

suppressed following 6 weeks high-fat diet feeding in mice (Kohsaka et al. 2007). 
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 While these inconsistencies among studies may reflect the duration of exposure to the 

high-fat diet, it is clear that the latter disrupts the canonical clock gene network in the 

liver and disturbs hepatic metabolism.  

As observed for clock gene expression in adipose tissue, it appears that the type 

of dietary fat consumed, rather than simply the quantity, is important in relation to 

hepatic clock gene expression. Thus, supplementation with n-3 PUFAs appeared to 

rescue, at least partially, the clock gene changes induced by consumption of the HF diet. 

In particular, Per2 and Ppara expression profiles were partially corrected by n-3 PUFA 

supplementation. Interestingly, n-3 PUFAs have recently been implicated in the 

protection of circadian rhythm dysregulation in the hypothalamus. Specifically, 

palmitate-mediated disruption of Bmal1 circadian rhythms in hypothalamic neurons in 

vitro was reduced in the presence of DHA (Greco et al. 2014). The mechanisms 

underlying this beneficial effect of this n-3 PUFA remain to be elucidated, but it did not 

appear to be related to anti-inflammatory effects. Given the potential for n-3 PUFAs to 

activate PPARs, an exploration of their potential involvement would be of interest.  

Interestingly, with the exception of hepatic Cry2 expression, the substantial 

clock gene responses to postnatal dietary changes were unaffected by prenatal Dex. This 

is quite different to observations in adipose tissue, where significant Dex x Diet 

interactions were observed for either mesor or amplitude of all clock genes except 

Clock. This absence of Dex x Diet interactions in the liver is of interest in relation to a 

previous report showing that prenatal Dex predisposed offspring to develop NAFLD 

(Drake et al. 2010). One interpretation is that this predisposition to NAFLD is not 

directly related to clock gene disturbances. That said, there was one exception among 

the hepatic clock genes, Cry2, which was not further suppressed by the HF or HFHn-3 

diets in Dex offspring. Interestingly, Dex already suppressed Cry2 expression in those 

offspring raised on the standard diet, so the absence of a diet response for this gene may 
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 simply imply that common mechanisms are involved in the Dex and HF diet 

suppression.  

Consumption of the HF diet resulted in marked accumulation of lipid within the 

liver. Although only a qualitative histological assessment (by oil red O staining) was 

performed, the intensity of staining was clearly higher after HF diet consumption. This 

lipid accumulation is characteristic of the hepatic steatosis associated with the metabolic 

syndrome (Musso et al. 2009) and may lead to cirrhosis and ultimately liver failure 

(George and Farrell 2005). NAFLD develops through excess TAG accumulation caused 

by an imbalance between influx and synthesis of hepatic lipids and their β-oxidation and 

export (Ables 2012). High-fat feeding has previously been shown to induce lipid 

accumulation in rat liver (Charbonneau et al. 2007, Drake et al. 2010) and is usually 

associated with hyperglycaemia and hepatic insulin resistance. Drake et al. (2010) 

reported that prenatal Dex predisposed offspring to development of NAFLD when on a 

high-fat diet. Although this NAFLD predisposition was not evident in the present study, 

it may have been revealed had a quantitative assessment be made. In any event, 

offspring of Dex-treated mothers were hyperglycaemic and showed a trend for 

hyperinsulinaemia (see Chapter 7) and so they may have been in the early stages of liver 

dysfunction. Ultimately, lipid accumulation in the liver would be expected to lead to 

hepatic insulin resistance and associated liver dysfunction. Interestingly in this study, 

lipid accumulation in the livers of HFHn-3 animals appeared predominantly 

perivascular, as opposed to the more diffuse distribution in offspring fed the HF diet. 

Further studies are required to determine the biological significance of this differential 

lipid distribution.  

Consumption of the HFHn-3 diet markedly reduced hepatic lipid accumulation, 

even in the presence of the HF diet. This is in keeping with a range of studies showing 

the ability of n-3 PUFAs to reduce the severity of hepatic fat deposition (Marsman et al. 
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 2011, Valenzuela et al. 2012). This effect supports the proposal that n-3 PUFAs may be 

clinically useful both for the prevention and treatment of NAFLD (Masterton et al. 

2010).  

Putative mechanisms for this anti-steatotic action of n-3 PUFAs include the 

down-regulation of hepatic sterol regulatory element binding protein 1c, inhibition of 

lipogenic gene transcription (e.g., fatty acid synthase, acetyl CoA carboxylase, steroyl-

coA desaturase-1), reduction in de novo lipogenesis and activation of PPARa (Pegorier 

et al. 2004, Jump et al. 2005). Omega-3 PUFAs also readily become incorporated into 

hepatic phospholipids, inhibit gluconeogenesis and alter the hepatic fatty acid profile 

through the reduction in the activity of desaturases (Pegorier et al. 2004, Jump et al. 

2005).  

 Obesity and consumption of high fat diets are both considered able to induce 

chronic, low grade, systemic and hepatic inflammation reviewed in (Tchernof and 

Despres 2013). Dex-programmed offspring have previously been shown to exhibit a 

pro-inflammatory state, both systemically (Wyrwoll et al. 2006) and locally within 

adipose tissue (Mark et al. 2014).  In contrast, the current study showed that hepatic Il6 

mRNA expression was suppressed following maternal Dex exposure and similar trends 

were evident for Tnfa and Il1b. This suppression of inflammatory cytokines by prenatal 

Dex was also observed in adipose tissue from this same cohort of animals (Chapter 7). 

This apparent lack of consistency with previous cohorts may be due to differences in the 

Dex dose used in previous studies (50% higher) or differences in the developmental 

timing of the introduction of semi-pure diets (from birth in previous models but from 

weaning in the present study). Another possibility is that the incidental pathogen load 

and associated immune challenge could vary among different cohorts of animals. 

Finally, consumption of the HF diet actually suppressed hepatic Tnfa, Il6 and Il1b 

mRNA expression, in direct contrast to the stimulatory effects of this diet on cytokine 
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 expression in adipose tissue (Chapter 7). This is a particularly surprising observation 

given the clear lipid accumulation, and so further studies are required to elucidate the 

mechanisms involved. 

 

In conclusion, this study shows that fetal glucocorticoid excess (induced by 

maternal Dex treatment) programmed changes in the hepatic clock gene network, with 

suppression of the circadian profile of Cry2 as well as its response to high-fat feeding. 

In addition, our data show that HF diet-induced hepatic lipid accumulation is associated 

with changes in the circadian expression of clock genes, and these effects are at least 

partially corrected by n-3 PUFA supplementation.                                            .
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8.6 Supplementary information 
 

Supplementary Table 8.1: Variation in liver expression of the core clock genes and 
Reverba attributable to time of day (Time), prenatal treatment (Dex) or postnatal diet 
(Diet) in offspring of control and dexamethasone-treated mothers. Offspring were 
raised from weaning on a standard, high fat, or high fat / high n-3 diet, and gene 
expression data were analysed by three-way ANOVA. Figure 8.2 shows specific 
examples of circadian variation in liver clock gene expression (Per2, Per3, Cry2 and 
Reverba) in each group. 

ANOVA:   Source of Variation    Interactions 

 Time Dex Diet Time*Dex Time*Diet Dex*Diet 

Clock NS NS NS NS NS NS 

Bmal1 <0.001 NS NS NS NS NS 

Per1 <0.001 NS 0.020 NS NS NS 

Per2 <0.001 NS <0.001 NS NS NS 

Per3 <0.001 NS NS NS NS NS 

Cry1 <0.001 NS <0.001 NS 0.027 NS 

Cry2 <0.001 NS <0.001 NS NS 0.013 

Reverba <0.001 NS <0.001 NS 0.006 NS 
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 Supplementary Table 8.2: Values for r2 derived from cosinor regression analyses of liver 
clock gene expression in offspring of control (Con) and dexamethasone-treated (Dex) 
mothers. Offspring were raised from weaning on a standard, high fat, or high fat / high n-3 
diet. Relevant P values are shown in parentheses unless these were not significant (NS). 

 Standard diet High Fat diet High Fat, High n-3 diet 

 Con Dex Con Dex Con Dex 

Clock -  
(NS) 

- 
(NS) 

0.01 
(NS) 

0.02 
(NS) 

0.20 
(P=0.0180) 

0.05 
(NS) 

Bmal1 0.55 
(P<0.0001) 

0.43 
(P=0.0005) 

0.41 
(P=0.0002) 

0.63 
(P<0.0001) 

0.46 
(P<0.0001) 

0.42 
(P=0.0001) 

Per1 0.35 
(P=0.0010) 

0.57 
(P<0.0001) 

0.45 
(P=0.0035) 

0.42 
(P=0.0002) 

0.31 
(P=0.0024) 

0.37 
(P=0.0004) 

Per2 0.46 
(P<0.0001) 

0.59 
(P<0.0001) 

0.20 
(P=0.0187) 

0.22 
(P=0.0129) 

0.28 
(P=0.0064) 

0.32 
(P=0.0017) 

Per3 0.61 
(P<0.0001) 

0.57 
(P<0.0001) 

0.30 
(P=0.0027) 

0.43 
(P=0.0001) 

0.39 
(P=0.0005) 

0.48 
(P<0.0001) 

Cry1 0.49 
(P<0.0001) 

0.39 
(P=0.0012) 

0.26 
(P=0.0058) 

0.52 
(P<0.0001) 

0.43 
(P=0.0003) 

0.53 
(P<0.0001) 

Cry2 0.03 
(NS) 

- 
(NS) 

0.05 
(NS) 

- 
(NS) 

0.21 
(P=0.0174 

0.20 
(P=0.0136) 

Reverba 0.42 
(P=0.0005) 

0.53 
(P<0.0001) 

0.47 
(P<0.0001) 

0.32 
(P=0.0013) 

0.55 
(P<0.0001) 

0.18 
(P=0.0267) 
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CHAPTER 9:  GENERAL DISCUSSION AND CONCLUSIONS 

The major objective of this thesis was to investigate whether the adverse adult 

phenotype programmed by fetal glucocorticoid excess (induced by maternal 

dexamethasone treatment) includes disruptions in the circadian clock networks of key 

metabolic tissues, namely adipose tissue and liver. The second objective was to 

determine the extent to which a postnatal dietary challenge (high-fat diet) could 

exacerbate various aspects of the programmed phenotype, including clock gene 

rhythmicity, blood pressure, adiposity, and hepatic lipid accumulation. Finally, the 

capacity for dietary supplementation with n-3 PUFAs to attenuate programming 

outcomes in the presence of the high-fat diet was examined, including effects on 

circadian clock gene rhythms. The findings of each study have been discussed in detail 

in their respective chapters. Here, an overview of the findings is presented along with 

their potential implications for our understanding of developmental programming 

mechanisms.  

 The major novel finding of this thesis was the demonstration that fetal 

glucocorticoid excess programs altered circadian clock gene expression in the liver and 

adipose tissue of adult offspring. No previous studies have reported effects on circadian 

function in models of glucocorticoid programming. The developmental programming of 

circadian clock gene expression was particularly strong in adipose tissue, with both 

basal circadian profiles and their responses to a high-fat diet challenge altered. Thus, 

prenatal dexamethasone suppressed offspring adipose expression of Bmal1, Per1 and 

Per3 and reduced the circadian rhythmicity of each gene. In addition, in offspring of 

control mothers, the HF diet reduced expression of Per1 but increased that of Per2, 

Per3 and Cry1, whereas these diet-induced changes were not observed in 

dexamethasone offspring, indicative of an abnormal response to a HF dietary challenge. 
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 Programming effects were subtler in the liver, characterised by suppression of hepatic 

Cry2 expression only in those offspring raised on a standard diet, and absence of a Cry2 

response to the high-fat challenge. Despite the more marginal programming impact on 

hepatic clock gene expression, it remains possible that additional postnatal insults (e.g. 

circadian disruptions or other nutritional insults) would be less well tolerated in 

programmed offspring due to abnormal adaptive responses of hepatic clock genes. 

Similarly, the full extent of programmed changes in the adipose tissue clock gene 

network may well be greater than identified here. Therefore, it would be of interest to 

conduct follow-up studies using the same fetal glucocorticoid excess model coupled 

with different postnatal challenges such as circadian disruption.  

Given the key roles played by adipose tissue and liver in overall metabolic 

homeostasis, the implications of these programming effects are potentially profound. 

Thus, many previous studies have shown that disruption of the clock gene network, 

either specifically in liver (e.g. Lamia et al. (2008)) or systemically (e.g. Kennaway 

(2002)), leads to adverse metabolic outcomes including insulin resistance and increased 

adiposity. Importantly, however, it remains unknown whether the changes in offspring 

adipose and liver clock genes following maternal dexamethasone treatment are primary 

programming effects or if they are secondary to other adverse outcomes. For example, 

high-fat diet-induced obesity in rodent models is known to disrupt clock gene 

expression in several tissues (for review see Gimble et al. (2011)), and so the 

programmed changes observed in the present study are potentially downstream effects 

of other programmed outcomes such as insulin resistance and increased adiposity. 

Further studies on the developmental timing of clock gene changes relative to other 

programming outcomes in offspring of dexamethasone-treated mothers are required to 

resolve this uncertainty. In this context it is of interest that Sutton et al. (2010) 

previously reported that in a maternal low protein diet mouse model, circadian clock 
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 abnormalities in liver and muscle were apparent before the onset of obesity when 

offspring were raised on a HF diet. Similarly, the current study demonstrated 

disturbances in adipose and hepatic circadian rhythms prior to other onset of overt 

obesity, however, DEXA did reveal concurrent increases in adiposity in glucocorticoid-

programmmed animals. 

Examination of adipose and hepatic expression of the Ppars provided some 

insight into possible programming effects linked to the clock gene network. In adipose 

tissue there was an overall reduction in Pgc1a expression and blunted responses of 

Ppara to the HF diet. The latter effect, like the blunted responses of adipose clock genes 

to the high fat diet, provides another example of a latent programming outcome, which 

only becomes evident after a ‘second hit’. Effects on Pgc1a are of particular interest 

given its role as a positive regulator of clock gene rhythmicity (Liu et al. 2007, Yang et 

al. 2012). Further studies are required to examine the precise relationships among 

Ppara, Pgc1a and the clock genes in this programmed setting, but their disrupted 

expression patterns are suggestive of functional links. Perhaps surprisingly, adipose 

expression of Pparg was not programmed by prenatal dexamethasone or the high fat 

diet. Previous studies in sheep show immediate responses of fetal adipose to maternal 

nutritional stress (Muhlhausler et al. 2007) but there is little evidence for Pparg 

programming in adult offspring. Ppars were also programmed in the liver, with 

increased Ppara expression clearly evident, particularly in animals receiving the 

standard diet. This increase in Ppara may well have been a compensatory response to 

other programmed effects on hepatic metabolism, since activation of PPAR typically 

lowers plasma TAG levels (Sugden et al. 2002). As such, had this programmed increase 

in hepatic Ppara not occurred, the observed elevation in plasma TAG levels (see 

Chapters 6 & 7) would likely have been even worse. Again, it would be of interest to 
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 assess the developmental timing of this Ppara increase relative to other programming 

outcomes in offspring of dexamethasone-treated mothers. 

Glucocorticoid-programmed offspring exhibited catch-up growth in weeks 3 to 4 

and weeks 9 to 10, after which glucocorticoid-programmed offspring were no longer 

smaller than corresponding control offspring. Catch-up growth is a specific 

phenomenon observed in many programming studies and is considered as an indicator 

of future poor metabolic outcome (Forsen et al. 2000, Hales and Barker 2001). In a 

model of fetal growth restriction via a maternal low-protein diet, the metabolic outcome 

associated with catch-up growth was worsened by a cafeteria-style diet (Ozanne and 

Nicholas Hales 2005). The thrifty phenotype hypothesis suggests the initial catch-up 

growth may be a metabolic adaptation to the postnatal environment of abundant 

nutrition, which resulted in rapid growth among these offspring (Hales and Barker 

2001, Bieswal et al. 2006). Rat pre-adipocytes harvested from offspring during 

postnatal catch-up growth show increased proliferation rates compared to control 

offspring (Bol et al. 2008). Similar increased pre-adipocyte proliferation rates could 

have contributed to the rapid weight gain observed in dex-programmed offspring in the 

current study. The cause of the slow growth (weeks 7 to 9) followed by a second period 

of catch-up growth in programmed offspring is currently unclear. This growth profile 

has not been observed before but could be the result of endocrine-metabolic 

misalignment (McMillen and Robinson 2005). Nonetheless, glucocorticoid-

programmed animals were comparable in weight to control counterparts from week 10 

onwards.  

 Several aspects of the glucocorticoid-programmed phenotype were worsened by 

introduction of a postnatal high-fat diet, most notably hyperlipidemia and hypertension. 

Similarly, the increased adiposity programmed by prenatal dexamethasone was most 

evident in high fat fed offspring. Previously, Drake et al. (2010) observed that fatty liver 
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 was programmed by prenatal dexamethasone, but only in offspring fed a high-fat diet. 

This so-called ‘second hit’ effect was first identified by Vickers et al. (2000) who 

demonstrated that programming outcomes can be worsened by a postnatal high fat diet. 

In this example the initial programming insult was maternal undernutrition, and various 

aspects of the programmed phenotype were exacerbated by the postnatal high fat diet 

including hypertension and, importantly, profound hyperphagia (Vickers et al. 2000). In 

contrast, animals in our cohort placed on the high fat diet did not maintain food intake, 

but rather exhibited caloric auto-regulation. Accordingly, the severity of the postnatal 

insult was less severe than in the Vickers model, yet significant exacerbation was still 

observed. It would be of interest to extend these studies by providing offspring with a 

cafeteria-style diet to induce obesity. A cafeteria-style diet more closely replicates the 

diet consumed by obese humans, with high-salt, high-fat, low fibre, energy dense foods 

such as cookies, chips and processed meats. Moreover, recent studies in our laboratory 

have shown that rats fed a cafeteria-style diet do not autoregulate food intake and thus 

become obese. Accordingly, if this model were extended to a developmental 

programming scenario, one might expect an even greater exacerbation of adverse 

programming outcomes.  

A surprising observation of the present study was the failure of prenatal 

dexamethasone to program an inflammatory phenotype in adipose tissue. Our laboratory 

has previously reported that prenatal dexamethasone programs a pro-inflammatory state 

both systemically (Wyrwoll et al. 2008) and in adipose tissue (Mark et al. 2014). These 

inconsistencies may relate to the substantially higher dose (50%) of Dex used in these 

previous studies, or to more subtle differences such as the timing of introduction of the 

semi-pure diets (from the start of pregnancy in the previous models, but only from 

weaning in the present study). Another possibility here is that the incidental pathogen 
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 load and associated immune challenge experienced by different cohorts of animals 

could vary significantly and thereby confound the inflammatory status.  

Another key objective of this thesis was to determine whether supplementation 

with n-3 PUFAs could attenuate the adverse effects of glucocorticoid programming and 

HF diet effects. Through a series of studies (Wyrwoll et al. 2006, Wyrwoll et al. 2007, 

Wyrwoll et al. 2008, Waddell et al. 2010, Mark et al. 2014) our laboratory had 

previously demonstrated that supplementation of the postnatal diet with n-3 PUFAs (i.e. 

well after the fetal insult) could prevent many aspects of the glucocorticoid-

programmed phenotype (e.g. hypertension, hyperleptinaemia and a pro-inflammatory 

state). The present study extends these observations by showing that these beneficial 

effects of n-3 PUFAs still prevail in the face of a high-fat diet challenge. Indeed, n-3 

PUFA supplementation exerted beneficial effects on a wide range of programmed 

phenotypic outcomes including aberrant clock gene expression, hypertension, 

hyperlipidaemia and increased adiposity. Moreover, many of the detrimental effects of 

the high-fat diet were rescued by the n-3 PUFA supplementation in the context of both 

programmed and non-programmed phenotypic features. A particularly novel 

observation was the capacity of n-3 PUFAs to reverse changes in clock gene expression 

induced by the high-fat diet. For example, high-fat induced changes in the circadian 

expression of hepatic Per2 and Reverba and adipose Per1 and Per3 were all partially 

corrected by n-3 PUFA supplementation. Consistent with these observations, n-3 

PUFAs were recently implicated in the protection of circadian rhythm dysregulation in 

hypothalamic neurons in vitro (Greco et al. 2014). Overall, the beneficial effects of n-3 

PUFAs observed in the present study have important implications for the potential 

therapeutic use of n-3 PUFA supplementation in humans. In many instances it would be 

expected that n-3 PUFA use would occur in the context of a ‘Western’ diet that is rich 

in high-energy nutrients including saturated fats. Our data suggest that n-3 PUFA rescue 
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 of a programmed cardio-metabolic phenotype may still be possible despite continued 

high-fat dietary intake. 

During the design of the HFHn-3 diet, n-6 PUFA levels were slightly reduced to 

incorporate more n-3 PUFA into the diet. This resulted in a diet with a relatively high n-

3:n-6 ratio. Short-chained n-3 PUFAs compete with short-chained n-6 PUFAs for 

enzymes required for conversion to their respective long-chain derivatives, and for 

incorporation into plasma membrane (Sprecher et al. 1995). In a typical Western diet, 

the high levels of n-6 PUFA direct the metabolism towards the production of n-6 PUFA 

metabolites that have been shown to be pro-adipogenic and pro-lipogenic (Massiera et 

al. 2003, Hauner et al. 2009). Consequently, a reduction in dietary n-6 PUFA 

consumption increased long chain n-3 PUFA levels in the plasma and the resultant 

incorporation of n-3 PUFAs into membranes (Wood et al. 2014). Therefore, the positive 

effects seen with high n-3 PUFAs in this study could also be attributed to the reduced n-

6 PUFA content in the diet. It is unknown whether an alteration in n-3:n-6 ratio, without 

a reduction in n-6 PUFA content would affect postnatal growth.  

 A range of additional programming effects were identified in this thesis, some of 

which confirm previous observations from our own laboratory e.g. delayed puberty 

onset, hypertension; (Wyrwoll et al. 2006) while others appear novel. Examples of 

outcomes not previously observed are the increased adiposity (measured by DEXA 

analysis and epididymal fat pad weight) and associated elevations in adipocyte size (see 

Chapter 6), and plasma glucose and TAG levels (Chapter 7). These latter effects were 

likely detected, in part, due to collection of samples across the circadian day. Not only 

does this increase the statistical power of the analyses, it can also uncover biological 

differences that occur only at particular times of the day. The sampling intensity of 

circadian analyses likely contributed to detection of a number of other programming 

endpoints, such as hyperglycaemia (not previously detected in our studies involving a 
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 single timepoint collection), as well as hepatic and adipose expression of PPARs and 

inflammatory cytokines (see above). It is important to note that all investigations 

performed in this study were done on male offspring, therefore the results are best 

extrapolated to the male population. It is unknown whether prenatal programming with 

excessive dexamethasone would produce similar findings in the females therefore future 

studies involving the female offspring would be beneficial. In addition, this study 

generally measured the mRNA expression for all the genes studied. Although changes 

were observed in the mRNA expression of the various genes studied following 

dexamethasone exposure and the subsequent postnatal challenge with dietary fats, we 

would like to highlight that these changes may not necessarily reflect protein levels..  

 In conclusion, the studies in this thesis show for the first time that disturbances 

in clock gene expression in metabolic tissues are part of the adverse adult phenotype 

programmed by fetal glucocorticoid excess. While reduced basal expression of adipose 

clock genes was a feature of the programmed phenotype, prenatal dexamethasone had 

an even greater effect on the responsiveness of adipose clock genes to a postnatal 

dietary fat challenge. The latter was also shown to exacerbate key aspects of the 

glucocorticoid programmed phenotype (most notably hypertension, increased adiposity 

and hyperlipidemia), but these effects were prevented by supplementation with n-3 

PUFAs. These findings have significant implications for our understanding of 

programmed metabolic dysfunction, highlighting a potential role for clock genes as 

mediators of adverse outcomes. Moreover, exacerbation of the programmed phenotype 

by the HF diet, including effects on clock gene expression, shows there is a degree of 

latency in aspects of glucocorticoid programming. Finally, n-3 PUFA supplementation 

rescued several aspects of the programmed phenotype even in the presence of a high-fat 

challenge. This observation further highlights the potential therapeutic value of this 

postnatal dietary intervention in limiting adverse programming outcomes. 
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