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Abstract 

The University of Manchester 

Submitted by Siobhán Anne Ahern for the degree of Doctor of Philosophy and entitled: 
The role of the clock in lipid metabolism. September 2016.  

In mammals, the circadian clock coordinates multiple behavioural and physical 
processes, including energy homeostasis. At the centre of these rhythms lies the 
circadian clock machinery, a precisely coordinated transcription-translation feedback 
system required to maintain the correct time. Metabolic homeostasis requires 
accurate and coordinated circadian timing within individual cells and tissues of the 
body. Moreover, recent evidence has shown that the coupling of circadian and 
metabolic circuits involves reciprocal regulatory feedback. In line with this, mounting 
evidence suggests that disruption of the clock contributes to the development of 
obesity and its comorbidities. This is particularly concerning given that modern 
lifestyles often undermine our bodies’ clock. However, the casual mechanisms which 
link circadian disruption to metabolic disease are not well defined. This work aims to 
gain a further understanding of clock control of metabolic homeostasis and especially 
regulation of lipid metabolism.  

This work uses dietary challenge to determine which peripheral clocks and 
downstream metabolic pathways are particularly susceptible to diet induced obesity 
(DIO). We demonstrate that although behavioural rhythmicity was maintained in DIO, 
gene expression profiling revealed tissue-specific alteration to the phase and 
amplitude of the molecular clockwork. Clock function was most significantly 
attenuated in visceral white adipose tissue (WAT) of DIO mice, and was coincident with 
elevated tissue inflammation, and dysregulation of clock-coupled metabolic regulators 
PPARα/γ. 

The rhythmic expression of Rev-erbα, a nuclear receptor involved in the circadian 
clock, was particularly affected in DIO mice. This study uses the Rev-erbα-/- mouse to 
explore clock-metabolic coupling, specifically lipid metabolism. In line with published 
work, Rev-erbα-/- mice exhibit an obese phenotype with associated upregulation in 
gWAT of lipogenic (Dgat2, Fasn) and fatty acid liberation (Lpl) genes. Differences in fat 
mobilization are observed as Rev-erbα-/- mice show a heightened insulin stimulated 
lipogenic drive and an attenuation of the lipolytic drive in the fasted state, suggesting 
an increased propensity for fat accumulation. The role of the clock was further 
investigated in adipose tissue by deletion of Bmal1 (clock ablation) or Rev-erbα (clock 
manipulation) specifically in adipocytes using Cre-Lox methodology. 
AdipoCREBmal1flox/flox mice showed attenuated feeding rhythms, indicating a direct 
effect of the adipocyte circadian clock on hypothalamic feeding centres and severe 
dysregulation of metabolic genes. However, AdipoCRERev-erbαflox/flox displayed very 
little phenotypic difference compared to control littermates, suggesting that global 
loss of Rev-erbα may have reinforcing metabolic consequences. 

This work suggests a key role of the clock in lipid handling and the pathogenesis of 
obesity. Insights into this link may lead to novel targets for treating both obesity and 
metabolic complications.  
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1.1 Introduction 
 

Obesity is a heritable disease, and is rapidly becoming one of the most serious health problems 

throughout the world. Obesity is defined as an abnormal or excessive accumulation of white 

adipose tissue (WAT), which may impair health. Body Mass Index (BMI) is a commonly used 

and simple calculation [weight (kg) / height2 (m2)] to characterise the appropriateness of a 

persons’ body weight. BMI is often used to classify subjects as overweight (BMI ≥25) and obese 

(BMI ≥ 30). Worldwide, obesity has nearly doubled since 1980, and the World Health 

Organisation (WHO) estimates indicate that in 2014 1.9 billion adults over the age of 18 (39% 

of the population) were overweight and of these, 600 million (13% of the population) were 

obese (WHO, 2016). Further cause for concern is that obesity is now not simply a problem that 

affects the adult population. WHO data also shows that in 2014, 42 million children under the 

age of 5 were obese. Obesity is a major risk factor to a range of comorbidities such as 

cardiovascular disease, cancer and type 2 diabetes mellitus (T2DM), with 90% of adults aged 

16-54 years with T2DM being overweight or obese (National Health Service, 2012). This 

epidemic has begun to, and will increasingly pressurise the healthcare systems of the world. It 

is therefore important to elucidate the pathophysiological mechanisms involved in the 

development of obesity, and its progression to metabolic and cardiovascular disease.  

The increased prevalence of obesity in our society has been clearly linked to shifting lifestyle 

and diet, with over consumption of energy rich foods and decreased physical activity prevalent 

among the population. A U.S Department of Agriculture Economic Research Service study 

showed that adults in the US consumed 363 more calories per day in 2009 than they did in 

1960. Ultimately, obesity reflects energy imbalance, and to further compound the problem of 

increased energy intake, energy expenditure through physical activity has decreased. Lifestyle 

clearly plays a role in the development of obesity; however, it has recently come to light that it 

is not simply about how much we eat and how much physical activity we partake in, but also 

about when we consume energy and when we are active.  Our behaviour and physiology 

follows a pronounced 24 hour rhythm. This is underpinned by clocks found in almost every 

tissue and cell throughout our body (Yoo et al., 2004). These clocks allow for the anticipation 

of temporal changes in the environment, optimising biological processes so that they occur at 

the correct time of the day. For example, food intake in animals occurs during the active 

phase, which results in higher circulating glucose concentrations. Fatty acid synthesis is 

increased and triglyceride storage in adipose tissue is enhanced. However, during the inactive 

phase, food intake is reduced and therefore fat stores must be mobilized from adipose tissue 
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and energy usage switches from glucose to fatty acids. The clock mechanism ensures tissues 

are poised to anticipate diurnal variations in feeding/fasting cycles in order to deal with 

changing energy supply.  

The modern lifestyle has dramatically altered the way in which we live our daily lives. The ever 

increasing work demands facing the industrialised population, alongside the increasing 

popularity of the 24-hour lifestyle has resulted in an increased prevalence of shift work, sleep 

deprivation and light exposure at night which undermines our natural timing system.  It has 

also been suggested that the light emitted from electronic devices can suppress nocturnal 

melatonin, a hormone responsible for the anticipation of night-time, and therefore cause sleep 

disruption (Czeisler, 2013). One area of research receiving much attention is how the chronic 

misalignment of the internal body clock with the environment contributes to the pathogenesis 

of obesity (Karlsson et al., 2001; Di Lorenzo et al., 2003; Zhao et al., 2011). 

Epidemiological evidence available suggests that disruption of the circadian clock is associated 

with metabolic complications and obesity (Maury et al., 2010; Eckel-Mahan and Sassone Corsi, 

2013).  A number of studies have now established that shift work, in which the normal 

synchrony between the light/dark phase, sleeping and eating is significantly disturbed, is an 

independent risk factor for obesity and diabetes (Pan et al., 2011). Shift work has become 

increasingly necessary over the past century, and in 2014 it was reported that 33% of men and 

22% of women in the United Kingdom partook in such activity (Health and Social Care 

Information Centre, 2015). In 2003, Karlsson et al. showed that night shift workers had higher 

circulating triglycerides, lower low density lipoproteins and were more likely to be obese in 

comparison to day workers. In another study, duration of shift work was positively associated 

with both BMI and waist/hip ratio in both men and women, independent of age and sex (Van 

Amelsvoort et al., 1999). Further studies have supported these observations of altered plasma 

lipid metabolism and adiposity among night-shift workers (Karlsson et al., 2001; Di Lorenzo et 

al., 2002). A more recent cross-sectional study also supported the notion that rotating shift 

work is an independent risk factor for obesity, regardless of dietary habits and physical activity 

levels (Barbadoro et al., 2013) and prospective studies of healthy volunteers undergoing a 6-

day simulated shift work protocol show a reduction of energy expenditure in response to the 

shift work (Mchill et al., 2014).  On top of this, human desynchrony has been shown to 

compromise metabolic homeostasis, leading to obesogenic physiology, hypertension and 

decreased insulin sensitivity (Morris et al., 2012).  
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Both animal and human studies have revealed a strong link between eating at the ‘wrong’ time 

and development of obesity. When humans display nocturnal feeding patterns, such as in 

night-eating disorder, the risk of metabolic disease is greatly increased (Allison et al., 2007). 

Similarly, mouse studies have shown that as mice become obese their feeding becomes shifted 

toward the day (normally an inactive period) (Kohsaka et al., 2007), and diet-induced obesity in 

mice is exacerbated when food availability is restricted to the daytime (Arble et al., 2009). 

Importantly, if mice are fed high fat diet at the ‘correct’ time (i.e. food is only accessible in the 

dark phase of the day), they do not increase in body weight, become obese, or exhibit a loss in 

insulin sensitivity (Hatori et al., 2012).  

The modern lifestyle has also led to a decrease in the number of hours the adult population 

spend sleeping. Over the past century, nightly sleep duration has been reduced by ~1.5 hours, 

and this has been accompanied by an increase in the prevalence of obesity (Bonnet and Arand, 

1995). Sleep restriction and circadian dysfunction alters eating behaviour, glucose 

homeostasis, and energy handling. For example, it has been shown that the neuroendocrine 

control of appetite and glucose tolerance is dramatically affected by sleep restriction in 

humans, with an 18% decrease in leptin (an anorexigenic hormone) and 24% increase in 

ghrelin (an orexigenic hormone) (Spiegal et al., 2004). In addition, sleep restriction to 4 

hours/night for 6 successive nights in healthy individuals resulted not only in impaired glucose 

tolerance but also a decline in the response to insulin after glucose challenge (Van Cauter and 

Knutson, 2008).  Another prospective study of sleep deprivation shows an increase in body 

weight after 5 days of insufficient sleep (5 hours per night), which was characterised by an 

increased in food intake at night (Markwald et al., 2013).  

The evidence for clock/metabolic coupling is clear and it originates from a complex system 

involving behavioural and metabolic pathways. My work will examine how specific 

components of the clock contribute to this coupling, focusing on lipid metabolism and white 

adipose tissue (WAT), and how it is altered during metabolic disturbance during obesity. This 

will be done firstly by examining how obesity impacts on the clock and then specifically 

focussing on Rev-erbα, a nuclear hormone receptor, which is a key interface.  

1.2 Energy Balance 
 

Energy balance is the balance of calories consumed through eating and drinking compared to 

calories burned through physical activity. Alterations in body weight and body composition 

occur when energy intake is not equal to energy expenditure over an extended period of time. 
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Energy is expended through resting metabolism rate (RMR), the energetic cost of absorbing 

and metabolising food consumed, and the energy expanded through physical activity. Energy 

intake depends on the digestible energy available from food intake, and generally reflects 

protein, carbohydrate, fat content of the food. Not all the energy present in food is 

metabolically available, with the net absorption of the major macronutrients (carbohydrate, 

protein and fat) generally incomplete and therefore faecal loss accounts for between 2-10% of 

gross intake (Hall et al., 2012). The magnitude of these losses is influenced by factors such as 

macronutrient composition (Southgate and Durnin, 1970), fibre and resistant starch intake 

(Behall and Howe, 1995) and gut microbiota (Jumpertz et al., 2011). Metabolically available 

energy varies between macronutrients (e.g.  4 kcal/g for carbohydrate and protein and 9 kcal/g 

for fat) (Hall et al., 2012).  

When energy intake exceeds energy expenditure, a state of positive energy balance occurs 

which leads to excess energy storage and ultimately increased body mass. On the other hand, 

when energy expenditure exceeds energy intake, a state of negative energy balance is created 

with consequential loss of body mass. A complex physiological control system is responsible 

for achieving and maintaining an energy balance in the body. Signals and hormones are 

produced by peripheral organ systems, for example the liver and adipose tissue, and food-

derived nutrient signals reflect both acute and chronic changes in energy status and energy 

demand. Based on these signals, feeding and metabolic control centres of the brain dictate 

proper behavioural (e.g. food seeking/eating) and physiological (increased storage/liberation 

of energy) responses to maintain energy homeostasis.  

Substrate storage and mobilization naturally fluctuate across the day and night and from day 

to day, with nutrients being stored during periods of high energy intake and mobilized during 

the fasting period. Fat and carbohydrate are the primary dynamic energy storage depots 

within the body, but the relative contributions of both macronutrients are vastly different. 

Dynamic carbohydrate storage occurs primarily in the form of intracellular glycogen stored 

within skeletal muscle and liver. Glycogen turnover can be rapid; maximal amounts are present 

in the post-prandial state (Wasserman, 2009) and after a 24-hour fast in rats, liver glycogen 

was shown to be entirely depleted, whereas muscle glycogen was significantly decreased 

(Dohm et al., 1993). The glucose from glycogen is therefore a good source of energy for 

sudden, strenuous activity. Unlike fatty acids, the released glucose can provide energy in the 

absence of oxygen and can thus supply energy for anaerobic activity (Berg et al., 2002). 
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Of course, the other principle form of energy storage in the body is triglyceride (TAG) storage 

in adipose and non-adipose (e.g. liver) tissues. TAGs are esters derived from glycerol and three 

fatty acids. Lipids stored in adipose tissue can originate from exogenous (dietary) lipids or from 

non-lipid precursors, such as carbohydrates. Due to the limited nature of carbohydrate storage 

within the body, carbohydrates undergo a process called de novo lipogenesis and can 

therefore be stored as lipids in adipocytes (Schutz, 2004). In a state of chronic positive energy 

balance, adipose tissue expands due to excess energy storage, and ultimately leads to obesity. 

Increased adiposity is brought about by both hyperplasia (increased number of adipocytes) 

and hypertrophy (increased amount of lipid stored within the adipocyte) (Jo et al., 2009).  

1.3 Homeostatic control of feeding 

Humans, like most mammals, consume food in discrete bouts (meals); therefore, total daily 

energy intake is a function of the size, frequency and composition of meals. The perception of 

hunger and the decision to initiate a meal involves complex interactions between genetic, 

social, learned, environmental, circadian and humoral cues (Cummings et al., 2001; Woods et 

al., 1998). However, at its most basic, food seeking behaviour and meal initiation is based on a 

homeostatic response to reduced energy supply and increased secretion of orexigenic (food 

intake promoting) signals. For example, ghrelin is a peptide secreted from the gastric mucosa 

that stimulates feeding and is implicated in meal initiation (Cummings et al., 2001). It is unique 

in that it is the only known orexigenic hormone. Peripheral ghrelin administration stimulates 

food intake in both rats (Wren et al, 2000; Tschop et al., 2000) and humans (Wren et al., 2001, 

Druce et al., 2005, Druce et al., 2006).  

Once feeding commences, the amount consumed is determined by factors involved in satiety 

perception. The term ‘satiation’ refers to the perception of fullness that leads to meal 

termination, whereas ‘satiety’ describes the reduced interest in food after a meal. These 

processes are strongly influenced by gastric distention and the release of peptide signals from 

enteroendocrine cells lining the gastrointestinal tract (Cummings and Overduin, 2007). Gastric 

distension is sensed by mechanoreceptor neurons in the stomach and relayed to the hindbrain 

via vagal afferent and spinal sensory nerves (Ritter, 2004). Some satiation-inducing gut 

peptides enter the brain from the circulation and can exert their effects directly, such as 

Peptide YY (PYY) which activates Neuropeptide Y (NPY) type 2 (Y2) receptors in the arcuate 

nucleus (Chee and Colmers, 2008) (Figure 1.1). However, the majority of satiation-inducing gut 

peptides also mediate their effects via vagal afferent fibres, for example cholecystokinin (CCK) 

and glucagon-like peptide-1 and (GLP-1) (Cummings and Overduin, 2007).  CCK is a prototypic 
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satiation peptide that is secreted by the duodenal and jejunal mucosa primarily in response to 

fat and protein ingestion, and it decreases food intake rapidly but transiently via the activation 

of vagal afferents (Cummings and Overduin, 2007).  Exogenous administration of CCK reduces 

food intake in humans (Kissileff et al., 1981; Stacher et al., 1982; Lieverse et al., 1995) and 

rodents (Gibbs et al., 1973; Antin et al., 1975; Bado et al., 1998;).  Further supporting its role in 

satiation, meal size is increased by interventions that disrupt CCK signalling (Moran et al., 

2002).  

Afferent signals involved in satiety are processed initially in the hindbrain. The nucleus of the 

solitary tract (NTS) plays an important role in the processing of satiety-related input from vagal 

sensory fibres, and the adjacent circumventricular organ the area postrema (AP) responds to 

circulating peptides due to its altered blood brain barrier (Cummings and Overduin, 2007). 

Evidence that hindbrain circuitry is itself sufficient to regulate meal size stems from 

experiments in ‘decerebrate’ rats, in which the hindbrain and forebrain are surgically 

disconnected. These animals are incapable of spontaneously initiating meals and rely on liquid 

food delivered directly into the mouth, but nonetheless they terminate meals normally in 

response to gastric distention or satiation peptides such as CCK (Grill and Norgen, 1978; Grill 

and Smith, 1988). However, it was shown by Kaplan et al., (1993) that decerebrate rats fail to 

adjust meal size to compensate for changes in energy balance and therefore communication 

between forebrain and hindbrain appears necessary for adaptive changes in meal size to occur 

in response to energy needs.  

The mediobasal hypothalamus (MBH) is a major hub for integrating nutritionally relevant 

information originating from all peripheral organs and mediated through circulating hormones 

and metabolites and/or neural pathways from mainly the brainstem. Within the MBH there 

are numerous important regulatory sites such as the arcuate nucleus (ARC), ventromedial 

nucleus of the hypothalamus (VMH), lateral hypothalamus (LH), paraventricular nucleus (PVN) 

and default mode network (DMN). These sites sense peripheral energy signals, integrate these 

with higher cognitive and contextual information and then regulate the appropriate behaviour 

and physiological response. The ARC is a major site for sensing and integrating peripheral 

energy balance signals, including hormones such as leptin, insulin, and ghrelin and nutrients 

(fatty acids, amino acids, and glucose) (Yu and Kim, 2012). These effects are mediated by at 

least two distinct leptin-sensitive neuron subpopulations in the ARC. Neurons that express pro-

opiomelanocortin (POMC) synthesize and release melanocortin peptides such as α-MSH that 

are potently anorexigenic, and are stimulated by both leptin and insulin (Morton et al., 2006).  
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Figure 1.1 - Afferent gastrointestinal signals controlling food intake. 
The brain receives hormonal, neural, and metabolic signals regarding body-energy status and, 

in response to these inputs alters energy intake and expenditure. To regulate food intake, the 

brain must modulate appetite, and the core of appetite regulation lies in the gut-brain 

axis.  The vagus nerve is the primary neuroanatomic substrate in the gut-brain axis, 

transmitting meal-related signals caused by food intake in the gastrointestinal tract to sites in 

the central nervous system that mediate ingestive behaviour.  Neuroendocrine regulation of 

food intake by the gastrointestinal system consists of gastric distention, intestinal and 

pancreatic satiation peptides, and the orexigenic gastric hormone ghrelin. Abbreviations: CCK, 

cholecystokinin; GLP-1, glucagon-like peptide-1; PYY, peptide YY; NPY, neuropeptide Y; AgRP, 

Agouti gene-related peptide; α -MSH, α -melanocyte stimulating hormone; POMC, pro-

opiomelanocortin; NTS, nucleus tractus solitarius; ARC, arcuate nucleus. 
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Melanocortin signalling plays a key role in defending against excess fat gain, particularly during 

exposure to energy-dense, highly palatable foods. Actions of α-MSH in the hypothalamus are 

mediated through melanocortin-3 (MC3) and melanocortin-4 (MC4) receptors. In response to 

moderately increased dietary fat content, MC4 receptor-null mutant (MC4R-/-) mice exhibit 

hyperphagia and accelerated weight gain compared to wild-type mice and mutations in the 

MC4R represent the commonest monogenic cause of human obesity (Butler et al., 2001; 

Hinney et al., 1999; Krude et al., 1998). Located adjacent to POMC cells are a population of 

orexigenic neurons that express the neuropeptides NPY and AgRP (Aponte et al., 2010). Agrp is 

an endogenous antagonist of the MC4R, and therefore acts as a counterbalance to αMSH 

signalling. Both cell types regulate energy balance via projections to brain regions that 

influence motivation/reward, energy expenditure, hunger, and ingestive behaviours (Cowley et 

al., 2001). In addition, NPY/AgRP neurons synapse onto and inhibit POMC neurons. The 

adaptive response to energy depletion induced by fasting or calorie-restricted diets illustrates 

how coordinated regulation of ARC neurons participates in energy homeostasis. Negative 

energy balance and loss of body fat lowers plasma levels of adiposity negative feedback signals 

(e.g. leptin and insulin) while also raising ghrelin levels. In response, NPY/AgRP neurons are 

activated, whereas POMC cells are inhibited, a combination that potently promotes 

hyperphagia, positive energy balance, and the recovery of lost fat (Flier, 2004).  

The function of the ARC must be placed in a wider context and other hypothalamic nuclei, such 

as the DMH, LH, PVN and VMH, play important roles in the regulation of energy balance via 

neuroendocrine and autonomic pathways to the body. For example, NPY/AgRP neurons from 

the ARC communicate with PVN neurons. The PVN acts as a primary endocrine control centre 

for the brain, as neurons from this nucleus send their axons into the posterior pituitary causing 

the release of vasopressin or oxytocin. Neurons from the PVN also project widely throughout 

the brain stem and therefore WAT, pancreas and liver are linked multi-synaptically with the 

PVN. Through these connections, the PVN directs autonomic systems controlling pancreatic 

secretion and adipose storage (Stanely et al., 2010). On top of this, the PVN, along with the 

DMH and VMH feed out onto BAT to regulate thermogenesis, therefore also implicating them 

in energy expenditure (Zhang and Bi, 2015). 

One of the key hormones involved in long term regulation of food intake and energy balance is 

leptin. Originally identified and characterised by Zhang et al. (1994), leptin is secreted by 

adipocytes in WAT in proportion to adipose tissue mass.  Leptin deficient humans display 

hyperphagia and early onset obesity (Montague et al., 1997). Leptin acts in the brain as a 
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negative feedback regulator of adiposity, regulating fat mass by limiting energy intake and 

supporting energy expenditure. Decreased leptin signalling promotes increased food intake, 

positive energy balance, and fat accumulation (Morton et al., 2006). Although plasma leptin 

levels reliably reflect body fat mass under steady-state body weight conditions, they also 

fluctuate in response to short-term alterations of energy balance (i.e. feeding/fasting period), 

well before significant changes of fat mass have occurred (Chin-Chiance et al., 2000). Leptin's 

effects on energy balance are mainly mediated via leptin receptors in hypothalamic areas such 

as the ARC, PVN, VHN, and LHA (Morton et al., 2006). Many extra-hypothalamic regions are 

also leptin-sensitive, including the NTS and midbrain regions central to reward and motivation 

(Figlewicz and Sipols, 2010).  

Not only is insulin a prominent positive regulator of leptin expression in the fat cell, but the 

mild obesity in mice with neuron-specific deletion of the insulin receptor or the insulin 

receptor substrate IRS-2 support the idea that insulin and leptin may cooperate in central 

pathway regulation (Bruning et al., 2000; Burks et al., 2000). Insulin concentrations are 

positively correlated with adiposity and act on similar neuronal populations within the brain as 

leptin (Wynne et al., 2005). Administration of insulin has been found to decrease food intake 

and body weight in mice, rats and humans (Brown et al., 2006; Chavez et al., 1995; Hallschmid 

et al., 2004), although the effects on reducing food intake are less potent than leptin (Belgardt 

and Bruning, 2010).  

Several nutrient-related signals are also implicated in the homeostatic control of feeding. 

Among these are free fatty acids (FFAs), which provide a signal of nutrient abundance to key 

brain areas responsible for energy homeostasis regulation.  This likely occurs by favouring 

intracellular accumulation of long-chain fatty acyl-CoA (LCFA-CoA) which in turn activates a 

neuronal pathway designed to promote a switch in fuel sources from carbohydrates to lipids 

(Obici et al., 2002; Loftus et al., 2000).  When LCFA-CoA is selectively reduced in the ARC of 

rats, the animals become obese, demonstrating the critical role of hypothalamic LCFA-CoA 

signalling in energy homeostasis (He et al., 2006). The enzyme AMP-activated protein kinase 

(AMPK) is a sensor of nutrient insufficiency. When cells experience a critical drop of fuel 

availability (as reflected by an increased AMP/ATP ratio), AMPK activation increases substrate 

oxidation to replenish depleted ATP levels. In the MBH, activation of AMPK increases food 

intake and body weight whereas inhibition of AMPK has the opposite effect (Minokoshi et al., 

2004). Changes in hypothalamic AMPK activity drives alterations of neuropeptide expression, 

for example, expression of constitutively active AMPK in the MBH results in increased mRNA 
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expression of orexigenic neuropeptides NPY and AgRP in the ARC (Minokoshi et al., 2008). In 

turn, this results in increased food intake. Because hypothalamic AMPK activity is inhibited by 

leptin and insulin (Minokoshi et al., 2004) but stimulated by ghrelin (Andersson et al., 2004), 

altered AMPK signalling may contribute to the feeding effects of these hormones. 

1.4 Drive to eat  
 

The control of feeding depends not only on homeostatic signals but also on the hedonic drive 

to eat. Whereas homeostatic regulatory signals are regulated in large part by hormones and 

nutrients impacting on brainstem and hypothalamic nuclei, the hedonic drive to eat is 

controlled by the activity of the mesolimbic dopaminergic system as well as non-dopaminergic 

systems such as the serotoninergic system (Bertrand, 2011; Saper et al., 2002; Volkow et al., 

2011). Dopamine (DA), produced by ventral tegmental neurons (VTA) and released in the 

nucleus accumbens (NAc), plays an important role in motivated behaviour (Salmone and 

Correa, 2012). DA signalling is utilised by brain areas specialized in food selection and decision-

making: the medial prefrontal cortex (mPFC) and the orbitofrontal cortex (OFC). These areas 

attribute reward value to food cues to inform us on food availability and attractiveness. The 

DA system is also regulated by internal homeostatic signals such as hormones and nutrients, 

which can act directly on neurons of the DA system, but also indirectly through hypothalamic 

or brainstem neurons. Satiety signals such as leptin, insulin and GLP-1 inhibit dopamine 

neuronal activity and/or reduce dopamine levels in the NAc (Hamel et al., 2006; Alhadeff et al., 

2012; Mebel et al., 2012, Labouebe et al., 2013). By contrast, hunger signals such as 

ghrelin and orexins or NPY enhance dopaminergic signalling to increase food reward (Borgland 

et al., 2009; Sorensen et al., 2009; Skibicka et al., 2011). Nutrients, in particular those rich in 

glucose and fat, have a high reward effect that leads to DA release in the NAc in proportion to 

their calorie contents (Bassareo and Di Chiara, 1999; Hajnal et al., 2004). Interestingly, recent 

data showed hyper-dompaminergic activity in Rev-erbα mutant mice (Chung et al., 

2014).  REV-ERBα is a nuclear receptor protein expressed rhythmically in the superchiasmatic 

nucleus and peripheral organs (Preitner et al. 2002). The hyper-dopaminergic activity observed 

in these mutant animals is evidence that Rev-erbα has a repressive action on the dopaminergic 

system, involved in the regulation of hedonic feeding behaviour, therefore linking circadian 

rhythms to metabolism and behaviour (discussed in detail in section 1.36).  

 

1.5 Energy Expenditure 
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The other key factor in energy balance is energy expenditure. Energy expenditure is comprised 

of three components – resting energy expenditure (REE), diet induced thermogenesis and 

activity energy expenditure (AEE). The body also expends energy to support growth, stay warm 

in cold environments and metabolise drugs/toxins. REE reflects energetic costs of maintaining 

cardiac function, respiration, nervous function, muscle tone and body temperature. Energy 

expenditure at rest accounts for 60-75% of total energy expenditure (Carpenter et al., 1995) 

and this is therefore the greatest single contributor to overall energy expenditure. The rate of 

energy expended at rest (as kcal/h) is typically reported as either basal metabolic rate (BMR) or 

RMR, whereas REE refers to energy expended over a 24 hr period. BMR is measured after no 

physical activity has taken place for >12hours, whereas RMR is measured 3-4 hours after a 

person eats or does significant physical work. Muscle and organ mass (lean mass) accounts for 

much of the individual differences observed in RMR because they have a much greater 

metabolic capacity compared to adipose tissue (Ravussin et al., 1982; Johnstone et al., 2005; 

Javed et al., 2010). Differences in lean body mass account for 60-80% of the total variation in 

RMR amongst individuals.  AEE is split into two main components, non-exercise activity 

thermogenesis (NEAT) and exercise energy expenditure (Levine et al., 1999). NEAT is defined as 

the energy expended for everything we do that is not sleeping, eating or sports-like exercise 

(Levine et al., 1999). These two components combined can be referred to as physical activity 

(Caspersen et al., 1985). Physical activity energy expenditure is the most modifiable of the 

components of energy expenditure (Westerterp, 2003), and the factor that is most under 

voluntary control for the majority of individuals. During physical activity, mechanical work 

associated with muscle contraction requires energy. Exercise can also affect RMR due to excess 

post exercise oxygen consumption (Laforgia et al., 1997).  The thermic effect of food (TEF) is 

the increase in RMR after ingestion of a meal and represents the increase in energy 

expenditure associated with the body’s processing of food, including work associated with the 

digestion, absorption, transport, metabolism and storage of energy from ingested food. The 

percentage increase in energy expenditure over BMR caused by the thermic effect of food has 

been estimated to range from 5-30% and is macronutrient dependent, with protein having the 

highest thermic effect (Bray et al., 1974). Converting excess protein and carbohydrate to energy 

stores (fat and glycogen) requires more energy than the efficient process of simply storing 

excess dietary fat as body fat.  A rise in metabolism following food consumption reaches a 

maximum about 1 hour after eating and is generally absent by 4 hours postprandium (Halton 

and Hu, 2004). 
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Energy expenditure is measured by direct or indirect calorimetry. Direct calorimetry is the 

determination of energy use by measuring the heat released from an organism enclosed in a 

small insulated chamber surrounded by water (calorimeter). The rise in temperature of the 

water is directly related to the energy used by the organism (Jequier, 1985). Direct calorimetry 

is expensive and complex, whereas indirect calorimetry is easier and less expensive. Indirect 

calorimetry is the quantification of energy expenditure based on the non-invasive 

measurement of oxygen consumption (VO2) and carbon dioxide production (VCO2). O2 and CO2 

are measured in source air and expired air to give VO2 and VCO2 in ml/min/kg. Correcting energy 

expenditure for the metabolically active mass of a subject is important if one wants to compare 

data from animals of different body weights as expansion of adipose tissue happens during 

obesity, but adipose tissue has relatively low metabolic activity. One of the most common ways 

of correcting for this using the Brody-Kleiber allometric equation, which works on the basis 

that basal energy expenditure is proportional to body-weight raised at the ¾ power in order to 

normalize between species (Brody, 1945; Kleiber, 1947). However, using straight body weight is 

also common. Once corrected, VO2 and VCO2 can be converted into a value for REE in kcal (or 

kJ)/day (Branson and Johannigman, 2004). An evaluation of substrate oxidation from 

calorimetry is also possible. The respiratory quotient is a unitless value calculated from 

VCO2/VO2. Many metabolised substances only contain the elements carbon, hydrogen and 

oxygen, e.g. fatty acids and carbohydrates. The major source of energy in these compounds is 

stored in the Carbon (C)- Hydrogen (H) bond and during oxidative metabolism these C-H bonds 

are converted to CO2 and H2O (Even et al., 1993).  The following equation describes complete 

oxidation of carbohydrates, lipids and proteins: CxHyOz + (x + y/4 - z/2) O2 → x CO2 + (y/2) H2O. 

When 1 mole of each of the three main fuels is burnt up in a calorimetric bomb, the volumes of 

O2 used and CO2 released and the amount of energy liberated as heat can be used to 

determine respiratory quotient and therefore metabolism of these compounds gives an 

respiratory quotient of x/(x + y/4 - z/2). respiratory quotients of organisms in metabolic 

balance usually ranges from 1.0 (pure carbohydrate oxidation) to ~0.7 (pure fat oxidation) 

(Westenskow et al., 1988). Other metabolic processes, such as lipogenesis, the formation of 

lipid from non-lipid precursors, result in an respiratory quotient greater than 1. Under normal 

circumstances protein oxidation contributes very little to overall energy metabolism, and thus 

protein oxidation is generally ignored in the determination of respiratory quotient. If 

appropriate, respiratory quotient is corrected for protein oxidation by measuring urinary 

nitrogen excretion (Branson and Johannigman, 2004). Energy expenditure (kcal/hr) can also be 

determined using the respiratory quotient value. Firstly, a calorific value (CV) is determined 
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using the following equation, CV = 3.815 + 1.232 * respiratory quotient. The rate of energy 

expenditure can then be calculated using the following equation: Heat = CV * VO2. 

Carbohydrate and fatty acid oxidation (COX and FOX) can also be derived using the following 

equations: COX: 4.55 * VCO2 – 3.21 * VO2; FOX: 1.67 * VO2 – 1.67 * VCO2 (Frayn, 1983). 

1.6 BAT thermogenesis 
 

In endothermic animals maintenance of stable body temperature represents a major energetic 

cost. Mammals, including humans, depend on both shivering and non-shivering thermogenesis 

(NST) mechanisms for temperature homoeostasis (Block, 1994; Silva, 2011). Although muscle 

shivering is an immediate response to cold stress, continuous muscle shivering leads to 

exhaustion and muscle damage. NST mechanisms are activated in order to adapt to minor or 

gradual shifts in temperature acclimation to stable temperature changes. Brown adipose tissue 

(BAT) is an important site of NST in many mammals (Enerback et al., 1997; Cannon and 

Nedergaard, 2010). BAT is only found in mammals and is especially prominent in mammalian 

new-borns. BAT mitochondria are unique in that they express a high level of uncoupling protein 

1 (UCP1) on the inner membrane. During oxidation of fatty acids, protons are pumped out by 

the respiratory chain. In BAT mitochondria the protons may then re-enter through ATP-

synthetase, as in normal mitochondria, or through UCP1. In the latter case, all chemical energy 

released by oxidation and temporarily stored in the mitochondrial proton electrochemical 

gradient is released in the form of heat. The activity of BAT is controlled from the hypothalamic 

area, via the sympathetic nervous system and norepinephrine release. Norepinephrine 

signalling at adrenergic receptors (AR), and especially the β3–AR receptor, stimulates BAT 

activity and increases the expression of UCP1.  During acute thermogenic stimulation (e.g. 

acute cold exposure) β3–AR receptor signalling enhances hormone sensitive lipase activity, 

which in turn leads to the release of free fatty acids from triglyceride stores in the brown 

adipocytes, and increased β–oxidation within the mitochondria. Cold exposure directly 

activates thermogenesis in BAT – cold is sensed through sensory nerves in peripheral tissues 

and activates central sympathetic outflow and catecholamine secretion. Contrary to what 

happens in cold acclimation, starvation in rodents leads to atrophy of BAT and a marked 

decrease in NST, which has been related to a decrease in UCP1 protein and mRNA levels 

(Champigny and Ricquier, 1990; Matamala et al., 1996).  Early physiological studies have also 

shown that caloric excess itself can stimulate BAT expansion and thermogenesis, mediated by 

UCP1 (Rothwell and Stock, 1997).  This is referred to as diet-induced thermogenesis. Ablation 

of UCP1 in mice resulted in increased susceptibility to hypothermia but had no propensity to 
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develop obesity under normal ambient temperatures (Enerback et al., 1997). It was later 

shown that UCP1 knockout mice shiver extensively, and that any loss of diet-induced 

thermogenesis was masked by the energetic cost of shivering. Indeed, when UCP1 knockout 

mice were raised under thermoneutral conditions (approx. 30°C in mice), the animals gained 

significantly more weight and adipose tissue than littermate controls (Feldmann et al. 2009).  

 

It has been shown that peroxisome proliferator-activated receptor γ (PPARγ) participates in the 

activation of BAT genes, such as UCP1 (Sears et al., 1996). Synthetic PPARγ activators, especially 

those in the Thiazolidinedione (TZD) class are potent activators of mitochondrial biogenesis 

and BAT-selective genes. TZD treatment is associated with increased capacity of UCP1 

mediated uncoupled respiration (Petrovic et al., 2010; Bartesaghi et al., 2015). Transcriptional 

activity of PPARγ on UCP1 expression is greatly increased by the PPARγ-coactivtor-1α (PGC-1α) 

(Puigserver et al., 1998). PGC-1α controls thermogenic gene activation in response to cold and 

β-adrenergic agonists (Lin et al., 2004; Uldry et al., 2006). PGC-1α is phosphorylated and 

directly activated by p38 mitogen activated protein kinase following β3 adrenergic stimulation 

of BAT cells (Cao et al., 2004). PGC-1α then binds to various transcription factors to induce the 

expression of thermogenic genes such as UCP1.  

 

In addition to BAT, skeletal muscle has an important role in NST, especially in humans (van 

Marken Lichtenbelt and Schrauwen, 2011). Adult humans have no large deposits of brown 

adipose tissue. In adult humans, the contribution of BAT to adrenaline-induced thermogenesis 

has been estimated at <25%, whereas skeletal muscle accounts for up to 50% of adrenaline-

induced thermogenesis (Astrup et al., 1985; Simonsen et al., 1993). Similar to the role of UCP1 

in BAT, UCP3 is the principle uncoupling protein in skeletal muscle. UCP3 is specifically 

expressed in skeletal muscle and brown adipose tissue. Like UCP1, UCP3 also reduces the 

proton gradient across the inner mitochondrial membrane when expressed in yeast (Gong et 

al., 1997; Boss et al., 1998). UCP3 mRNA expression is upregulated after thyroid hormone 

treatment, which is known to increase thermogenesis in rodents (Gong et al., 1997) and in 

humans (Barbe et al., 2001). Furthermore, like UCP1 in BAT, UCP3 is upregulated after the 

consumption of a high-fat diet in rodents (Gong et al., 1999) and humans (Schrauwen et al., 

2001). 
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1.7 Digestion and Absorption 
 

The gastrointestinal system is the portal through which nutritive substances, vitamins, 

minerals and fluids enter the body. Proteins, fats and complex carbohydrates are broken down 

into absorbable units (digested) and along with vitamins, minerals and water, cross the 

mucosa of the small intestine and enter the lymph or blood (absorption) (Johansson, 1972). 

Digestion of the major foodstuffs is an orderly process involving the action of a large number 

of digestive enzymes. Digestive enzymes are found in the secretions of the salivary glands, the 

stomach and exocrine portion of the pancreas. Other enzymes are found in the luminal 

membranes and the cytoplasm of the cells that line the small intestine (Isenman et al., 1999). 

The action of digestive enzymes is aided by the hydrochloric acid secreted by the stomach and 

bile secreted by the liver. Here, we will concentrate on the digestion and absorption of 

carbohydrates and lipids.  

The principal dietary carbohydrates are polysaccharides, disaccharides and monosaccharides.  

The enzyme α-amylase in saliva initiates the digestion of carbohydrates and in the small 

intestine, potent pancreatic α-amylase also acts on polysaccharides, resulting in 

oligosaccharides which are further acted on in the ileum by oligosaccharidases. Resulting sugar 

molecules either enter mucosal cells or are absorbed further along the GI tract (Ferraris, 2001). 

Ingested disaccharides are hydrolysed by lactase or sucrose on the luminal surface of mucosal 

cells. Hexoses and pentoses are rapidly absorbed across the wall of the small intestine via 

secondary active transport. This is dependent on Na+ concentration in the lumen. Sugar 

molecules pass from mucosal cells to the blood in the capillaries draining into the portal vein 

(Dashty, 2013). 

Depending on diet, on average 30 to 40% of total energy intake consists of dietary fats which 

mainly reflect long-chain fatty acids (LCFAs) esterified into TAGs (Glatz et al., 2010). TAGs can 

be hydrolysed by lingual lipases, but significant fat digestion begins in the duodenum, with 

pancreatic lipase being the most important enzyme involved. Principal products of its action 

are FFAs and 2-monoglycerides (Carey, 1983). Pancreatic lipase acts on fats that have been 

emulsified; however it cannot penetrate fat droplets covered by emulsifying agents without 

colipase, which is also secreted by the exocrine portion of the pancreas ( Lowe, 1994). Most of 

the dietary cholesterol is in the form of cholesteryl esters and pancreatic esterase hydrolyses 

these esters in the intestinal lumen. Fats are emulsified in the small intestine by the detergent 

action of bile salts, lecithin and monoglycerides. Bile salts alone are relatively poor emulsifying 
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agents and require phospholipids and monoglycerides. As concentration of bile salts in the 

intestine rises, which is under both dietary and circadian control (Duez et al., 2008), lipids and 

bile salts form micelles, spherical aggregates containing fatty acids (FAs), monoglycerides and 

cholesterol. Micellar formation facilitates transport to the mucosal cells by passive diffusion. 

The subsequent fate of FAs depends on their size. FAs with less than 10-12 carbon atoms pass 

from the mucosal cells directly into the portal blood where they are transported as FFA. 

Cholesterol and FAs with more than 10-12 carbon atoms are re-esterified in mucosal cells. 

TAGs and cholesterol esters are then coated with a layer of protein, cholesterol and 

phospholipid to form chylomicrons, the largest of the lipoprotein particles, which leave the cell 

and enter the lymphatics (Jensen, 2003). In mucosal cells, most of the TAG is formed by the 

acylation of the absorbed 2-monoglycerides, primarily in smooth endoplasmic reticulum. 

However, TAG is also formed from glycerophosphate, which is a product of glucose catabolism. 

The acylation of glycerophosphate and the formation of very-low-density lipoproteins (VLDL) 

occurs in the rough endoplasmic reticulum of hepatocytes. Carbohydrate moieties are added 

to the protein in the golgi apparatus and the finished chylomicrons are extruded by exocytosis 

into the circulation (Mansbach and Siddiqi, 2016) 

1.8 Liver as a metabolic regulator 
 

All blood leaving the absorptive surfaces of the digestive tract enters the hepatic portal system 

and flows into the liver. Liver cells extract nutrients or toxins absorbed from blood before it 

reaches the systemic circulation through the hepatic veins. In the post-absorptive state, blood 

glucose levels increase and hepatocytes remove glucose from the blood stream and either 

store it as glycogen or use it to synthesise lipids that can be stored in the liver or other tissues 

(Rui, 2014). The liver stabilises blood glucose levels at about 90 mg/dl in humans. The liver also 

regulates circulating levels of TAGs, FAs and cholesterol. In the post-absorptive state, lipids are 

removed for storage. However, because most lipids absorbed by the digestive tract bypass the 

hepatic portal circulation as they are packaged into chylomicrons, the regulation occurs only 

after lipid levels have risen within the general circulation (Mansbach and Siddiqi, 2016).  

1.9 Glucose regulation 
 

Hepatocytes make up around 80% of the cells in the liver. Glucose enters hepatocytes 

principally via Glut2, a plasma membrane glucose transporter. Glut2 also mediates glucose 

release from the liver, with Glut1 and other transporters also playing a role in glucose release 
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from hepatocytes (Hosokawa and Thorens, 2002). Glucose is phosphorylated by glucokinase in 

hepatocytes to generate glucose-6-phosphate (G6P) leading to a reduction in intracellular 

glucose concentration which further increases glucose uptake. G6P is unable to be transported 

by GLUT transporters so it is retained within hepatocytes. In the fed state, G6P acts as a 

precursor for both glycogen synthesis (via glycogen synthase), and for metabolism through 

glycolysis to generate ATP and pyruvate. G6P is also an allosteric inhibitor of glycogen 

synthase, thus further increasing liver glycogen levels in times of glucose excess. In the fasted 

state, when generation of glucose is required, glycogen is hydrolysed by glycogen 

phosphorylase (glycerogenolysis), and G6P can be dephosphorylated by glucose-6-

phosphatase (G6Pase) (Villar-Palasí and Guinovart, 1997).  

Activity of both glycogen synthase and glycogen phosphorylase is also regulated by 

posttranslational modifications. Phosphorylation of glycogen synthase, mainly by glycogen 

synthase 3 (GSK-3) inhibits glycogen synthase activity and in contrast, phosphorylation of 

glycogen phosphorylase increases its activity (Fang et al., 2000). Both glycogen synthase and 

glycogen phosphorylase are able to be dephosphorylated by protein phosphatase 1. In the fed 

state, pancreatic β-cells secrete insulin in response to an increase in blood glucose, amino 

acids and fatty acids. Insulin stimulates glycogen synthase by activating Akt which 

phosphorylates and inactivates GSK-3, thus increasing glycogen synthesis (Figure 1.2). Insulin 

stimulates the expression of glucokinase which increases hepatocyte glucose uptake indirectly 

by phosphorylating glucose and generating 6GP (Cohen et al., 1978). Moreover, glucagon and 

catecholamines (epinephrine and norepinephrine), collectively called counter regulatory 

hormones, bind to their cognate G-protein coupled receptors and activate protein kinase A 

(PKA) by increasing intracellular cAMP levels. PKA phosphorylates and activates glycogen 

phosphorylase directly or indirectly by phosphorylating and inactivating phosphorylase 

kinases. Glucagon inhibits acetylation of glycogen phosphorylase, which decreases the ability 

of protein phosphatase 1 to bind to, dephosphorylate and inactivate glycogen phosphorylase 

(Jiang and Zhang, 2003). During short term fasting periods, the liver produces and releases 

glucose mainly through glycogenolysis (Lodish et al., 2007). During prolonged fasting in which 

glycogen stores become depleted, hepatocytes synthesise glucose through gluconeogenesis 

using lactate, pyruvate, glycerol or amino acids. These gluconeogenic substrates are either 

generated in the liver or delivered to the liver through circulation from extrahepatic tissues. 

Lactate is oxidised by lactate dehydrogenase to generate pyruvate. Pyruvate is transported 

into the mitochondria and converted to oxaloacetate by pyruvate carboxylase. Oxaloacetate is 

reduced to malate by mitochondrial malate dehydrogenase to regenerate oxaloacetate. 
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Cytoplasmic oxaloacetate is converted to phosphoenolpyruvate by cytoplasmic 

phosphoenolpyruvate carboxylase (PEPCK-C), a key step of gluconeogenesis. 

Phosphoenolpyruvate, after multiple biochemical reactions is converted into fructose 1,6-

bisphosphate (F1,6P) which is then dephosphorylated by fructose 1,6 bisphosphatase (FBPase) 

to generate fructiose-6-phosphate. FGP is converted to 6GP, transported into the ER and 

dephosphorylated by G6Pase to generate glucose. Dephosphorylation of G6P is a rate limiting 

step common for both glycogenolysis and gluconeogenesis. Glycerol enters into hepatocytes 

via aquaporin-9 and is phosphorylated by glycerol kinase to generate glycerate-3-phosphate, a 

substrate for gluconeogenesis. Amino acids are converted to α-ketoacids through deamination 

reactions catalysed by glutaminase, glutamate dehydrogenase and/or amino transferase. The 

α-ketoacids are further converted to intermediates of the TCA cycle (e.g. pyruvate, 

oxaloacetate, fumarate, succinyl-CoA or α-ketoglutarate) which serve as precursors for 

gluconeogenesis (Landau et al., 1996).  

When carbohydrates are abundant, the liver not only utilises glucose as the main metabolic 

fuel but also converts glucose into fatty acids. Firstly, glucose in broken down in a process 

called glycolysis, which is a three step process The first step involves phosphorylation, 

isomerization and further phosphorylation of glucose to provide fructose 1,6 

bisphosphate.  The second stage involves the cleavage of the fructose 1,6-bisphosphate into 

two three-carbon fragments, resulting in three-carbon units that are readily interconvertible. 

In the final step, ATP is harvested when the three-carbon fragments are oxidized to pyruvate. 

Pyruvate is then channelled into the mitochondria and completely oxidised to generate ATP 

through the tricarboxylic acid (TCA) cycle and oxidative phosphorylation. Alternatively, 

pyruvate can be used to synthesise fatty acids through lipogenesis. G6P can also be 

metabolised via the pentose phosphate pathway to generate NADPH. NADPH is required for 

lipogenesis and biosynthesis of other bioactive molecules (Rui, 2014).  

1.10 Lipid Metabolism 
 

The term lipid describes a group of organic compounds, such as fats, waxes and sterols. Lipids 

have an array of important biological roles, ranging from energy storage to signalling. Lipids 

can be divided into eight classes (Fahy et al., 2005) and FAs are carboxylic acids with long 

aliphatic tails and fall into the fatty acyl group (Figure 1.3). They can either be saturated or 

unsaturated and their aliphatic tail is often made up of an even number of carbon atoms.  
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Figure 1.2 - Glucagon-signalling pathway.  
Glucagon binds to the glucagon receptor, resulting in a conformational change activating G-

proteins, subsequently resulting in activation of Adenylate Cyclase. cAMP is then formed, 

activating PKA. In turn, this modulates PGC-1/PEPCK and G-6-Pase activity to result in 

decreased glycolysis and glycogenesis and increased gluconeogenesis. PKA activates 

phosphorylase kinase, an enzyme responsible for the conversion of glycogen phosphorylase to 

the correct isoform (a) to increase glycogenolysis. Glucagon also results in the activation of 

phospholipase C, catalysing the hydrolysis of PIP2. This is further hydrolysed to InsP3, resulting 

in calcium release causing a cascade of intracellular changes and activity, again contributing to 

decreased glycolysis, decreased glycogenesis and increased gluconeogenesis. Taken together, 

this results in increased glucose availability. Abbreviations: PIP2, phosphatidylinositol 4,5-

biphosphate; PGC-1, peroxisome proliferator-activated receptor-γ coactivator-1; PEPCK, 

phosphoenolpyruvate carboxykinase; G-6-Pase, glucose-6-phosphatase. 
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Triacylglycerols (TAGs) are esters made up of three fatty acids and a molecule of glycerol 

(Figure 1.3) (Glatz et al., 2010). 

In humans, TAGs store unused calories (Roberts et al., 1988). A variety of tissues, such as 

adipose tissue, skeletal muscle and liver, use fatty acids as an energy source (Frayn et al., 

2006). TAG stores in these tissues can be mobilised by hydrolysis to release energy in the form 

of fatty acids to fulfil metabolic requirements during periods of reduced energy consumption 

(Bernlohr et al., 2002). Fatty acids in the body are derived from dietary consumption or 

through their endogenous synthesis during de novo lipogenesis, the majority of which takes 

place in the liver. Fatty acids can be divided into two groups: essential and non-essential. 

Essential fatty acids cannot be synthesised in the body and therefore are a dietary requirement 

(Thomasson, 1962).  

As previously discussed, TAGs are transported around the body as lipoproteins. Lipoproteins 

consist of an amphipathic monolayer of lipids composed of an assembly of hydrophilic head 

groups of phospholipids and free (non-esterified) cholesterol together with apolipoproteins 

(Apo) that face the aqueous phase and cover the inner hydrophobic region containing TAGs 

and cholesterol esters (Hoofnagle and Heinecke, 2009). The polarity of the surface lipoproteins 

prevents their aggregation and allows them to be solubilized in the circulation (Tzen et al., 

1992). The overall structure of lipoproteins is determined by apolipoproteins (Campos et al., 

2001; Campos et al., 2005). Based on the density, which results from the percentage of the 

proteins and lipids in their structure, they are divided into major classes including high density 

lipoprotein (HDL), low density lipoprotein (LDL), intermediate density lipoprotein (IDL), VLDL 

and chylomicrons (Mahley et al., 1984) 

Chylomicrons and VLDL are involved in the transport of TAGs. Chylomicrons transport newly 

absorbed TAGs from the intestine to the skeletal muscle for consumption, to adipose tissue for 

storage, or to the liver for synthesis of VLDL. VLDL is secreted from the liver to the circulation 

for transport to other tissues, including adipose tissues. In the exogenous lipoprotein pathway, 

lipid components of the lipoproteins are synthesized by the intestine from dietary lipids while 

in the endogenous lipoprotein pathway the lipid components are newly synthesized within the 

liver. In the exogenous pathway the intestinal lipids are absorbed by the epithelium and 

assembled with apoB48, apoA-I, apoA-II and apoA-IV to make nascent chylomicrons which are 

secreted to the lymphatic vessels and released directly into the circulation by the subclavian 

vein. In the circulation, HDL delivers its apolipoproteins apoC-II and apo-E to the nascent 

chylomicron to make a mature chylomicron. These exchangeable apolipoproteins protect the  
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Figure 1.3 Biochemical representation of triglyceride breakdown.  

One molecular of triacylglycerol is hydrolysed to give 1 molecule of glycerol and 3 molecules of 

fatty acid. 3 molecules of water are needed to add -H and -OH groups to break the ester 

bonds, an action which is catalysed by the enzyme lipase 
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TAG-rich lipoprotein particles (chylomicrons and VLDL) from non-specified interaction with the 

plasma and lead to their correct configuration for the action of lipoprotein lipase (LPL). In 

skeletal muscle and adipose tissue, TAG in mature chylomicrons, via activation of the 

endothelial LPL in the presence of phospholipids and its cofactor apo-CII, is hydrolysed to 

glycerol and FAs, and taken up by the tissue. Glycerol is returned to the liver and kidney to be 

converted to the glycolytic intermediates and the phospholipid and apoA and apoC of mature 

chylomicrons is transferred to HDL. The hydrolysed chylomicron, known as a remnant 

chylomicron, contains cholesterol esters, apoE and apoB48. Remnant chylomicrons are 

transferred to the liver through the circulation. Ultimately, remnant chylomicrons are 

degraded in the lysosome which results in release of FAs and glycerol (Wang et al., 1985).  

In the endogenous pathway, liver is the main source of VLDL lipid constituent. Assembly of 

intracellular TAG and cholesterol in the liver is maintained by apoB100 and delivered to the 

circulation by lipid transporters (Rivellese et al., 2004; Frayn, 1998). Similar to chylomicrons, 

circulating HDL provides apoE and apoCII to VLDL (Murdoch and Breckenridge, 1995). VLDLs 

contain TAG, cholesterol, cholesteryl ester, apoB-100, apoC-I, apoC-II, apo-C-III and apoE. Thus, 

VLDL plays an important role in the delivery of FAs to adipose tissue to store energy as inactive 

fuel in the form of TAGs or to supply active energy for skeletal muscles and other tissues via 

FFA delivery (Frayn, 1998). LPL ensures release of FAs and glycerol via hydrolysation of TAGs 

and loss of apoCs from VLDL to transfer back to HDL. The VLDL is then converted to remnant 

VLDL or IDL, which contains apoB-100 and apoE (Mahley et al., 1984).The interaction of 

remnant VLDL or IDL with LDL receptors of the liver in the presence of apoB-100 and apoE 

ends in TAG hydrolysation and loss of apoE to constitute the remnant IDL or LDL lipoproteins. 

Fusion of endosomes with lysosomes leads to degradation of apolipoproteins and 

hydrolysation of cholesterol esters to free cholesterols which are incorporated into the plasma 

membranes. Excess intracellular cholesterol enhances activity of acyl-CoA cholesterol 

acyltransferases (ACAT) for re-esterification of cholesterol to the cholesterol esters for 

intracellular storage (Chang et al., 2009). 

Lipoprotein (LPL), pancreatic, hepatic and endothelial lipases are soluble hydrolytic enzymes 

whose main function is the hydrolysis of TAGs of the circulatory TAG-rich chylomicrons and 

VLDL subsequently converting them to non-esterified FAs (NEFA) and 2-monoacylglycerol. 

They also increase the cellular uptake of remnant chylomicrons, cholesterol rich lipoproteins 

and FFAs. The apolipoproteins of lipoprotein particles have a role in targeting of the 

lipoproteins to the tissues. They also function as a cofactor, especially (apoC-II), for LPL, 
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although apoC-III is an inhibitor of LPL activity (Shachter, 2001; Yu and Ginsberg, 2005). On top 

of its enzymatic function, LPL plays an important role in lipid metabolism and transport. LPL 

acts as a linker between lipoproteins and cell surface receptors, including proteoglycans such 

as cell surface related LDL receptors and heparin sulphate proteoglycans (HSPG), and thus 

facilitates the uptake of lipoproteins by the tissues (Yu and Ginsberg, 2005). Expression of LPL 

is regulated through a complex interaction between sterol regulatory element-binding protein 

(SREBP), peroxisome proliferator-activated receptor-alpha (PPARα), cyclic adenosine 3’,5’-

monophosphate (cAMP) response element binding protein (CREBP) and activator protein-1-

like factors (Sartippour and Renier, 2000; Mead et al., 2002). In addition, expression of LPL is 

influenced by nutritional factors, blood glucose levels, FA concentration, as well as insulin, 

catecholamines, thyroid hormone, growth hormone, and oestrogen (Mead et al., 2002). LPL is 

produced in parenchymal cells, heart, skeletal muscles as well as macrophages and is 

distributed along the vasculature (Mead et al., 2002). Thereafter, it is secreted and 

translocated to the functional HSPG-binding site on the luminal surface of the endothelium 

(Wang and Eckel, 2009).  

 

LPL expression in adipose tissue and skeletal muscle reflects whether dietary lipids are mainly 

stored in the adipose tissue or are used for energy consumption in the skeletal muscle. In the 

fed state, the activity of LPL is high in adipose tissue and low in skeletal and cardiac muscle; 

thus extra energy is stored. In contrast, in a fasted state, LPL expression in adipose decreases, 

while increasing in muscle reflecting the metabolic demand for lipid fuels in those tissues 

(Frayn, 1998; Sakayama et al., 2008). Insulin is a major regulator of the LPL activity in adipose 

tissue. In the fed state, insulin upregulates LPL expression in adipose tissue (thereby increasing 

FA storage), but inhibits LPL expression in muscle. In the fasted state, insulin levels fall and LPL 

expression increases in the skeletal muscle. Of note, obesity-related insulin resistance is 

associated with a proinflammatory state of adipose tissue in which production of cytokines, 

such as interleukin-6 (IL-6) and tumour necrosis factor α (TNFα), reduces LPL expression (Frayn, 

1998). 

 

Once liberated from chylomicrons and lipoprotein particles, FAs enter tissues by facilitated 

diffusion. Numerous fatty acid transporters facilitate and regulate the movement of fatty acids 

through the plasma membrane. These include fatty acid translocase (CD36/FAT), fatty acid 

transport proteins (FATPs), and membrane fatty acid binding protein (Abumrad et al., 1993; 
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Schaffer and Lodish, 1994; Isola et al., 1995; Stahl et al., 2001). Once inside the cell, the fatty 

acids are either used for metabolism via β-oxidation or storage as TAG. 

 

1.11 Fatty acid oxidation 
 

FA beta oxidation (FAO) is a mitochondrial (and peroxisomal for LCFAs) process in which the 

conserved energy of the FAs is released in a stepwise manner. FAs are long carbon chain 

molecules that in each step of FAO lose 2 carbon molecules to produce the activated 

intermediate, acetyl-CoA. FAO also results in the reduction of NAD+ and FAD+ cofactors to 

produces NADH and FADH2. Oxidation of FAs happens in two stages, first in the cytoplasm then 

in the mitochondria. In the cytoplasmic stage, FAs are first activated via conversion to acyl-CoA 

via fatty acyl-CoA synthase (Schulz, 1991). Thereafter, acyl-CoA is complexed with carnitine by 

acyl-carnitine palmitoyltransferase transferase I (CPT-1) for transfer into the mitochondrial 

membrane. The liver isoform (CPT1A) is found throughout the body on the mitochondria of all 

cells except for skeletal muscle cells and brown adipose cells. The muscle isoform (CPT1B) is 

highly expressed in heart and skeletal muscle cells and brown adipose cells. In acyl-CoA with 

long chain hydrocarbons, acylcarnitine translocase enzyme transfers the acylcarnitine across 

the inner mitochondrial membrane. In the mitochondrial stage, carnitine is subsequently 

removed from the acyl-CoA via acyl-carnitine transferase II (Schreurs et al., 2009). Acyl-CoA is 

then degraded by a recurring sequence of four reactions (dehydrogenation, hydration, 

oxidation and thiolysis) until the long chain FA becomes completely degraded to acetyl-CoA (as 

described in figure 1.4).  Acetyl-CoA then enters the TCA cycle to produce adenosine 

triphosphate (ATP). The reactions of the cycle are carried out by 8 enzymes that completely 

oxidise acetyl-CoA into two molecules each of carbon dioxide and water. For each acetyl group 

that enters the citric acid cycle, three molecules of NADH are produced, which are in turn 

required for ATP generation via oxidative phosphorylation. At the end of each cycle, the four-

carbon oxaloacetate has been regenerated, and the cycle continues. 

The level of acetyl-CoA is one of the main determinant parameters in the regulation of FAO. 

Acetyl-CoA is the product of glucose degradation during glycolysis and pyruvate 

dehydrogenase (PDH) reaction as well as FAO. Therefore, acetyl-CoA links the carbohydrate 

and lipid pathways. Acetyl-CoA is consumed in different pathways including the TCA cycle, 

gluconeogenesis using pyruvate carboxylase (PC), oxaloacetate production to store glucose in 

the liver as glycogen, FA biosynthesis and cholesterol synthesis (Dashty, 2013).   
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Figure 1.4 - Reactions of beta-oxidation.  

During beta-oxidation in the mitochondria, fatty acid molecules are broken down by removing 

two-carbon units from the carboxyl end of a fatty acid molecule to produce acetyl-CoA. 

Abbreviations: CoA, Coenzyme A; CoASH, Coenzyme A with Sulfhydryl Functional Group; FAD, 

flavin adenine dinucleotide; NAD, nicotinamide adenine dinucleotide 
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1.12 Fatty Acid Synthesis  
 

When the concentration of acetyl-CoA in the cytoplasm increases sufficiently pathways 

involved in FA synthesis are engaged. Most of the acetyl-CoA which is converted into fatty 

acids is derived from carbohydrates via the glycolytic pathway. Biosynthesis of long chain fatty 

acids occurs in two distinct steps – the first is the conversion of acetyl-CoA to malonyl-CoA, a 

reaction catalysed by the biotin containing multi enzyme system acetyl-CoA carboxylase (ACC). 

The second step is the conversion of acetyl-CoA and malonyl-CoA to palmitate in the presence 

of NADPH. This conversion to palmitate involves six recurring reactions catalysed by a single, 

homodimeric, multifunctional protein, FA synthase (FAS). Each FAS monomer contains three 

catalytic N-terminal domains and four C-terminal domains that are separated from each other 

by a structural core. The conserved acyl carrier protein acts as the mobile domain responsible 

for shuttling the intermediate fatty acid substrates to various catalytic sites (Smith et al., 2006). 

Palmitoyl-ACP is released from the enzymatic complex using deacylase and one molecule 

water to produce palmitate. ACC is the rate limiting enzyme of FA synthesis that is regulated in 

a variety of ways. Palmitoyl-CoA, a LCFA, is negative allosteric regulator of ACC (i.e. when the 

cell contains high levels of LCFAs, ACC, and thereby FA synthesis, is turned off). When 

intracellular energy is low, phosphorylation of ACC by AMPK decreases the level of malonyl-

CoA and inhibits FA synthesis (Foster, 2012). Malonyl-CoA is a key allosteric inhibitor of CPT-1 

(Xue and Kahn, 2006), and therefore as malonyl-CoA levels fall, FAO rates increase thereby 

increasing energy production. ACC is also subject to regulation by insulin and glucagon. For 

example, when blood glucose levels are low, glucagon results in decreased phosphorylation of 

ACC, therefore causing its activation. However, when blood glucose levels are high, insulin 

causes increased phosphorylation of ACC, causing its inhibition. In mammals, two main 

isoforms of ACC are expressed – ACC1 and ACC2 – and these are the principal regulators of FA 

synthesis and β-oxidation. ACC1 is found in the cytoplasm of all cells but enriched in lipogenic 

tissue such as adipose tissue, and the production of malonyl-CoA in these tissues drives FA 

synthesis. ACC2 is expressed at high levels in oxidative tissue such as muscle and high levels of 

malonyl-CoA in these tissues inhibits β-oxidation. 

 

1.13 Triglyceride Synthesis  
 

TAGs are synthesised from glycerol-3-phosphate (G3P) and fatty acyl co-As (Figure 1.5). G3P is 

produced by different mechanisms in the liver and adipose tissue. In the liver, G3P is made by 
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phosphorylation of glycerol using glycerol kinase and ATP. Glycerol is derived from degradation 

of adipocyte-TAGs and is transferred to the liver via circulation. In adipose tissue, G3P comes 

principally from the reduction of dihydroxyacetone phosphate (DHAP), a product of the 

glycolysis pathway, by glycerol-3-phosphate dehydrogenase (G3PDH). In the next step, two 

molecules of acyl-CoA join to G3P using phosphatidic synthetase or fatty-acyl-CoA transferase 

to make phosphatidic acid. Phosphatidic acid, using phosphatase, loses one phosphate group 

and produces diglyceride (DAG). DAG combines with one extra acyl-CoA and produces TAG via 

the activity of triglyceride synthase. TAG is then transported to VLDL in the liver and stored in 

intrahepatic lipid droplets. In adipocytes TAG is sequestered in large lipid droplets (Chao et al., 

1986). Lipid droplets consist of an organic core comprising neutral lipids (e.g. TAGs and sterol 

esters) that is bound by a monolayer of phospholipids (Kohlwein et al., 2013). This structure 

provides a unique separation of the aqueous and organic phases of the cell. Several types of 

proteins cover the lipid droplet such as structural proteins (e.g. perilipin), lipid synthesis 

enzymes, lipases and membrane trafficking proteins (Guo, 2009). 

 

1.14 Triglyceride Degradation 
 

TAGs are sequentially hydrolysed by the activity of adipose triglyceride lipase (ATGL), 

hormone-sensitive lipase (HSL) and monoglyceride (MAG) lipase (MAGL) to produce FAs and 

glycerol (Ahmadian et al., 2007; Duncan et al 2007; Jaworski et al., 2007) (Figure 1.5). The 

liberated FAs are used in different ways, either as the source of energy at the time of energy 

deprivation, for re-esterification in adipose tissue, for beta oxidation in other tissues or for 

storage as phospholipids or other lipid types. In the fasted state, the level of the 

catecholamines increases in adipose tissue due to absorption by circulation or by sympathetic 

innervations. Catecholamines increase the adenylate cyclase activity and therefore 

intracellular cAMP concentration and PKA activity. Consequently HSL is phosphorylated 

resulting in the stimulation of the hydrolytic activity of this enzyme as well as its translocation 

to the adipocyte-lipid droplets for TAG breakdown. Glucocorticoids, a class of steroid 

hormones, can also stimulate lipolysis via activation of PKA and subsequent stimulation of 

ATGL (Duncan et al., 2007). In the fed state, insulin inhibits lipolysis by dephosphorylation of 

HSL and activation of phosphodiesterase (PDE) that decreases the level of cAMP. Insulin, via 

the phosphoinositide-3-kinase/AKT (PI3K/AKT) pathway, phosphorylates and inhibits PDE3B 

which has an inhibitory effect on the cAMP activity. Another inhibitory effect of insulin on 

lipolysis is through phosphoprotein phosphatase-1 (PP1) and its negative regulation on HSL by 
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decreasing perilipin phosphorylation (Duncan et al., 2007). Other pathways for 

phosphorylation of HSL are via cGMP dependent kinase (Stralfors and Belfrage, 1985) and 

calcium-induced protein kinase C/mitogen-activated protein kinases/extracellular-signal-

regulated kinase (PKC/MAPK/ERK) activity (Donsmark et al., 2003; Donsmark et al., 2004) that 

activate HSL. AMPK inactivates HSL lipolytic properties and has a competitive effect with PKA 

in HSL phosphorylation and activity (Daval et al., 2006; Guilherme et al., 2008). Another 

regulator of HSL activity is perilipin A, a protein that associates with lipid droplets and 

enhances HSL lipolytic activity (Tansey et al., 2004; Daval et al., 2006). In basal states, perilipin 

A maintains a low rate of lipolysis in the lipid droplets. However, upon lipolytic stimulation, HSL 

translocates from the cytosol to the lipid droplet and in turn perilipin is phosphorylated by PKA 

which allows HSL to access the lipid droplet. Two circulating peptides called atrial natriuretic 

peptide (ANP) and brain natriuretic peptide (BNP) have also been implicated in HSL regulation. 

They are released at times of stress and bind to receptors that are coupled to the synthesis of 

cyclic guanosine monophosphate (cGMP), hence increasing its intracellular concentration. In 

turn this activates cGMP-dependent protein kinase causing the phosphorylation of perilipin 

and HSL and subsequently increasing lipolysis (Lafontan et al., 2005). HSL has an effect on 

broad substrates of lipid molecules including TAG, DAG, MAG, retinyl and cholesteryl esters, 

but it mostly affects DAG and cholesteryl ester (Ali et al., 2005). ATGL contains a patatin-like 

domain that hydrolyses TAG but does not hydrolyse cholesteryl and retinyl esters (Ahmadian 

et al., 2007). Atgl is mainly expressed in adipose tissue and is overexpressed in adipocyte 

differentiation and glucocorticoid stimulation and is downregulated during feeding and insulin 

stimulation (Jaworski et al., 2007). 

 

A number of hormonal signalling pathways influence TAG storage and liberation. For example, 

β-adrenergic hormones have a stimulatory effect on TAG degradation, via PKC/ERK (muscle 

contraction induced) and cAMP/PKA pathway (epinephrine stimulation) by stimulation of HSL 

(Donsmark et al., 2004; Watt et al., 2004; Guilherme et al., 2008). Adenylyl cyclase also has an 

important role in lipid metabolism. Adenylyl cyclase, via influence on ATP and conversion to 

cAMP, activates protein kinase using one ATP molecule. Activated PKA phosphorylates and 

activates ATGL (Watt et al., 2004). Hormones such as adrenaline, noradrenaline (Jensen et al., 

1987) and glucagon (Miles and Jensen, 1993; Gravholt et al., 2001) influence adipocytes 

directly and stimulate adenylyl cyclase and lipolysis. Conversely, insulin inhibits lipolysis via  
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Figure 1.5 - Overview of lipid metabolism within the adipocyte.  

The main metabolic functions of adipose tissue are the storage of surplus fatty acids through 

TAG synthesis (lipogenesis) and then the mobilisation of fatty acids from triglyceride by 

hydrolysis (lipolysis).  It is also sensitive to changing nutritional cues. For example, it is insulin-

sensitive (insulin stimulates glucose uptake and lipogenesis and inhibits lipolysis) and subject 

to adrenergic regulation (stimulates lipolysis and adaptive thermogenesis (brown adipose 

tissue)). Abbreviations: ATGL, adipose triglyceride lipase; ATP, adenosine triphosphate; cAMP, 

cyclic adenosine monophosphate; CG1-58, comparative gene identification-58; CPT-1, 

carnitine palmitoyltransferase 1; Glut4, glucose transporter 4; HSL, hormone sensitive lipase; 

MGL, monoglyceride lipase; P, phosphorylated; PDE3B, phosphodiesterase 3B; PKA, protein 

kinase A; PLIN1, perilipin 1; TCA, tricarboxylic acid. 
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activation of PDE, and inhibition of adenylyl cyclase (Elks and Manganiello; 1985). Insulin also 

inhibits lipolysis indirectly by stimulating entrance of glucose to cells. Glycolysis then occurs 

which increases DHAP concentration, which is a substrate of FA synthesis. FAS is activated and 

TAG degradation via HSL is inhibited.  

 

1.15 Ketone Bodies 
 

Ketone bodies include acetone, acetoacetic acid and beta hydroxyl butyric acid; although only 

acetoacetic acid is used as an energy source by the body. Normally, the concentration of these 

products in the circulation is low (1 mg/dl); however in certain conditions, such as type 1 

diabetes and starvation their concentration increases (leading to ketosis and metabolic 

acidosis). Ketone bodies are produced in the liver, testes and ovaries (Royo et al., 1993) and 

are transported to the brain and cardiac muscles for consumption as energy source via 

conversion to acetyl-CoA. Acetoacetic acid is made from acetyl-CoA using beta-ketothiolase, 3-

hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) synthase and HMG-CoA lyase (Figure 1.6). During 

fasting, adipocyte TAG is degraded to release its energy. However, over-supply of TAG in the 

liver induces synthesis of ketone bodies. This happens when the ratio of insulin/glucagon is 

altered in the fasting state. Therefore, when glucagon levels are high, ACC is inhibited and 

consequently FAO is stimulated. In FAO, fatty acyl-CoA is converted to acetyl-CoA to be used in 

the Krebs cycle for energy production. When there is a sufficient energy supply in hepatocytes 

extra acetyl-CoA is consumed in the ketogenesis pathway. In the chronic fasting state, gene 

expression of mitochondrial HMG-CoA synthase is stimulated that induces the ketogenesis 

pathway via acetoacyl-CoA and β-hydroxy-β-methylglutaryl-CoA (HMG-CoA). 

 

1.16 Cholesterol Biosynthesis 
 

Cholesterol is one of the main fat components of the body and is supplied both endogenously 

and exogenously. Inside the body cholesterol is made from acetyl-CoA in hepatocytes, 

enterocytes, testes and ovaries (Buhman et al., 2000). Cholesterol biosynthesis occurs in the 

cytoplasm where 3 acetyl-CoA are joined to each other to produce HMG-CoA. HMG-CoA can 

be used to form cholesterol by HMG-CoA reductase (HMG-CoAR) or enter the ketogenesis 

pathway. HMG-CoAR is the key rate limiting sterol synthetic enzyme. High levels of cholesterol 

have a negative feedback effect on HMG-CoAR and its gene expression. For example, 

cholesterol stimulates HMG-CoAR polyubiquitination and degradation which is modulated by 
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Figure 1.6 Reactions of ketogenesis. 

Two Acetyl-CoA molecules are converted to Acetoacetyl-CoA which is then converted to HMG-

CoA (beta-hydroxy-methylglutaryl-CoA). This molecule is then converted to acetoacetate 

which is converted to 3-hydroxybutyrate, this involves the release of NAD+ or acetone. 

Abbreviations: CoA, Coenzyme A,  CoA-SH, Coenzyme A with Sulfhydryl Functional Group 
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 its transmembrane sterol-sensing domain (SSD) and its role in proteasome degradation. HMG-

CoAR is also regulated by phosphorylation and dephosphorylation. HMG-CoAR 

phosphorylation via activated AMPK (Curtis et al., 2005) or activated protein phosphatase 

inhibitor-1 (PPI-1) inhibits its function. Activated PPI-1 also inhibits HMG-CoAR phosphatase 

(also called PP2A), which dephosphorylates (and activates) HMG-CoAR. Glucagon and 

epinephrine decrease cholesterol synthesis through inhibiting PPI-1, while insulin 

dephosphorylates and activates HMG-CoAR (Espenshade and Hughes, 2007).  

 

 

1.17 Transcriptional control of lipid metabolism 
 

Transcriptional regulation of genes involved in metabolism is considered as the major long 

term regulatory mechanism controlling energy homeostasis. This regulation is executed by a 

variety of transcription factors among which are the PPARs, SREBPS and CCAAT/enhancer 

binding proteins.  

 

PPARs are ligand activated transcription factors of nuclear hormone receptor subfamily 

comprising of the following three subtypes: PPARα, PPARγ, PPARβ/δ. PPARs can activate 

transcription through binding to PPAR response elements. PPARα target genes are involved in 

fatty acid catabolism and it is most abundantly expressed in the liver. PPARβ/δ is the most 

widely distributed of the subtypes and can be found in a wide variety of tissues including 

heart, kidney muscle and lung. Activation of PPARβ/δ enhances fatty acid metabolism. 

 

PPARγ is mainly found in adipose tissue, macrophages and mammary tissue. Alternate 

promoter usage coupled with differential mRNA splicing results in two isoforms of PPARγ. 

PPARγ1 is found in adipose tissue, liver, kidney and the heart whereas PPARγ2 is found 

exclusively in WAT. Unliganded PPARγ associates with co-repressors, thereby supressing 

expression of target genes. In the presence of ligands, the corepressors are exchanged for 

coactivators, such as PPARγ coactivator 1 (PGC-1). PGC-1 was originally believed to function 

only in white and brown adipocytes but it is also expressed in hepatocytes where it plays a 

primary role in controlling the expression of genes involved in gluconeogenesis. Activation of 

PPARγ causes insulin sensitization and enhances glucose metabolism (Tyagi et al., 2011). 
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SREBPs are a family of transcription factors that regulate lipid homeostasis by controlling the 

expression of a range of enzymes required for endogenous cholesterol, FA, TAG and 

phospholipid synthesis, for example FASN and DGAT2. SREBP1C is involved in FA synthesis and 

insulin induced glucose metabolism (particularly lipogenesis) whereas SREBP2 is relatively 

specific to cholesterol synthesis. The SREBP1A isoform seems to be implicated in both 

pathways. SREBP processing is mainly controlled by cellular sterol content. The SREBP1c 

isoform, however, is mainly regulated at the transcriptional level by insulin. The unique 

regulation and activation properties of each SREBP isoform facilitate the coordination of the 

regulation of lipid metabolism (Eberlé et al., 2004).  

 

CCAAT/enhancer binding proteins (C/EBPs) are leucine-zipper transcription factors whose 

sequences are characterised by the presence of a basic region followed by a leucine rich motif. 

A number of genes involved in adipose lipid metabolism are regulated by the C/EBP family of 

transcription factors, e.g. FABP4. Three members of the C/EBP family are expressed in 

adipocytes – α, β and δ. Temporal expression of the three isoforms during 3T3-L1 

differentiation suggests that C/EBP genes are subject to exquisite regulatory controls. Studies 

have shown that C/EBPβ and C/EBPδ regulate the expression of C/EBPα (Lin and Lane, 1994). 

In addition, insulin regulates the transcription of the CEBP α, β and δ genes in fully 

differentiated 3T3-L1 adipocytes. Furthermore, glucocorticoids reciprocally regulate the 

expression of the C/EBP α and δ genes in WAT.  

1.18 Adipose Tissue  
 

Traditionally adipose tissue has been considered to be composed of two distinct forms, white 

(WAT) and brown (BAT) with fundamentally different functions. BAT is specialised for the 

generation of heat by non-shivering mechanisms fuelled primarily by the oxidation of fatty 

acids (Cannon and Nedergaard, 2004; Cannon and Nedergaard, 2009). WAT is specialised for 

fuel storage rather than oxidation, providing substrate to other tissues such as muscle during 

fasting and periods of high energy demand. Classically, lipid was considered to be deposited in 

a single unilocular droplet within white adipocytes, with multiple droplets in the case of brown 

fat cells. Brown adipocytes, in contrast to white, are derived from myogenic progenitor cells 

(Seale et al., 2008; Timmons et al., 2007). The concept of two distinct forms of adipose tissue 

has been challenged through the recognition that some fat depots have both white and brown 

adipocytes and a further ‘brite’ adipocyte has been identified. These brite cells express UCP1 
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but do not possess the complete molecular characteristics of brown adipocytes (Petrovic et al., 

2010). In addition to different forms of adipocyte, several types of non-adipocyte cell are 

present in WAT depots. These include fibroblastic preadipocytes, vascular endothelial cells, 

macrophages and mast cells. Several types of immune cells are present in adipose tissue in 

addition to macrophages, for example lymphocytes and natural killer (NK) cells (Tilg and 

Moschen, 2006; Exley et al., 2014). WAT activity is strongly influenced sympathetic nervous 

system inputs (Hales et al., 1978); for example with marked activation of lipolysis during cold 

exposure or prolonged fasting (Garofalo et al., 1996; Migliorini et al., 1997). The extent of the 

sympathetic innervation in WAT is less than that of BAT as the sympathetic nervous system 

plays a central role in the initiation and regulation of thermogenesis in BAT, including 

mitochondrial biogenesis and the recruitment of UCP1 (Cannon and Nedergaard, 2004; Cinti, 

2005).  

1.19 Adipogenesis 
 

Adipocytes derive from multipotent mesenchymal stem cells. Adipogenesis happens in 2 

phases – determination and terminal differentiation. Determination results in the conversion 

of the stem cell to a pre-adipocyte, which cannot be distinguished morphologically from its 

precursor cell but has lost the potential to differentiate into other cell types. In the second 

phase, the preadipocyte takes on the characteristics of the mature adipocyte – it acquires the 

machinery that is necessary for lipid transport and synthesis, insulin sensitivity and the 

secretion of adipocyte specific proteins. Adipocyte differentiation involves a complex and 

highly orchestrated programme of gene expression and multiple signals, for example 

extracellular factors such as fibroblast growth factors 1 and 2, can influence whether stem cells 

form adipocytes. PPARγ and C/EBPs are considered to be the master regulators of 

adipogenesis.  

PPARγ is both necessary and sufficient for adipogenesis (Rosen et al., 2000). Most pro-

adipogenic factors seem to function at least in part by activating PPARγ expression or activity. 

Proadipogenic C/EBPs and Kruppel-like factors have been shown to induce at least one of the 

two PPARγ promoters. By contrast, anti-adipogenic GATA factors function by repressing PPARγ 

expression (Tong et al., 2000). Ligand activation of PPARγ is required to induce adipogenesis 

but not to maintain PPARγ-dependent gene expression in mature adipocytes. PPARγ is not only 

crucial for adipogenesis but also required for the maintenance of the differentiated state 

(Gerhold et al., 2002). As previously mentioned, several C/EBP family members are expressed 
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in adipocytes. C/EBPβ is crucial for adipogenesis in immortalised pre-adipocyte lines but its 

effect is less obvious in embryonic fibroblasts. C/EBPβ promotes adipogenesis in part by 

inducing C/EBPα and PPARγ expression.  C/EBPα induces many adipocyte genes directly and is 

therefore an important factor in the development of adipose tissue. Despite the importance of 

C/EBPs In adipogenesis, the transcription factors cannot function efficiently in the absence of 

PPARγ which is required to release histone deacetylase-1 (HDAC1) from the C/ebpα promotor 

(Zuo et al., 2006). 

1.20 Secretory role of WAT 
 

In addition to energy storage, WAT adipocytes are major secretory cells, releasing a wide range 

of lipid and protein entities including a number of peptides hormones called adipokines 

(Fruhbeck et al., 2001). Adipokines influence a number of physiological processes including 

lipid homeostasis, inflammation and food intake (Ronti et al., 2006). The most prominent of 

these adipokines are leptin adiponectin and resistin. 

1.20.1 Leptin 

 

Leptin is a satiety hormone encoded by the ob gene and was discovered by means of the 

ob/ob mutation in mice. This mutation leads to hyperphagia, morbid obesity and insulin 

resistance, all of which can be reversed by leptin administration (Friedman and Halaas, 1998). 

Circulating levels of leptin are directly related to BMI or body fat (Considine et al., 1996, Maffei 

et al., 1995). It has also been found that leptin resistance, whereby the body no longer 

responds to this satiety signal, is present in obesity (Myers et al., 2008). After release by 

adipose tissue, leptin signals to the brain giving information about the status of the body 

energy stores. After leptin is released by adipose tissue into the bloodstream, it crosses the 

blood brain barrier and binds to hypothalamic leptin receptors influencing the activity of 

various hypothalamic neurones and the expression of various orexigenic and anorexigenic 

neuropeptides. This results in a decrease in food intake and an increase in energy expenditure 

to maintain the size of body fat stores. Orexigenic peptides influenced by leptin include NPY, 

melanin-concentrating hormone, AgRP and orexin (Meister, 2000). Anorexigenic peptides 

modulated by leptin include POMC and corticotrophin releasing hormone (CRH) (Meister et al., 

2000). Several studies have also demonstrated that leptin is involved in the neuroendocrine 

response to starvation, including changes in hormone concentrations and possible changes in 

sympathetic nervous system activity and reproductive function (Klein et al., 2000; Chan et al ., 
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2003). Leptin has also been reported to have an influence on various biological mechanisms, 

including the immune and inflammatory response by stimulating the production of 

chemokines and macrophages (Kiguchi et al., 2009). Leptin levels can also be increased by pro-

inflammatory stimuli such as lipopolysaccharaide (LPS) and interleukin 1 (IL-1) (Grunfeld et al., 

1996).   

1.20.2 Adiponectin                                                                                                                                                                                                                                                  

                                                                                                                                                        

Adiponectin is a hormone synthesised almost solely by adipocytes and has important roles in 

glucose and lipid metabolism, as well as inflammation (Maeda et al, 2002; Waki et al., 2003). It 

is constitutively produced and constitutes approximately 0.01-0.05% of plasma protein (usually 

ranging from 2-20 µg/ml). Although secreted by adipose tissue, circulating levels of 

adiponectin are paradoxically decreased with increased central adiposity (Arita et al., 1999, 

Turer et al., 2011). Adiponectin has effects on metabolism by binding to adiponectin receptors 

1 and 2 (ADIPOR1 sand ADIPOR2) that are predominantly expressed in skeletal muscle and 

liver (Yamauchi et al., 2003). As well as being expressed in muscle and liver, adiponectin 

receptors are expressed in pancreatic β-cells (Kharroubi et al., 2003; Huypens et al., 2005) with 

ADIPOR1 being the predominant form in the mouse. Adiponectin may act to increase glucose-

mediated insulin secretion and transcription of insulin and related gene products (Wijesekara 

et al., 2010). Adiponectin has been shown to increase glucose-mediated insulin secretion in 

HFD fed mice (under insulin resistant conditions). Adiponectin has also been shown to have 

anti-apoptotic effects on β-cells in cell culture and islet preparations (Rakatzi et al., 2004; 

Wijesekara et al., 2010, Holland et al., 2011). This may be due to the activation of pro-survival 

kinases such as extracellular signal regulated kinases 1 and 2 (ERK 1/2) and AKT (Brown et al., 

2010; Wijesekara et al., 2010). ADIPOR1 is the predominant adiponectin receptor found in 

skeletal muscle (Yamauchi et al., 2003). In muscle, adiponectin appears to act through AMPK 

(inhibiting acetyl-Co-A carboxylase) (Tomas et al., 2002) and PPARα (Yamauchi et al., 2003) to 

exert metabolic effects in muscle. Adiponectin binding results in an increase in glucose uptake 

via Glut4 translocation and non-oxidative glycolysis while at the same time reducing 

intramyocellular TAG content and promoting FA oxidation (Fruebis et al., 2001; Civitarese et 

al., 2006). Adiponectin also has several effects on the liver. One of the most prominent of 

these is suppression of hepatic glucose output, lowering systemic glucose levels. It acts to 

supress the expression and activity of key regulators in gluconeogenesis (Yamauchi et al, 2002; 

Berge et al., 2001) such as phosphoenolpyruvate, carboxykinase and glucose-6-phosphatase. 

Adiponectin acts to sensitise hepatocytes to the effects of insulin. Adiponectin also acts on FA 
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metabolism in the liver which has secondary effects on circulating levels of TAG and NEFA. 

Even moderate overproduction of adiponectin in transgenic mice leads to substantial 

protection from hepatic steatosis in obesity (Kim et al., 2007; Asterholm and Scherer, 2010). 

AMPK activation, downstream from the adiponectin receptor has been recognised as a 

mechanism of adiponectin action in the liver. Adipocytes are also known to express 

adiponectin receptors and therefore adiponectin is able to act locally in an autocrine or 

paracrine fashion to influence adipose tissue function. One of adiponectin’s most prominent 

affects in adipose tissue is seen when the adiponectin gene is overexpressed in the ob/ob 

mouse.  This mouse model displays greater adiposity than the ob/ob mouse with the excess 

weight accounted for by greater subcutaneous fat mass. The adipose tissue of these mice is 

composed of a larger number of adipocytes with a significantly lower average cell size 

compared to lipid engorged ob/ob adipocytes. On top of this, mRNA levels of several key genes 

involved in TAG formation including Pparγ target genes upregulated in WAT of these mice, 

suggesting improved, safer lipid storage in adipose tissue (Kim et al., 2007).  

In addition to adiponectin having effects on metabolism, it is also associated with 

inflammation. The absence of adiponectin leads to high levels of proinflammatory cytokine 

TNF-α in adipose tissue and serum which can be reduced upon adiponectin supplementation 

(Maeda et al., 2002). Adiponectin can also inhibit phagocytosis and LPS induced TNF-α 

expression in macrophages (Yokota et al., 2000). As well as reducing expression of 

proinflammatory cytokines, adiponectin also induces the expression of IL-10, an anti-

inflammatory cytokine, in human macrophages (Kumada et al., 2004). Beyond suppressing 

local inflammation in adipose tissue, adiponectin has systemic anti-inflammatory effects which 

may impact global insulin sensitivity. Adiponectin polarises a wide-variety of tissue 

macrophages towards an anti-inflammatory M2 phenotype. Importantly, this includes effects 

on suppressing macrophage transformation into lipid-ladened foam cells in atherosclerotic 

plaque (Ouchi et al., 2001).  

1.20.3 Other adipokines  

 

There are also numerous other adipokines secreted from adipose tissue. Resistin is solely 

expressed in adipose tissue in mice (Steppan et al., 2001). However, in humans it is mostly 

expressed in macrophages and monocytes (Savage et al., 2001). Levels of resistin in serum 

correlate with increased obesity in both diet-induced and genetically obese mouse models. 

Resistin impairs the actions of insulin and glucose tolerance. Treatment with TZDs such as 
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rosiglitazone, which reduces expression of the resistin gene, restores glucose tolerance in 

these models (Steppan et al., 2001) whereas proinflammatory cytokines, for example TNF-α 

induce the expression of the gene (Kaser et al., 2003). Plasminogen activator inhibitor-1 (PAI-1) 

is an inhibitor of fibrinolysis which is produced in adipose tissue by adipocytes, preadipocytes, 

fibroblasts and immune cells. Its levels of expression are increased with an increase in weight 

gain (Mertens and Van Gaal, 2002). PAI-1 deficient mice have reduced weight gain and 

improved insulin sensitivity when on HFD (Ma et al., 2004).   

1.21 Pathophysiology of obesity 
 

Obesity is a complex multifactorial and heterogeneous disease. Weight gain is a normal 

physiological response to positive energy balance, yet if the imbalance persists, obesity results. 

Many factors contribute to the etiology of obesity, including genetic susceptibility, nutrition, 

physical activity and environment. Energy storage in the form of fat is an important adaptation 

for survival and therefore it is likely like a combination of genes have been selected during 

evolution to favour energy storage. In modern society however, increased food availability and 

decreased physical activity has resulted in these genes conferring susceptibility to the 

development of obesity and its maintenance. The involvement of genetic factors in the 

regulation of body weight has been indicated by studies of monozygotic twins showing a high 

concordance of body composition and response to overfeeding (Barsh et al., 2000). However, 

monogenic causes of obesity account for only a small fraction of obese individuals. Obesity, or 

perhaps more accurately, increased susceptibility to obesity is likely to be polygenic, with 

numerous modifier genes contributing the development of the disease. In addition to the fact 

that genetic factors can modulate nutrient storage, nutrients are also able to modulate gene 

expression (Foufelle and Ferré, 2002) and therefore obesity results from complex genetic and 

environmental interactions.  

Nonetheless, a number of monogenic causes of obesity have been identified. Obesity has also 

been associated with >25 genetic syndromes, such as Prader-Willi and Bardet-Biedl. In human 

patients, homozygous carriers of a loss-of-function mutation in the leptin gene exhibit early 

onset morbid obesity and central hypothyroidism (Barsh et al., 2000). People affected by this 

mutation exhibit severe hyperphagia. Daily subcutaneous injection of recombinant human 

leptin for a year in patients homozygous for this mutation leads to sustained fat mass loss 

(Barsh et al., 2000). Mutations in the leptin receptor have also been discovered, which 
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abolishes leptin signalling and results in a phenotype similar to that of individuals with leptin 

deficiency (Rankinen et al., 2002).  

Homozygous or compound heterozygous loss-of-function mutations in the POMC gene results 

in a phenotype including obesity and adrenal insufficiency reflecting the lack of POMC derived 

peptides α-MSH and adrenocorticotropic hormone (ACTH) (Krude and Gruters, 2000). 

Mutations of MC4R cause dominant and recessive inherited non-syndromic obesity, however 

the mutation is not always associated with obesity and a similar mutation can yield various 

degrees of obesity (Vaisse et al., 2000). Human obesity caused by MC4R mutations has an early 

age of onset, with excessive hunger and food seeking behaviour (Rankinen et al., 2001).  

Most of the genes involved in monogenic forms of obesity are involved in the regulation of 

food intake; however, in the most common (polygenic) forms of obesity, genes involved in 

numerous pathways, from nutrient absorption to energy expenditure play a role. Linkage 

studies, candidate gene association studies and genome-wide association studies (GWAS) have 

revealed a number of obesity related genes. The first loci identified through GWAS was the fat 

mass and obesity-associated (FTO) gene (Frayling et al., 2007), and now more than 50 genetic 

loci have been identified. Unsurprisingly, linkage and GWAS studies have provided evidence for 

the leptin gene locus in the development of obesity and its related phenotypes. For example, 

one gene variant adjacent to sequences involved in the leptin gene transcription, was shown 

to modulate the response to caloric restriction in severely obese women and homozygous 

obese girls carrying this variant allele had a 25% decrease in leptin levels despite a similar body 

fat mass (Le Stunff et al., 2000). Studies have also revealed candidate adiposity genes in the 

regulation of metabolism. In a study of early onset obesity, the effect of variants in the insulin 

gene amongst a large cohort of obese children was analysed. This study demonstrated that a 

specific allelic combination induces higher insulin secretion and a higher risk of developing 

juvenile obesity (Le Stunff et al., 2000).  

1.22 Adipose Tissue Expansion 
 

In response to over-nutrition, energy harvested in fatty acids either directly from the diet or 

via de novo lipogenesis is esterified into TAG and stored in large part within adipocyte lipid 

droplets. In a state of chronic positive energy balance this can lead to the dramatic adipocyte 

hypertrophy and expansion of adipose tissue bed (Sturley and Hussain, 2012). Adipocyte-

specific proteins, such as perilipin, which coats lipid droplets in adipocytes acting as a 

protective coating from the body’s natural lipases, are important for the metabolic flexibility of 
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adipocyte lipid storage and metabolism (Brasaemle et al., 2004; Digel et al., 2010). Fat specific 

protein 27 (FSP27/Cidec) is a lipid droplet-associated protein almost exclusively expressed in 

adipocytes where it facilitates unilocular lipid droplet formation (Puri al., 2007). Perilipin 

serves as an fsp27 activator, increasing FSP27-mediated lipid exchange, lipid transfer and 

droplet growth (Sun et al., 2013). The dual role of perilipin in the regulation of adipose tissue 

lipolysis and lipid droplet expansion highlights the importance of lipid droplet proteins in the 

maintenance and regulation of adipocyte metabolism. Mice with adipocyte specific deletion of 

the Fsp27 gene have impaired lipid storage capacity as indicated by small adipocyte size, 

resistance to weight gain upon HFD feeding, hepatic steatosis, dyslipidaemia and systemic 

insulin resistance (Tanaka et al., 2015). This supports the hypothesis that expansion of the lipid 

droplet and therefore WAT can be protective against the metabolic abnormalities associated 

with excess caloric intake. Further studies which have demonstrated the ability of adipocytes 

to expand the lipid droplet while maintaining insulin sensitivity further supports this 

protective, adaptive role (Kusminski et al., 2012). Expanding fat mass requires increased 

adipocyte size (hypertrophy) or increased adipocyte number (hyperplasia). Hypertrophy occurs 

prior to hyperplasia to meet the need for additional fat storage capacity in the progression of 

obesity. However, large hypertrophic adipocytes face limits of expansion based on multiple 

factors such as hypoxia, adipocyte cell death, enhanced chemokine secretion, and 

dysregulation in fatty acid fluxe that result in dysfunctional adipocytes (Halberg et al., 2009). 

Mature adipocytes are terminally differentiated cells. However, adipocyte precursors have 

been identified in adipose tissue that differentiate into fully mature white adipocytes under 

metabolic stimulation or PPARγ activation, both in vitro and in vivo (Rodeheffer et al, 2008; 

Tang et al., 2008, Gupta et al., 2012). Adipocyte hyperplasia may present a mechanism for 

“healthy” fat storage capacity, due to maintenance of insulin sensitivity. Adiponectin over-

expressing mice display enhanced clearance of circulating fatty acids and increased expansion 

of subcutaneous adipose tissue with chronic HFD feeding. These adaptive changes to the HFD 

were associated with increased mitochondrial density in adipocytes, smaller adipocyte size and 

a general transcriptional upregulation of factors involved in lipid storage through efficient 

esterification of free fatty acids. Increased levels on adiponectin potently protect against HFD-

induced hepatic lipid accumulation and preserve insulin sensitivity (Asterholm and Scherer, 

2010).  

1.23 Adipose tissue inflammation 
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Adipose tissue expansion is also associated with an increased accumulation of macrophages. 

Macrophages are important in the development of adipose tissue inflammation. (Weisberg et 

al., 2003). In addition to an increased accumulation of macrophages, obese mice are also 

shown to switch the state of adipose tissue macrophages from M2 seen in lean mice to M1 

macrophages which secrete pro-inflammatory cytokines (Lumeng et al. 2007). M1 

macrophages accumulate around necrotic adipocytes forming ‘crown-like structures’ and 

releasing proinflammatory cytokines such as IL-6 and TNF-α (Lumeng et al. 2007). In addition 

to macrophages, other immune cells found in adipose are also affected by obesity. Eosinophils 

normally mediate activation of M2 macrophages. However, during obesity, numbers of 

eosinophils decline. Mice lacking eosinophils have increased M1 macrophage activation 

suggesting that this decline in eosinophils could contribute to obesity-induced inflammation 

(Wu et al. 2011). T regulatory cell (Treg) numbers also decline in obesity. These cells normally 

provide immunological tolerance and are abundantly expressed in lean adipose tissue. 

Reducing WAT Treg numbers leads to a worsening of inflammation (Feuerer et al. 2009). In 

addition to inflammatory cells, cytokine expression levels also alter in obesity. TNF-α and IL-6 

are the most common cytokines released from adipose tissue. Levels of TNF-α and IL-6 are 

elevated in obese humans with the levels declining upon weight loss (Kern et al. 1995; Fried et 

al. 1998). An increase in secretion of TNF-α is also seen in animal models of obesity and 

diabetes (Hotamisligil et al. 1993). In addition to their inflammatory roles, IL-6 and TNF-α 

inhibit lipoprotein lipase, reducing lipogenesis, and TNF-α also stimulates lipolysis which could 

contribute to metabolic dysfunction (Kern et al. 2001). 

 

1.24 Insulin resistance in obesity 

Insulin resistance is a common metabolic consequence of obesity and this manifests itself as 

hyperinsulinemia in the presence of hyperglycaemia and dyslipidaemia. In obesity, the 

production of NEFAs, glycerol, hormones such as leptin and adiponectin and inflammatory 

cytokines such as TNFα and IL-6. The production of retinol-binding protein 4 (RBP4), the sole 

retinol transporter in blood which is secreted from adipocytes and liver is also increased in 

obesity. This induces insulin resistance through reduced phosphatidylinositol-3-OH kinase 

(PI(3)K) signalling in muscle and enhanced expression of the gluconeogenic enzyme 

phosphoenolpyruvate carboxykinase in the liver through a retinol-dependent mechanism 

(Yang et al., 2005). In addition to adipocyte-derived factors, increased release of TNF-α IL-6, 

monocyte chemoattractant protein-1 (MCP-1) and additional products of macrophages and 

other cells that populate adipose tissue might also have a role in the development of insulin 
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resistance (Wellen and Hotamisligil, 2005). TNF-α and IL-6 act through classical receptor-

mediated processes to stimulate both the c-Jun amino-terminal kinase (JNK) and the IκB 

kinase-β/nuclear factor-κB pathways, resulting in upregulation of potential mediators of 

inflammation that can lead to insulin resistance. Pathways involving the induction of 

suppression of cytokine signalling proteins (Mooney et al., 2001) and inducible nitric oxide 

synthase (iNOS) (Perreault and Marette, 2001) may be involved in mediating cytokine-induced 

insulin resistance. Secretion of these proinflammatory proteins, particularly MCP-1 by 

adipocytes, endothelial cells and monocytes, increases macrophage recruitment and thereby 

contributes to a feedforward process.  

The release of NEFAs may be the single most critical factor in modulating insulin sensitivity. 

Insulin resistance develops within hours of an acute increase in plasma NEFA levels in humans 

(Roden et al, 1996). Conversely, insulin mediated glucose uptake and glucose tolerance 

improves with an acute decrease in NEFA levels and treatment with an antilipolytic agent 

(Santomauro et al., 1999). Increased intracellular NEFAs might result in competition with 

glucose for substrate oxidation leading to the serial inhibition of pyruvate dehydrogenase, 

phosphofructokinase and hexokinase II activity (Hue and Taegtmeyer, 2009). It has also been 

proposed that increased NEFA delivery or decreased intracellular metabolism of fatty acids 

results in an increase in the intracellular content of fatty acid metabolites such as DAG and 

fatty acid acyl-CoA and ceramides, which in turn activate a serine/threonine kinase cascade 

leading to serine/threonine phosphorylation of insulin receptor substrates 1 and 2 and a 

reduced ability of these molecules to activate PI(3)K (Shulman, 2000). Subsequently, events 

downstream of insulin receptor signalling are diminished. Distribution of body fat itself is a 

critical determinant of insulin sensitivity. Intra-abdominal fat expresses more genes encoding 

secretory proteins and proteins responsible for energy production (Maeda et al, 1997). The 

delivery of NEFAs to the tissues might also be modulated by their source. Intra-abdominal fat is 

more lipolytic than subcutaneous fat and is also less sensitive to the antilipolytic effect of 

insulin (Montague and O’Rahilly, 2000).  

Through Akt-mediated phosphorylation and activation of phosphodiesterase 3B, which 

controls intracellular cAMP pools, insulin exerts its antilipolytic effects by inactivating cAMP, 

preventing phosphorylation and this activation of ATGL and HSL (Choi et al., 2010). In systemic 

insulin resistance, in the absence of these downstream effects, upregulated adipose tissue 

lipolysis is permitted, resulting in ectopic deposition of lipid in non-adipose tissues (Choi et al., 

2010). Dysregulated adipocyte lipolysis has been implicated as the primary source of NEFA flux 
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to the liver, which promotes non-alcoholic fatty liver disease and hepatic insulin resistance, 

leading to impairment of insulin actions to inhibit gluconeogenesis (Samuel et al., 2004). A 

variety of studies however have shown that obesity-related insulin resistance, hepatic 

steatosis and systemic inflammation can be prevented by manipulating energy metabolism in 

the adipocyte to drive lipid droplet expansion. This prevents excessive lipolysis and therefore 

ectopic lipid deposition and lipotoxicity in other cell types. Overexpression of PEPCK in adipose 

tissue leads to obesity without associated insulin resistance in the mouse by increased G3P 

substrate for re-esterification, therefore reducing NEFA release and increasing adipocyte TAG 

storage (Franckhauser et al., 2002; Tordjman et al., 2003). However, despite advantages of an 

expanding adipocyte, too much lipid in the cell results in reactive oxygen species (ROS) 

generation and leads to ER stress and increased lipid spillover, i.e. ectopic distribution (Koves 

et al., 2008; Gao et al., 2010).  

1.25 Endoplasmic Reticulum (ER) stress 
 

The ER plays an important role in protein and lipid synthesis and its dysfunction has been 

linked to disrupted cellular metabolism and local and systemic insulin resistance (Koves et al., 

2008). Induction of ER stress, the accumulation of misfolded and unfolded proteins in 

the ER lumen, activates PKA and results in increased lipolysis through Plin1 phosphorylation 

(Deng et al., 2012), a potential mechanism for increased NEFA release and systemic 

lipotoxicity. ER stress also reduces adipocyte insulin sensitivity (Xu et al., 2010) and regulates 

adiponectin oligomerization, resulting in a decrease in high molecular weight forms of 

adiponectin (Huh et al., 2012). As the relative abundance of adiponectin high-molecular weight 

oligomers is better correlated with overall systemic insulin sensitivity that total adiponectin 

levels, this suggests a potential pathway by which adipocyte metabolic stress is communicated 

to other insulin sensitive tissues.  

1.26 Hypoxia in fat expansion 
 

As the adipocyte expands, adipose tissue interstitial oxygen tension decreases. HIFI1α is a 

transcription factor that serves as an oxygen sensor in many cell types. Under normoxic 

conditions, HIFI1α is rapidly degraded; however, hypoxic conditions stabilize HIFI1α and permit 

upregulation of genes containing HIF response elements (Nallamshetty et al., 2013). HIFIα 

protein is highly enriched in expanding adipocytes due to the need for increased adipose tissue 

vascularisation. In hypoxic conditions decreased oxygen availability shifts energy production to 
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increased dependence on glycolysis, which in turn increases local fatty acid concentrations 

which results in uncoupled respiration and therefore further increase oxygen consumption 

(Lee et al., 2014). Although HIFI1α induction enhances cell survival during hypoxia and 

facilitates increased tissue vascularization, its induction in hypertrophic adipose may not be 

entirely beneficial. For example, direct inhibition of HIFI1α improves adipose tissue health by 

supressing fibrosis and reducing local inflammation in WAT, and overexpression of HIFI1α in 

the adipocyte proved to be more pro-fibrotic and pro-inflammatory than pro-angiogenic 

(Halberg et al., 2009; Sun et al., 2013). The degree to which hypoxia in adipose tissue may be 

directly proportional to adipocyte size. Leptin secretion increases with adipocyte size and 

leptin is a direct HIFI1α transcriptional target (Sun et al., 2013). Therefore, local adipocyte 

hypoxia plays a signalling role for assessing systemic energy reserves and may be translated 

into altered leptin levels.  

1.27 PPAR regulation in obesity 
 

PPARs are involved in the regulation of energy homeostasis and inflammation and therefore 

represent important targets for obesity and metabolic syndrome. Currently synthetic PPAR 

agonists are widely used for treatment of insulin resistance and metabolic syndrome. In mice 

fed HFD, proper function of PPARα is essential to prevent the liver from storing large amounts 

of fat (Patsouris et al., 2006). By inducing mitochondrial, peroxisomal and microsomal FA 

oxidation, PPARα reduces hepatic fat accumulation in the liver during the development of fatty 

liver disease and therefore prevents steatosis (Ip et al., 2004). Although expression of PPARα 

expression in WAT is of relatively low abundance it has been shown that PPARα-/- mice gain 

more adipose mass compared to WT animals (Costet et al., 1998). An anti-obesity role for 

PPARα is also supported by several studies in which obese rodents were administered 

synthetic PPARα agonists (Guerre-Millo et al., 2000; Mancini et al., 2001; Vazquez et al., 2001).  

Although the anorexic effect of PPARα is due to decreased food intake, PPARα may also 

directly influence adipose tissue function. A study revealed that treatment of obese diabetic 

KKAγ mice administered with PPARα agonist (Wy-14643) decreased adipocyte hypertrophy as 

well as macrophage infiltration (Tsuchida et al., 2005). In PPARα-/- mice chronically fed with 

HFD, expression of inflammatory genes in adipose tissue is more pronounced than WT mice. 

Several abnormalities have been observed in mice lacing PPARβ/δ, for example decreased 

adipose tissue mass (Barish et al., 2006). PPARβ/δ has been directly linked to the development 

of obesity – decrease in adiposity is observed after PPARβ/δ activation. By stimulating fatty 

acid oxidation, PPARβ/δ activation leads to loss of adipose mass in different mouse models of 
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obesity (Wang et al., 2003). As previously mentioned, PPARγ is vital for adipogenesis and 

lipogenesis. Unsaturated fatty acids and several eicosanoids serve as endogenous agonists for 

PPARγ while antidiabetic drugs belonging to the TZD class act as synthetic agonists. Diet 

induced obesity is associated with increased inflammatory gene expression in adipose tissue 

via adipocyte hypertrophy and macrophage infiltration. It has been demonstrated that PPARγ 

is able to reverse macrophage infiltration and subsequently reduce inflammatory gene 

expression (Xu et al., 2003). Treatment of obese rats with the synthetic PPARγ agonist 

troglitazone dramatically reduced the size of adipocytes without changing the total weight of 

WAT. In parallel, the expression levels of the inflammatory marker TNFα were normalised 

compared to those of untreated rats (Okuno et al., 1998).  

Disorders of lipid and lipoprotein metabolism and transport are responsible for the 

development of a large spectrum of pathologies, ranging from cardiovascular diseases to 

metabolic syndrome. Recently, increased knowledge of the molecular mechanisms that control 

our biological clock and circadian rhythms has been gained and from these studies is has 

clearly emerged how the molecular clock tightly regulates every aspect of our lives, including 

metabolism. PPARs, which clearly play essential roles in energy metabolism, are a prime 

example of this connection, as all PPAR isoforms have been found to be expressed rhythmically 

in given mouse tissues. PPARα and PPARγ have also been shown to be direct regulators of core 

clock genes, and PPARα is a direct target of the molecular clock. On top of this, PPARs have 

been shown to exert their functions in a circadian manner, further supporting that the clock 

and energy homeostasis are intertwined (Chen and Yang, 2014). 

 

1.28 Circadian clocks 
 

Circadian clocks, which are self-sustained biological oscillators with a period of approximately 

24 hours. Having a robust internal timing system allows an organism to anticipate regular 

fluctuations in the environment (e.g. daylight, food availability) and adapt their physiology and 

behaviour appropriately. The word circadian is derived from the Latin circa diem which means 

“approximately a day”. Entrainment is the synchronization of endogenous oscillations to 

external cycles. The most predominant entrainment stimulus or zeitgeber (time giver) of the 

circadian clock is the external light environment (Reppert and Weaver, 2001). However, other 

external cues can also entrain the clock, such as food intake, temperature and physical activity. 

However, in the absence of environmental cues these 24 hour rhythms are maintained.  
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1.28.1 The Master Clock 

 

The master clock in mammals, resides within the suprachiasmatic nucleus (SCN) of the anterior 

hypothalamus. The SCN is a bilateral structure and individual neurons within the SCN function 

as autonomous single cell oscillators which are tightly coupled with each other to produce a 

single SCN output (Welsh et al., 1995; Aton et al., 2005). The importance of the SCN as a 

master clock is clear from lesioning studies in hamsters or rats in which the SCN was destroyed 

(Lehman et al., 1987). These lesioning experiments showed that the SCN was important for the 

rhythmicity of corticosterone secretion and locomotor activity as lesioning the SCN resulted in 

arrhythmia (Moore and Eichler, 1972, Stephan and Zucker, 1972). Impressively, transplantation 

of fetal SCN tissue into previously lesioned hamsters restored circadian locomotor activity 

(Lehman et al., 1987). Similarly, SCN grafts from wild-type mice could restore circadian 

rhythmicity in genetically arrhythmic mice (Sujino et al., 2003). When the SCN neurons were 

cultured in vitro they showed a circadian pattern in electrical activity (Green and Gilette, 1982; 

Groos and Hendriks, 1982; Shibata et al., 1982), even after 3 weeks of culture. Furthermore, 

metabolic activity and glucose uptake in the SCN (Schwartz and Gainer, 1977), as well as clock 

gene (Sun et al., 1997; Tei et al., 1997) and protein expression (Hastings et al., 1999) exhibit a 

robust daily cycle which persist in absence of environmental cues. 

The SCN synchronises physiology to environmental changes. The activity of the SCN is strongly 

influenced by three major input pathways, the retinohypothalamic tract (RHT), the 

geniculohypothalamic tract (GHT) and serotonergic (5HT) input from the dorsal raphe nucleus 

(DRN) and median raphe nucleus (MRN). The RHT mediates photic information and the major 

neurotransmitter of the RHT is glutamate. Two peptides present in the RHT, substance P and 

pituitary adenylate cyclase-activating peptide modulate the entrainment process. 

 

The SCN synchronises physiology to environmental changes. Lighting information is conveyed 

to the SCN by several convergent pathways (Morin, 1994). The major light input pathway to the 

SCN is the retinohypothalamic tract (RHT), which arises from a widely distributed population of 

retinal ganglion cells (Moore et al., 1995). The major neurotransmitter of the RHT is glutamate. 

Two peptides present in the RHT, substance P and pituitary adenylate cyclase-activating 

peptide, modulate the entrainment process. Two indirect pathways provide retinal input to the 

SCN. The first is from the intergeniculate leaflet of the lateral geniculate nucleus, which 

receives input from the same retinal cells whose axons compose the RHT (Pickard, 1985). A 
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geniculohypothalamic tract, rich in γ-aminobutyric acid (GABA), neuropeptide Y, and 

encephalin converges on the retinorecipient region of the SCN (Morin, 1994). The second 

indirect pathway from the retina to the retinorecipient SCN is routed via the serotonergic raphe 

nuclei. Transmitters in both the intergeniculate leaflet and raphe pathways appear to play a 

role in mediating non-photic phase shifts, such as those caused by behavioural arousal (Byku 

and Gannon, 2000; Mistlberger et al., 2000). Finally, neurohumoral signals reach the SCN. The 

pineal hormone, melatonin, can subtly influence circadian rhythms in adult mammals, but it 

has a dramatic impact during development (Viswanathan and Davis, 1997; Weaver, 1999). MT1 

melatonin receptor activation inhibits firing of SCN neurons, whereas both MT1 and MT2 

receptors appear capable of mediating phase shifts (Liu et al., 1997). Signal transduction 

pathways activated by the glutamate receptor are mediated by the release of intracellular 

calcium via ryanodine receptors (Ding et al., 1998). The downstream actions of calcium likely 

include activation of calcium/calmodulin, MAP kinase, and other kinases. Subsequent 

phosphorylation of CREB results in its binding to cAMP response elements located in the 

promoters of target genes, i.e. clock genes, activating their transcription (Grewal et al., 1999). 

 

To function as a pacemaker and synchronizer for other brain and peripheral clocks, the 

intrinsic time-keeping signal from the SCN has to be transmitted. SCN efferents terminate in 

many areas of the brain including regions of the hypothalamus, such as the subparaventricular 

zone and dorsomedial nucleus and thalamic regions such as the paraventricular nucleus, as 

well as many others (Saper et al., 2005; Leak and Moore, 2001). Ultrastructural studies have 

shown that around 30% of SCN axons contain both GABA and peptide neurotransmitters such 

as vasoactive intestinal peptide and arginine-vasopressin (Buijs et al., 1995; Castel and Morris, 

2000), and electrophysiological studies have shown that glutamate, along with many other 

molecules is an SCN transmitter, converging circadian signals to hypothalamic target structures 

(Kalsbeek et al., 1996). Transplantation experiments of SCN tissue make evident that 

projections from SCN neurons are not required for the establishment of locomotor activity 

rhythms and therefore paracrine factors released from the SCN can act to coordinate the 

expression of rhythms in wheel running activity (Maywood et al., 2011). However, SCN grafts 

do not restore rhythms in the neuroendocrine axis, implying that SCN efferents control 

hormone rhythms such as melatonin and corticosterone (Meyer-Bernstein and Morin, 1999) 

and therefore the autonomic nervous system plays a major role. Studies indicate that apart 

from the classical neuroendocrine control of the adrenal cortex by the PVN-CRH-ACTH cascade 

the autonomic projections of the SCN via the PVN to the intermediolateral column of the 
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spinal cord determine daily changes in sensitivity of the adrenal gland to ACTH (Kalsbeek et al., 

1996; Buijs et al., 1999). Light activates the murine adrenal gland and effects gene expression 

via the autonomic nervous system (Cailotto et al., 2009). The SCN therefore affects not only 

hormone secretion but modulates sensitivity of target organs of these hormones by neuronal 

mechanisms.  

Despite the predominance of the master SCN clock in dictating circadian rhythms, it is now 

known that circadian clocks exist in other regions of the brain as well almost all cells and 

tissues of the periphery. Extra-SCN regions of the brain, such as the dorsomedial hypothalamus 

show circadian clock gene expression. However, when these regions are isolated from the SCN, 

rhythms in these extra-SCN cells persist for only a short period of time, indicating that the SCN 

is necessary for their synchronisation (Inouye and Kawamura, 1979; Guilding and Piggins, 

2007). Cultured cells and tissue explants from a wide variety of peripheral organs, for example 

liver, lung, kidney, skeletal muscle and adipose tissue exhibit robust circadian oscillations in 

gene expression (Balsalobre et al., 1998; Yamazaki et al., 2000; Yamamoto et al., 2004; Yoo et 

al., 2004; Yamazaki et al., 2009). The circadian clocks in peripheral tissues are also 

synchronised to the external light environment via the SCN (Yamazaki et al., 2000).  

1.28.2 Peripheral Clocks 

 

In peripheral organs a large number of key physiological functions are subject to daily 

oscillations, such as carbohydrate and lipid metabolism by the liver, muscle and adipose tissue, 

as well as parameters of the cardiovascular system such as blood pressure and heart rate 

(Gachon et al., 2004; Lamia et al., 2008; Le Martelot et al., 2009). These peripheral functions 

can be coordinated by systemic cues originating at the SCN, such as neuronal signals and 

circulating hormones or metabolites, or by local peripheral oscillators synchronized by the SCN 

(Gachon et al., 2004; Stratmann and Schibler, 2006; Kornmann et al., 2007). Genome wide 

transcriptome profiling studies performed on a variety of tissues such as liver, heart and 

adrenal gland suggest that many cellular functions are subject to circadian regulation and 

between 2-10% of all transcribed genes in a given tissue are rhythmically expressed (Akhtar et 

al., 2002; Duffield et al., 2002; Oishi et al., 2005; Hughes et al., 2009). Many genes that show 

circadian variation in the liver encode key enzymes involved in metabolic pathways, energy 

homeostasis and food processing (Gachon et al., 2006). Oscillation in peripheral gene 

expression allows for the limitation of metabolic processes to when they are needed. For 

example, simultaneously high expression of glycogen synthase and glycogen phosphorylase 
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would not be conducive to the conversion of glucose into glycogen and vice versa and 

therefore antiphasic expression of these genes is necessary (Ishikawa and Shimazu, 1980). 

Furthermore, mRNA synthesis has a high energy cost and cycling genes are expressed at high 

levels and constitute the most costly proteins to synthesise in the genome. For this reason, 

rhythmic gene expression optimises the metabolic cost of global gene expression and may 

therefore be a way in which energy is conserved (Wang et al., 2015).  

It has been shown both in vitro and in vitro that if the SCN is ablated, oscillations in these 

organs still persist (Yoo et al, 2004; Gerber et al., 2015). Circadian timekeepers in liver and lung 

can generate around 20 cycles of Per2-luciferase expression when isolated in culture (Yoo et 

al., 2004). However, in SCN-lesioned animals, phase desynchrony within the tissues develops 

(Yoo et al., 2004). It has also been shown that the SCN is required to maintain the 

synchronisation of phase between hepatocytes of the same liver and hence peripheral 

oscillators do not appear to be highly coupled (unlike the SCN) (Guo et al., 2006).  

The SCN uses many routes to establish phase coherence in the periphery. Feeding rhythms are 

strong Zeitgebers for many tissues (Damiola et al., 2000; Yamazaki et al., 2000). Restricted 

feeding studies, whereby food is only available to the animal for a set period of time outside of 

their normal activity period can uncouple the peripheral clocks from the SCN, whereby 

peripheral clocks entrain to mealtime whilst the SCN remains entrained to the external light 

environment (Damiola et al., 2000). Food entrainment is demonstrated by food anticipatory 

activity, such as increased body temperature and locomotor activity, in animals in the hours 

prior to the expected meal time (Stephan, 2002). In addition to a shift in behaviour, the phase 

of the clock in peripheral organs involved in metabolism, such as the liver, shifts to the 

entrained mealtime whereas the SCN remains entrained to the light environment (Stokkan et 

al., 2001). However, when returned to an ad libitum diet, entrainment to the restricted feeding 

schedule is lost (Mistlberger, 1994). The entrainment pathways from feeding-fasting cycles 

may include hormones secreted upon feeding and fasting, e.g. CCK, ghrelin and leptin 

(Konturek et al., 2004), food metabolites e.g. glucose and fatty acids and intracellular redox 

state (Schibler, 2009). Peripheral clocks are also synchronized by more direct signals, such as 

neural and humoral outputs. For example, glucocorticoid hormones possess clock-resetting 

properties and are an important phase-entrainment signal from the SCN. Plasma 

glucocorticoid hormones levels exhibit daily circadian variation in both laboratory rodents and 

humans and these cycles are driven by the SCN via the hypothalamic-pituitary-adrenal (HPA) 

axis (Basalobre et al., 2000; Oster et al., 2006).  
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The autonomic nervous system also constitutes a direct synchronisation pathway utilised by 

the SCN and plays a role in the resetting of peripheral clocks after phase shift-inducing light 

exposure (Cailotto et al., 2009). It was shown by surgically disrupting liver innervation that 

light affects liver gene expression not only via the hormonal pathway but also via the 

autonomic pathway (Cailotto et al., 2009). It has also been shown that adrenal innervation is 

required for light-induced corticosterone secretion by the adrenal gland, thus representing a 

direct output from the SCN to the adrenal cortex.  

1.28.3 Molecular clock  

 

The circadian clock mechanism involves interlocking transcriptional-translational feedback 

loops built upon a core set of genes (Figure 1.7). This core set of genes is highly conserved 

among animals (Bell-Pedersen et al., 2005). The following genes make up the core circadian 

feedback loop in mammals: Bmal1 (brain and muscle aryl hydrocarbon receptor nuclear 

translocator (ARNT)-like), Clock (circadian locomotor output cycles kaput), Per1 (period 

homologue 1), Per2, Per3, Cry1 (Cryptochrome 1), Cry2 and Npas2 (Neuronal PAS domain-

containing protein 2). In the daytime, Clock, a basic helix-loop-helix (bHLH) transcription factor 

heterodimerises with Bmal1 to initiate the transcription of the target genes containing E-box 

cis-regulatory enhancer sequences, including Per and Cry genes. PER and CRY proteins form 

oligomers that are transported from the cytoplasm to the nucleus. When located in the 

nucleus, CRY and PER repress their own transcription by inhibiting CLOCK/BMAL1 activity (Lee 

et al., 2001). As the PER:CRY repressor complex subsequently degrades through ubiquitin 

dependant pathways, the repression is lifted and a new cycle of transcription by the CLOCK-

BMAL1 heterodimer is initiated with a 24 hour periodicity. Casein kinase 1δ/ε (CK1δ, CK1ε) 

play an important role in determining the intrinsic period of the clock by controlling the rate at 

which the PER:CRY complexes are either degraded or enter the nucleus. Their activity is 

opposed by the phosphates PP1 and PP5 respectively (Partch et al., 2006; Lee et al., 2011). The 

entire cycle takes close to 24 hours to be completed. In addition to the primary feedback loop, 

the CLOCK:BMAL1 heterodimer also activates the transcription of Rev-erbα/β and RORα/β/γ 

which are retinoic acid-related orphan nuclear receptors (NRs). REV-ERBα and RORα compete 

to bind to the BMAL1 promotor through interaction with retinoic acid-related orphan receptor 

elements (ROREs). It has been previously shown that both isoforms of ROR (β and γ) and REV-

ERB (α and β) are able to regulate BMAL1 through RORE site binding (Guillaumond et al., 

2005). RORs and REV-ERBs activate and repress the transcription of Bmal1 respectively 

(Preitner et al., 2002; Sato et al., 2004) resulting in rhythmic changes in Bmal1 transcription,  



72 
 

Activator Repressor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 – Schematic representation of the transcriptional feedback loops of the circadian 

clock.  

The positive feedback loop is regulated by the BMAL1:CLOCK complex and ROR which activates 

the expression of Bmal1. In this loop REV-ERB is responsible for repressing Bmal1 

transcription. The positive loop is also opposed by the repressor feedback loop which involves 

the proteins PER and CRY.  Abbreviations: Bmal1, aryl hydrocarbon receptor nuclear translator-

like protein 1; Clock, circadian locomotor output cycles kaput; CK1, casein kinase 1; E-box, 

enhancer box; Per, Period; ROR, retinoic acid receptor related orphan receptor; RRE, Rev-

erbα/ROR-A response elements. 
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introducing a delay in Cry1 mRNA expression that offsets it from genes regulated strictly by 

CLOCK:BMAL1 (Ukai-Tadenuma et al., 2011). This secondary loop is thought to strengthen the 

molecular clock and the presence of cooperative, interlocking feedback loops provides 

robustness against noise and environmental perturbations to help maintain accurate circadian 

timing (Brown et al., 2012). Until recently, it was believed that Rev-erbα and Rev-erbβ were 

auxiliary regulatory components of the clock mechanism, and not essential clock components. 

However, when both Rev-erbα and Rev-erbβ are deleted, arrhythmic expression of Bmal1 and 

Cry1 is observed in vitro, and in vivo, mice demonstrate disrupted wheel running behaviour; 

thus demonstrating that REV-ERB signalling is a vital component of the molecular clock (Cho et 

al., 2012; Bugge et al., 2012). Other feedback loops involve the proline and acidic amino acid-

rich basic leucine zipper family members, albumin D-box binding protein (DBP), hepatic 

leukaemia factor (HLF) and thyrotroph embryonic factor (TEF); the bZip protein, Nuclear factor 

interleukin 3 regulated, and the bHLH proteins - deleted in oesophageal cancer 1 and 2 (DEC1 

and DEC2/Bhlhb2, Bhlhb3), all of which are transcriptional targets of CLOCK-BMAL1 (Lowrey 

and Takahashi, 2004; Gachon 2007).  

Other NRs and coactivators have been suggested to modulate the actions of BMAL1 and 

CLOCK, examples of which include the PPARs and PPARγ-coactivator 1α (PGC-1α). The Bmal1 

promotor contains PPAR-response elements and by binding to these PPARα is able to influence 

both the activity and expression of BMAL1 and CLOCK (Inoue et al., 2005). Rev-erbα also 

contains the PPAR-response element, and PPARα binding has been shown to increase 

expression of Rev-erbα. PGC-1α acts on the clock by a different mechanism, inducing 

transcription of Bmal1 and Rev-erbα through co-activation of RORα (Liu et al., 2007). 

1.29 Clock control 
 

Simple autoregulatory feedback loops can lead to oscillations with periods as short as a few 

hours and therefore mechanisms need to be in place to observe periods of around 24 hours. 

The balance between synthesis and degradation of mRNA is key to the generation of circadian 

rhythms (Shu and Hong-Hui, 2004). For example, the analysis of mice with a Per1-luciferase 

transgene and the analysis of Per1 mRNA 3’ untranslated region (UTR) has suggested that Per1 

mRNA stability is tightly regulated (Kojima et al., 2003; Wilsbacher et al., 2002). The same 

appears to be true for Per3 as the 3’ UTR of its mRNA was shown to be important for its decay 

and for its circadian oscillations (Kwak et al., 2006). It has also been shown that non-rhythmic 

mRNAs can be translated into proteins that displace circadian rhythms (Reddy et al., 2006). 



74 
 

This can be attributed to either circadian regulation of protein synthesis or the modulation of 

post translational processing of the proteins. Because the core clock relies on TTFLs, one key 

feature is a timely orchestration in the dimerization, nuclear import/export, activity and 

degradation of clock proteins. Protein dynamics and degradation are a critical step in setting 

the period length.  

Post-translational modulation, for example phosphorylation, acetylation and sumolation has a 

major impact on the stability, subcellular localisation and transcriptional activity of many core 

clock genes. One of the most important examples of the influence of post-translational 

modification on clock function is the Tau mutant hamster. The circadian phenotype (free-

running period (Tau) = 20 hours) of the Tau mutant hamster is due to a point mutation in the 

gene encoding the casein kinase 1 ε (CK1ε) which results in hyperphosphorylation of PER1 and 

PER2 (Lowrey et al.,  2000) therefore showing that phosphorylation has a physiological 

significance in setting the pace of the clock. Phosphorylation of PER1-3 proteins by CK1δ or 

CK1ε has a number of functional effects – it destabilises PER proteins by promoting 

ubiquination and subsequent proteasomal degradation (Akashi et al., 2002; Yagita et al., 2002; 

Eide et al., 2005). This is mediated by ubiquitin ligase adapter protein β-TrCP (Shirogane et al., 

2005). Phosphorylation of PER proteins also triggers subcellular relocation (Akashi et al., 2002; 

Vanselow et al., 2006). Therefore, PERs are regulated in a bimodal way (nuclear translocation 

and turnover) by CK1δ/CK1ε and other kinases and that may depend on the phosphorylated 

sites targeted on the PERs and on the extent of phosphorylation (Akashi et al., 2002; Partch et 

al., 2006). This was more recently supported by a study that demonstrated that 

phosphorylation acts as a switch, leading to two alternative fates of PER2 depending on the 

site phosphorylated – either increased stability or increased degradation. This ‘phosphoswitch’ 

was shown to be sensitive to changes in temperature and metabolic signals and therefore fine-

tuned clock speed as necessary (Zhou et al., 2015). CRYs can also be phosphorylated by CK1ε, 

provided they are bound to PERs (Eide et al., 2002). Phosphorylation of the CRY proteins also 

results in their destabilisation and degradation (Yagita et al., 2002). F-box-type ubiquitin ligase 

FBXL3 ubiquinates CRYs, subjecting them to degradation. However, FBXL21 also ubiquinates 

CRYs but instead stabilises them, contributing to CRY protein accumulation in the daytime 

(Hirano et al., 2013). It has also been shown that the heterodimerisation of PER2 with CRY 

proteins stabilises and promotes their nuclear retention, therefore when PERs and CRYs are 

present at the same time they are stabilised and can exert repression. Glycogen synthase 

kinase-3 (GSK-3) has also been shown to phosphorylate CRY2 (Harada et al., 2005) PER2 (Iitaka 

et al., 2005) and REV-ERBα (Yin et al., 2006). The phosphorylation of CRY2 and PER2 by GSK-3 
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promotes nuclear entry and/or retention in the nucleus and is accompanied by the 

degradation of CRY2 in the proteasome pathway (Harada et al., 2005). However, 

phosphorylation of REV-ERBα by GSK-3 leads to its stabilisation and inhibits degradation by the 

proteasome pathway (Yin et al., 2006). Phosphorylation events of given clock proteins 

modulate activity, subcellular localization, dimerization capabilities and stability of target 

protein.  

1.30 Epigenetic control of circadian clock 
 

The clock is able to regulate gene expression beyond the core clock genes. Transcription 

factors such as DBP, RORα and REV-ERBα are able to regulate cyclic expression of other genes. 

Mouse D site albumin promotor binding protein (DBP) binds to D-boxes whereas RORα and 

REV-ERBα bind to the Rev-erb/Ror- binding element (RRE). Whereas RRE binding elements 

follow a repressor-precedes-activator pattern, resulting in delayed transcriptional activity, the 

regulation of D-boxes follows a repressor-antiphasic-to activator mechanism which generates 

high amplitude transcriptional activity (Ueda et al., 2005). 

Genes encoding circadian clock proteins are regulated by epigenetic mechanisms such as 

histone phosphorylation, acetylation and methylation which have been shown to follow 

circadian rhythm (Ripperger and Schibler, 2006; Masri and Sassone-Corsi, 2010). Light pulse 

during subjective night triggers phosphorylation of serine 10 of histone H3 which is a general 

mechanism necessary to unfold nucleosomes and allow the transcriptional machinery to 

activate transcription. This is closely paralleled by induction of c-fos and Per1 suggesting that 

chromatin remodelling is an important step in light induced resetting of the clock (Crosio et al., 

2000). Rhythmic histone acetylation appears to be crucial not only for light induced expression 

of Per1 and Per2 but also their regular circadian expression (Etchegaray et al., 2003). Histone 

acetylation status at a given promotor depends on the interplay between proteins bearing 

antagonistic enzymatic activity: histone acetyltransferase (HAT) proteins acetylate histones 

which results in an open chromatin state, while histone deacetylases (HDACs) deacetylate 

histones and thereby lock the chromatin so that it is inaccessible to the transcriptional 

machinery. CLOCK/BMAL1 can associate with factors harbouring HAT activity. Upon the 

transcription of the DBP rhythmic binding of CLOCK-BMAL1 to E-box cis-regulatory elements is 

seen, on top of acetylation of lysine 9 of histone H3 as well as trimethylation of lysine 4 of 

histone 3 leading to a reduction in histone density. CLOCK protein has HAT activity and can 

acetylate BMAL1, possibly controlling circadian function (Hirayama et al., 2007). Histone 
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deacetylase sirtuin 1 (SIRT1) not only interacts with CLOCK but also deacetylates lysine 537 of 

BMAL1 as well as two lysines of histone H3. As well as showing circadian expression, SIRT1 

plays a role in the regulation of circadian gene expression of Bmal1, Ror, Per2 and Cry1. It is 

able to regulate the expression of these genes via interactions with the CLOCK-BMAL1 

heterodimer as well as through the deacetylation and degradation of PER2 (Asher et al., 2008). 

There is clearly a very close relationship between chromatin remodelling and transcription 

driven by CLOCK-BMAL1 not only with the autoregulatory feedback loop but also of the target 

genes downstream of the CLOCK-BMAL1 heterodimer.  

Clock protein interactions with transcription factors are also able to regulate clock gene 

expression. The nuclear receptor corepressor 1 (NCoR1) recruits a histone deacetylase, termed 

HDAC3, which in turn mediates the transcriptional repression that REV-ERBα has on target 

genes including Bmal1 (Alenghat et al., 2008). On top of this, PER2 forms a complex with 

PPARγ and regulates its function. PER2 represses PPARγ by interacting with the N-terminal 

domain (Grimaldi et al., 2010). Circadian co-regulators CRY1 and CRY2 interact with the 

glucocorticoid receptor in a ligand dependent fashion and globally alter the transcriptional 

response to glucocorticoids – crypotchromes broadly oppose GR activation and promote 

repression revealing a specific mechanism through which cryptochromes couple the activity of 

the clock and receptor target genes to complex genomic circuits (Lamia et al., 2011). 

1.31 Linking the circadian clock to energy homeostasis 
 

Growing evidence connects the circadian clock to energy metabolism. Circadian rhythms allow 

metabolic processes to be aligned with periodic environmental changes and behavioural 

cycles, for example fasting/feeding cycles. Disturbance of this alignment significantly increases 

the risk of metabolic disease. Meanwhile, the circadian clock receives signals from the 

environment and feedback from metabolic pathways.   

In rodents, when food availability is restricted to the light phase, a time in which nocturnal 

animals are normally inactive, behavioural rhythms and peripheral clock gene expression can 

rapidly entrain to the new feeding schedule (Stokkan et al., 2001). During such restricted 

feeding (RF) paradigms, a variety of rhythms entrain to the timing of food presentation such 

as, peripheral clock gene expression, hormonal rhythms and body temperature.. An increase in 

locomotor activity also becomes apparent leading up to the time of predictable food 

presentation, commonly referred to as food anticipatory activity (FAA). Despite this, the 
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overall activity of the rodent remains to be synchronised with the SCN and the light-dark cycle 

(Mistlberger, 1994).  

Metabolic challenges can also result in an impairment of circadian rhythms. The rise in 

prevalence of obesity goes hand in hand with an increase in sleep curtailment and obese 

people tend to exhibit disrupted sleep patterns (Resnick et al., 2003). On top of this the 

rhythmicity of glucose tolerance is severely blunted in obese patients, and compared to lean 

individuals, diurnal secretion patterns of ghrelin in obese patients are dramatically reduced 

(Van Cauter et al., 1997; Yildiz et al., 2004).  Intake of a high fat diet (HFD) in mice can result in 

disruption of the circadian clock. For example, Kohsaka et al. (2007) demonstrated that diet-

induced obesity in mice led to altered expression of clock genes in multiple tissues, blunted 

feeding rhythms and a lengthened period of locomotor activity rhythms. Interestingly, the 

timing of HFD feeding is critical to its impact on metabolic consequences and the clock. Hatori 

et al. showed in 2012 that even when mice were put on a HFD but under dark-phase RF 

conditions, they were protected from obesity.  

1.32 Circadian regulation of metabolism 
 

Genome-wide transcriptome profiling studies identifying genes under circadian control 

consistently highlight pathways involved in intermediate metabolism (e.g. glycolysis, 

gluconeogenesis, lipid metabolism) and systemic energy balance (e.g. insulin signalling). 

Moreover, the fact that feeding–fasting cycles are a dominant zeitgeber for peripheral 

oscillators indicates that circadian clockwork is closely coupled to metabolic processes 

throughout the body. This is further supported by extensive metabolomic and lipidomic 

studies in laboratory rodents and humans, in which the levels of large numbers of metabolites 

are found to oscillate in tissues, plasma and saliva (Dallman et al., 2012; Kasukawa et al., 2012; 

Chua et al., 2013;  Adamovich et al., 2014). Several recent studies have demonstrated a strong 

coupling between cellular energy and redox state and activities of circadian core clock 

components.  For example, NAD levels, indicators of energy metabolism, can affect the activity 

of clock transcription factors directly or via NAD-dependent enzymes. NAD+ is an important 

metabolic cofactor. The CLOCK-BMAL1 heterodimer is found to directly regulate the enzyme 

nicotinamide phosphoribosyltransferase (NAMPT) that provides the rate limiting step in the 

NAD+ salvage pathway. This leads to rhythmic expression of the cofactor NAD+ which is an 

important co-factor for SIRT1 which regulates a number of metabolic processes including 

insulin and glucose homeostasis (Nakahata et al., 2009; Haigis and Sinclair, 2010). SIRT1 can 
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perform deacetylation making it a key regulator of a variety of metabolic proteins. For 

example, SIRT1 is involved in gluconeogenesis by means of deacetylation and consequently 

activation of PGC-1α, responsible for the co-activation of hepatic nuclear factor 4α (HNF-4α) 

and glucocorticoid receptors and consequent induction of gluconeogenic genes (Yoon et al., 

2001). 

AMPK is an energy responsive enzyme that plays a role in cellular energy homeostasis as it has 

the ability to sense the energy status of the cell. It has been shown that the expression of 

AMPK has a circadian profile in a variety of tissues including the hypothalamus and the liver 

(Lamia et al., 2009; Um et al., 2011). There is evidence that AMPK itself can also regulate the 

circadian clock by phosphorylation of CRY and CK1ε. CRY1 becomes phosphorylated by AMPK 

drives ubiquination and subsequent degradation of CRY1 (Lamia et al., 2009). AMPK 

phosphorylation of CK1ε enhances its activity, with a resulting increase in PER2 degradation 

(Um et al., 2007). When AMPK is deleted in mice, circadian gene expression is modified in a 

tissue specific manner (Um et al., 2011). It has also been suggested that AMPK regulates 

circadian gene expression by activating SIRT1 (Canto et al., 2009).  

The coupling of the clock to energy metabolism is also clearly observed at a systemic level. 

Indeed, many hormones involved in energy balance and metabolism such as insulin (La Fleur et 

al., 1999), glucagon (Ruiter et al, 2003), adiponectin (Ando et al., 2005), leptin and ghrelin 

(Bodosi et al., 2004) show circadian oscillations. In addition to endocrine control, the circadian 

clock is now known to regulate energy homeostasis in peripheral tissues by mediating the 

expression or activity of metabolic enzymes and transport systems. Further supporting the link 

between the circadian clock and metabolism, mutations in the essential clock genes have been 

found to disturb rhythmic expression of key metabolic genes and cause metabolic disorders.  

Drastic alterations in energy homeostasis are seen in homozygous Clock∆19 mutant. The 

phenotype of these mice is typical of metabolic syndrome, displaying low plasma insulin levels 

and in turn high plasma glucose levels as well as hyperlipidemia and obesity. The rhythmicity 

feeding in these mice is reduced with much a higher percentage of feeding occurring during 

the light phase which is associated with increased lipid absorption during the day, which is the 

opposite of what is seen in wild-type mice (Turek et al., 2005; Pan and Hussain, 2009; Pan et 

al., 2010). 

1.33 Circadian control of carbohydrate metabolism 
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Time-of-day dependent oscillations in glucose metabolism are observed in both humans and 

rodent models. These rhythms are not purely mediated by fluctuations in behaviours such as 

exercise and feeding. For example, circulating glucose levels increase before waking, in both 

humans and rodents (Bolli et al., 1984), and rhythms in blood glucose levels persist when rats 

are fasted (La Fleur et al., 1999). Moreover, surgical ablation of the SCN disrupts glucose 

homeostasis (La Fleur et al., 1999), suggesting that circadian timing is important not only to 

rhythms in circulating glucose, but also in basic homeostatic mechanisms which control 

glucose release and uptake.  

As discussed above (section 1.9), glucose incorporation into glycogen represent a key depot for 

acute storage/liberation of energy in the body.   Glycogen dynamics exhibit clear circadian 

control. For example, time of day dependent rhythms in glycogen levels persist in fasted 

rodents, suggesting that these rhythms are not simply secondary to feed-fasting cycles 

(Ishikawa and Shimazu, 1976). Activities of key glycogen metabolism enzymes oscillate over 

the course of the day, e.g. glycogen synthase displays maximum levels during the dark (i.e. 

active) phase in rodents whereas glycogen phosphorylase peaks towards the end of the light 

phase (Peret et al., 1976, Ishikawa and Shimazu, 1980). Diminished oscillations in both hepatic 

glycogen levels and glycogen synthase expression and activity are observed in Clock mutant 

mice (Clock∆19), with CLOCK identified as a transcriptional coactivator of glycogen synthase 2 

(Gys2)  (Doi et al., 2010). Clock∆19 mice also develop hyperglycaemia and hyperinsulinemia 

(Turek et al., 2005).  

Loss of BMAL1 attenuates diurnal variation in glucose and triglyceride levels, impairs 

gluconeogenesis and causes glucose intolerance (Rudic et al., 2004; Lamia et al., 2008). 

Gluconeogenesis exhibits a diurnal variation, and increased rates are observed at the wake-to-

sleep transition, which is paralleled by a diurnal rhythm in PEPCK (Kida et al., 1980). Tissue 

specific deletion of Bmal1 in the liver further supports the critical role of peripheral clocks in 

metabolic tissues. In hepatocyte specific BMAL1 knockout mice rhythmic expression of glucose 

metabolic genes e.g. Pepck and Glut2 is abolished. Hypoglycaemia is also observed in these 

animals but only in the fasting phase of the day (Lamia et al., 2008). Other clock components 

also play a role in glucose metabolism. CRYs inhibit gluconeogenic gene expression in a time of 

day dependent manner through regulation of β-adrenergic signalling and activation of CREB-

protein. Therefore, hepatic depletion of CRY1/2 increases circulating glucose, while CRY1 

overexpression reduces fasting blood glucose and improves whole body insulin sensitivity in 
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diabetic mice (Zhang et al., 2010). CRYs also transrepress glucocorticoid-induced Pepck 

transcription, and loss of CRYs1/2 results in glucose intolerance (Lamia et al., 2011).   

Clock mediated regulation of glucose homeostasis also involves the temporal regulation of 

endocrine factor release and sensitivity. Insulin dependent and independent whole body 

glucose disposal exhibits diurnal variations in humans and rodents (Whichelow et al., 1974; Lee 

et al., 1992, La Fleur et al., 2001). In vitro studies showed that insulin secretion from isolated 

pancreatic rat islets display a circadian rhythm that originates within the islet. Plasma insulin 

concentrations in rats exhibit daily oscillations with distinct increments at every meal. These 

increments were highest during the dark phase and diminished during the second half of the 

light phase showing that circadian regulation of basal blood glucose and feeding-induced 

insulin responses, is independent of the temporal distribution of feeding activity (Kalsbeek and 

Strubbe, 1998). Studies also show that disruption of the circadian clock causes impaired insulin 

secretion and consequent hyperinsulinemia. A study in which young healthy patients were 

submitted to partial sleep restriction demonstrated marked alterations in glucose metabolism 

including decreased glucose tolerance and insulin sensitivity (Gottlieb et al., 2005). A more 

recent study showed that circadian misalignment, when subjects ate and slept approximately 

12 hours out of phase from their habitual times increased glucose levels despite increasing 

insulin (Scheer et al., 2009). This work is also further supported in rodents. For example, 

specific loss of BMAL1 from pancreatic β-cells impairs insulin secretion (Marcheva et al., 2010). 

Insulin sensitivity also exhibits a time of day dependence, which appears to be circadian clock 

dependent as both insulin and glucose tolerance are impaired in SCN ablated rats as well as 

Clock∆19 and Bmal1 null mice (La Fleur et al., 2001; Rudic et al., 2004). Similarly, insulin 

signalling is impaired in various tissues isolated from germline Bmal1 null and Per2 mutant 

mice (Anea et al., 2009; Durgan et al., 2010). Glucagon has also been shown to display diurnal 

patterns of release (Tasaka et al., 1980). 24 hour plasma glucagon concentrations are 

regulated by feeding and the circadian clock (Ruiter et al., 2003). Melatonin also influences 

pancreatic glucagon expression as well as peripheral glucagon action (Bahr et al., 2011). All of 

this evidence indicates that cell autonomous circadian clocks contribute towards rhythms in 

glucose homeostasis through the regulation of either the release or sensitivity to endocrine 

factors.  

1.34 Circadian control of lipid metabolism 
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Lipid metabolic pathways are among the most enriched in circadian gene array studies. In the 

liver, Panda et al. 2002 demonstrated that of the 1,262 oscillating transcriptions, 1,160 were 

protein coding, and many of these were well-characterised genes implicated in metabolic 

regulation, for example the cholesterol metabolism regulator Insig2.  Microarray analyses 

suggest that approximately 10-20% of the murine transcriptome in adipose tissue shows 

circadian rhythm in its expression, and a particular high ratio of these are involved in 

metabolism (Ptitsyn et al., 2006; Zvonic, et al., 2006; Zhang et al., 2014), suggesting a 

pronounced impact of the clock on adipose physiology. 

Multiple core clock genes have been shown to be vital for adipocyte differentiation in vitro 

suggesting a strong link between clocks and adipose physiology. During the differentiation of 

adipocytes, the expression of both Bmal1 and Rev-erbα increases 3-4 fold, both have been 

shown to promote the differentiation of adipocytes, and deletion of either Bmal1 or Rev-erbα 

inhibits the differentiation of pre-adipocytes in culture (Chawla et al., 1993; Shimba et al., 

2005; Wang and Lazar, 2008). Rev-erbα expression cycles in adipose tissue and is induced 

during the adipogenic process by PPARγ activation by rosiglitazone in rat adipose tissue 

(Chawla et al., 2003; Fontaine et al., 2003). Ectopic overexpression of Rev-erbα 3T3-L1 

preadipocytes promotes their differentiation into mature adipocytes and enhances lipid 

storage (Fontaine et al., 2003; Wang and Lazar, 2008). The in vivo evidence however 

contradicts this as adipose tissue appears normal in both Rev-erbα null and Bmal null mice 

(Chomez et al., 2000; Kondratov et al., 2006). Per2 also affects adipocyte differentiation 

through a direct interaction with PPARγ (Grimaldi et al., 2010).  

Studies have shown in both humans and rodents that levels of TAGs in plasma oscillate 

following a circadian pattern (Schlierf and Dorow, 1973; Fukagawa et al., 1994). In humans, 

two separate spikes in plasma TAG levels are observed - at 8 and 20 hours after arousal. When 

the sleep schedule was desynchronised, the first peak remained but the second peak was lost, 

therefore suggesting that although the second peak is likely related to sleep cycles, the first 

peak is dependent on an endogenous circadian clock (Morgan et al., 1998). Using 

metabolomics, it was shown that of the 15% of all small molecular weight metabolites that 

display circadian variation, more than 75% of them were lipids, most of which were fatty acids 

(Dallmann et al., 2012). As changes in feeding or sleeping schedule did not affect these 

oscillations, it emerged that the endogenous circadian clock was the principal regulator of 

these fluctuations (Dallmann et al., 2012).  
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It has long been known that cholesterol synthesis in rodents shows a circadian pattern in the 

liver and the intestine, which peaks during the night and is lower during the day (Back et al., 

1969; Edwards et al., 1972; Mortimer et al., 1998). This regulation was mainly achieved 

through the circadian expression of HMG-CoA reductase (Back et al., 1969; Oishi et al., 2003). 

In rodents, bile acid showed circadian variation in the serum, liver, gallbladder and intestine 

and was in antiphase to cholesterol biosynthesis in the serum and intestine, but not in the liver 

and gallbladder (Ho, 1976). In rodents, diurnal variations of bile acid concentrations may play 

important roles in coordinating daily nutrient absorption and energy homeostasis by 

influencing the circadian expression of bile acid metabolising genes in the liver and ileum and 

of key proteins involved in bile acid biosynthesis and transport (Mirani-Oostdijk et al., 1985; 

Zhang et al., 2011). On top of this, levels of several key proteins implicated in the regulation of 

TAG metabolism such as lipolytic enzymes and PPARα oscillated with circadian periodicity both 

in rodents and humans and in mice, FAS, ACC, SREBP1c and FABP4 have been shown to 

fluctuate in a circadian manner in both adipose tissue and liver (Kudo et al., 2007; Kohsaka et 

al., 2007).  

Various studies have also highlighted a direct role of clock genes in the control of lipid 

metabolic pathways. As discussed above, drastic alterations in energy homeostasis are seen in 

homozygous Clock∆19 mutant (Turek et al., 2005; Pan and Hussain, 2009; Pan et al., 2010). 

Interestingly, when Clock mutant mice were outbred onto an ICR genetic background a lean 

phenotype resulted due to impaired lipid absorption (Oishi et al., 2006). Clock-deficient mice 

also displayed a reduced hepatic TAG accumulation under high fat diet conditions, due to the 

suppressed expression of key genes involved in lipid biosynthesis such as Fabp1 (Kudo et al., 

2007). 

Loss of Bmal1 in the mouse results in a severe phenotype that completely loses all rhythmicity 

as well as abolishing the oscillations of glucose and triglyceride levels normally seen 

throughout the day (Rudic et al., 2004). Overexpression of Bmal1 resulted in an induction of 

lipid synthesis and lipogenesis (Shimba et al., 2005). It has, however, been difficult to separate 

out whether the metabolic consequences caused by the loss of Bmal1 are because of a loss of 

rhythmicity in the SCN or in peripheral clocks. When Bmal1 is specifically lost from the liver or 

the pancreas blood glucose homeostasis is lost but it would seem that locomotor activity 

remains unaffected (Lamia et al., 2008). On top of this, in the liver specific Bmal1 knockout the 

expression of a variety of key metabolic genes, most notably Glut2 is lost which means that 

glucose cannot be taken up by the liver resulting in hypoglycaemia (Lamia et al., 2008). In 
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2012, Paschos et al. showed that mice with an adipocyte specific deletion of Bmal1 were more 

susceptible to diet induced obesity.   

Per2 was implicated in metabolism by Bae et al., in 2001 when homozygous Per2 null mice had 

lower body weights than WT controls. Grimaldi et al., in 2010 then went on to show the 

importance of Per2 in lipid metabolism as mice lacking Per2 showed drastic alterations in lipid 

metabolism and a reduction in total TAG and NEFAs. Per2 is responsible for the specificity of 

PPARγ transcriptional activity and PER2 blocks PPARγ mediated transcriptional activation by 

impeding recruitment to target promoters.  Lipidomic profiling of white adipose tissue of the 

mutant mice has shown that Per2 is required for normal lipid metabolism (Grimaldi et al., 

2010). 

1.35 Role of Rev-erbα in lipid metabolism   
 

Initially, it was thought that the main role of the nuclear receptor REV-ERBα was in both 

adipogenesis and lipid metabolism, acting downstream of PPARα, so when it was discovered 

that it was also involved in the control of Bmal1 expression a clear link between energy 

homeostasis and the molecular mechanism of the circadian clock was uncovered (Preitner et 

al., 2002).   

NCoR1 recruits a histone deacetylase, termed HDAC3, which in turn mediates the 

transcriptional repression that REV-ERBα has on target genes including Bmal1 (Alenghat et al., 

2008). Pharmacological activation of Rev-erbα increases recruitment of NCoR and Rev-erbα 

transcriptional activity. Heme has been identified as the endogenous ligand for the REV-ERBα 

receptor, and when bound heme increases REV-ERBα stability and improves the interaction 

with NCoR1. Heme levels in the cell are dictated both by metabolic status of the cell, and by 

the circadian clock. Aminolevululinate synthase 1 (ALAS1) which is a rate limiting enzyme in 

heme biosynthesis shows circadian oscillations and is a target gene for the NPAS2-BMAL1 

heterodimer - NPAS2 being a paralog of CLOCK (Kaasik and Lee, 2004). Heme is also involved in 

mitochondrial respiration and cellular redox balance and therefore REV-ERBα functions as a 

sensor for the metabolic state of the cell and likely entrains the clock to metabolic cues (Yin et 

al., 2007; Kaasik and Lee, 2004). Interestingly, heme is required for the efficient differentiation 

process of the adipocyte (Chen and London, 1981) and it is also required for the proper 

functioning of enzymes such as cytochrome p450 and peroxidases (Ponka et al., 1999). 
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Rev-erbα plays an important role in regulating whole body metabolism via the control of 

cholesterol and bile acid metabolism in the liver (Duez et al., 2008; Le Martelot et al., 2009). 

Cholesterol 7α-hydroxylase (Cyp7A1) gene which encodes the first and rate controlling enzyme 

of the major bile acid biosynthetic pathway exhibits a strong diurnal pattern of expression 

(Chiang et al., 1990). Rev-erbα cross talks with bile acid receptor FXR in order to regulate the 

small heterodimer partner Shp and modulates Cyp7A1 expression through altered circadian 

expression of the two CYP7A1 regulators Shp and E4BP4 (Duez et al., 2008). Rev-erbα also 

downregulates the expression of liver apolipoprotein C-III and Rev-erbα deficient mice exhibit 

dyslipidaemia characterised by increased TAG levels (Duez et al., 2008; Raspe et al., 2002). Rev-

erbα has also been suggested to repress the expression of elovl3, a gene encoding a very long 

chain fatty acid elongase (Anzulovich et al., 2006). Both Rev-erbα and β coordinate circadian 

hepatic fatty acid synthesis and storage (Bugge et al., 2012; Cho et al, 2012). The anticipatory 

induction of lipogenic programmes prior to animal waking is facilitated by the HDAC3-

dependent repression of Rev-erbα and β target genes (Feng et al., 2011). HDAC3 repression of 

lipogenesis also influences hepatic glucose production (Sun et al., 2012) and Rev-erbβ has been 

shown to coordinate multiple phases of circadian transcription in the liver.  

Rev-erbα also contributes to WAT metabolism through rhythmic expression of Lpl. Chow fed 

Rev-erbα null mice displayed increased adiposity and mild hyperglycemia without insulin 

resistance. It was also shown that Rev-erbα null mice utilize more fatty acids during the 

daytime. High fat diet feeding exaggerated metabolic disturbances, including the expression of 

lipogenic factors. Lpl was constitutively upregulated in muscle and adipose tissue, which 

facilitates muscle and fatty acid utilisation and contributes to fat overload (Delezie et al., 

2012). Circadian control has also been implicated in BAT thermogenesis (Redlin et al., 1992; 

Zvonic et al., 2006; Yang et al., 2011). This function was found to be significantly regulated by 

Rev-erbα in mice (Gerhart-Hines et al., 2013). Rev-erbα binds directly to the promoter of Ucp1 

and supresses its expression. Upon cold exposure, Rev-erbα levels and promotor occupancy 

are significantly reduced, aiding maximal induction of Ucp1 and BAT thermogenesis (Gerhart-

Hines et al., 2013; Li et al., 2013).  

Loss of Rev-erbα also significantly impacts on glucose stimulated insulin release from β-cells of 

the pancreas (Viera et al., 2013). The nuclear receptor also exhibits a regulatory role in liver 

glucose mediated glucagon secretion from α cells (Viera et al., 2013). Rev-erbα also plays a role 

in skeletal muscle energy homeostasis as it alters the dynamics of mitochondrial biogenesis 

and autophagy (Woldt et al., 2013). Genetic ablation of Rev-erbα reduced activation of the 
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LKB1-AMPK-SIRT1-PGC-1α axis and therefore decreased the generation of new mitochondria 

and increased the turnover of existing mitochondria (Woldt et al., 2013). Pharmacological 

activation of Rev-erbα in skeletal muscle increased the number and enhanced the functionality 

of the mitochondria as well as improving exercise capacity. PGC1-α has also been shown to 

impact on the clock through upregulation of Rev-erbα (Liu et al., 2007). Rev-erbα has also been 

shown to be involved in the interaction between the host and microbiome through 

transcriptional control of toll-like receptors in collaboration with RORα (Mukherji et al., 2013).  

Circadian and metabolic physiological are therefore intricately linked and Rev-erbα exemplifies 

this. However, Rev-erbα has been shown to modulate the clock and metabolism by different 

genomic mechanisms. Clock control requires Rev-erbα to bind directly to the genome and its 

cognate sites where it competes with activating ROR transcription factors. However, Rev-erbα 

regulates metabolic genes by recruiting HDAC3 corepressor to sites to which it is tethered by 

cell type specific transcription factors. This means that self-sustained control of the molecular 

clock across all tissues is due to direct competition between Rev-erbα and ROR transcription 

factors whereas lineage-determining factors are used by Rev-erbα to convey a tissue specific 

epigenomic rhythm that regulates metabolism in a certain tissue (Zhang et al., 2015). 

 

1.36 Overall Aims 
 

Although circadian dysfunction and disease pathogenesis are clearly linked, much information 

is yet to be gained with regards to the role of the circadian clock in adipose tissue and its 

involvement in lipid metabolism. A significant percentage of genes in adipose depots display 

robust and coordinated circadian expression profiles which is evidence for the presence of a 

peripheral clock in adipose tissue. In order to broaden our understanding of the bidirectional 

relationship between the circadian clock and lipid metabolism, we hypothesise: 

1. The molecular clock will be affected by diet 

2.  Rev-erbα will play a critical role in energy homeostasis  

3. The adipose tissue clock will play a vital role in energy balance 

To address this, we will: 

 Determine how Diet Induced Obesity (DIO) affects both behavioural and molecular 

rhythmicity in mice 
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 Investigate the metabolic effects of the loss of Rev-erbα-/-  by a range of challenges 

such as DIO and fasting 

 Determine the role of the circadian clock specifically in adipocytes by the use of 

adipose specific clock gene knockouts (Bmal1 and Rev-erbα) 
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Chapter 2 - Materials and Methods 
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2.1 Animal maintenance 
 

All experimental procedures were licenced under the 1986 Home Office Animal Procedures Act 

(UK) and received ethical approval of the local animal welfare committee. C57BL/6J mice were 

purchased from Charles River (UK).  Rev-erbα−/− mice (Preitner et al., 2002) were initially 

provided by Ueli Schibler (University of Geneva) and subsequently bred at GlaxoSmithKline 

(Stevenage). mPER2::luc mice were originally obtained from Joe Takahashi (Yoo et al., 2004) 

and subsequently bred locally. Adipoq-Cre (Eguchi et al., 2011) and Bmal1flox/flox (Storch et al., 

2007) transgenic mice were purchased from The Jackson Laboratory (USA). Bmal1flox/flox mice 

were mated with PER2luc/luc mice.  Rev-erbαflox/flox mice were purchased from Institut Clinique de 

la Souris (France). AdipoqCRE/+ mice were mated with Bmal1flox/flox/Per2luc/luc or Rev-erbαflox/flox 

mice and cohorts were established by mating the F1 male AdipoCRE/+/Bmal1flox/+/Per2luc/+ with 

female Bmal1flox/flox/ Per2luc/luc and the F1 male AdipoCRE/+/Rev-erbαflox/+ with female Rev-

erbαflox/flox. Mice were given ab-libitum access to standard rodent chow (NC) (Special Diets 

Services) and water unless otherwise stated.  Mice were housed in standard housing 

conditions of a 12h:12h light:dark (LD)  with lights on at 07:30 hours with an ambient 

temperature of 20±2°C (unless otherwise stated), humidity 55±5%. 

2.2 Dietary Manipulation 
 

2.2.1 HFD feeding 

 

For diet-induced obesity (DIO) studies, mice were provided with ad libitum access to high fat 

diet (HFD; 61.6 % kcal from fat, 20.3% kcal from carbohydrates, 18.1% kcal from protein; 

TestDiet, London, UK) or normal chow (NC). Body weight was measured on a weekly basis and 

upon culling the animals, fat pad weights were measured. For DIO studies of WT mice, 8-10 

week old male C57BL/6J mice were maintained on HFD (n=30) or NC (n=30) for 2, 8 or 16 

weeks. For Rev-erbα−/− mice, 8-10 week year old KO and WT littermates were maintained on 

either HFD (n=8 per genotype) or NC (n=8 per genotype) for 14 weeks.  Day/night food intake 

was measured for 5 days after 8 weeks on HFD. In separate experiments, 8 week old female 

AdipoCREBmal1flox/flox, AdipoCRERev-erbαflox/flox and their respective control littermates were 

maintained on HFD or NC  for 12 weeks (n=5 per diet per genotype).   

2.2.2 Fasting  
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Leading up to fasting experiments standard rodent chow and water were supplied ad libitum. 

To assess fasting response, mice were fasted for 24 or 48 hours, with removal of food at 

approximately 11 am. Body weight was measured pre and post-food withdrawal. Fasting/fed 

comparisons were performed in three cohorts of Rev-erbα−/− mice (n=6 per group for serum 

TAG levels, n=8 per group for metabolic parameters, n=8 per group for 24 and 48 hour fast 

qPCR analysis). Fasting was performed on two separate cohorts of AdipoCREBmal1flox/flox and 

AdipoCRERev-erbαflox/flox mice and littermate controls (n=6 per genotype per feeding regime for 

telemetry analysis, n=4 per genotype per feeding regime for metabolic parameters) for 48 

hours. Upon replacement of food, food intake was monitored for 24 hours post-refeeding. 

2.3 Remote Telemetry 
 

Mice were anaesthetised with isoflurane (2-5% in O2) and underwent surgical implantation of a 

temperature transmitter (TA-F10, Data Sciences International) to allow continuous monitoring 

of core-body temperature. Briefly, mice were implanted intraperitoneally with the 

temperature transmitter. Surgical preparation consisted of shaving the abdominal fur and 

making an incision (length, approximately 1cm) through the skin and abdominal muscle layer 

by using aseptic technique. The peritoneal muscle layer and skin were closed with sutures. 

Following the operation mice were given analgesic (Vetergesic, 0.03mg/kg) and allowed to 

recover in their cages for 1 week post-surgery prior to telemetry recording. Mice were 

individually housed on receiver pads which transmitted core body temperature and activity 

measurements to the data acquisition software every 5 minutes. For DIO studies, n=10 mice 

per group were implanted with a telemetry remote prior to switch to HFD, and subsequently 

monitored for the first 2 weeks of HFD/NC feeding and the final two weeks of the study (14-16 

weeks of HFD). Rev-erbα−/−animals and control littermates (n=8 per genotype) were also 

implanted with telemetry remotes, as well as AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox 

and control littermates (n=6 per genotype). 

2.4 Comprehensive Lab Animal Monitoring System (CLAMS) 
 

To assess metabolic rate, mice were placed in CLAMS indirect calorimetric cages (Columbus 

Instruments, Columbus, OH, USA).  Mice were acclimated to cages for two days and standard 

rodent chow and water were supplied ad libitum. Oxygen consumption (VO2) and carbon 

dioxide consumption (VCO2) were measured every 10 min until the termination of the 

experiment (7 days typically). Respiratory Exchange Ratio (RER) was then calculated from this 
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data using the following formula: VCO2/ VO2. Heat (energy expenditure) was also calculated 

using the following formula CV * VO2, where CV (calorific value) = 3.815 + 1.232 * RER 

(Ferrannini, 1988). Carbohydrate oxidation rate (COX) and fatty acid oxidation rate (FOX) were 

also derived using the following equations: COX: 4.5 * VCO2 – 3.21 * VO2; FOX: 1.67 * VO2 – 

1.67 * VCO2. Metabolic parameters were assessed in Rev-erbα−/−, AdipoCREBmal1flox/flox , 

AdipoCRERev-erbαflox/flox mice and control littermates (n=8 per genotype).  

2.5 TSE Feeding Cages 
 

Food intake was monitored using the Labmaster Metabolism Research Platform (TSE systems), 

with meal size and feeding events recorded over 7 days. Mice were placed individually into 

plastic cages to which feeding and drinking sensors were attached. Animals were habituated 

for at least one week before experimentation.  Food and water were available ad libitum and 

intake was measured every 10 minutes. For WT DIO studies, n=8 per diet regime and for 

AdipoCREBmal1flox/flox and control littermate food intake analysis, n=8 per genotype.  

2.6 Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT) 
 

Before administration of insulin or glucose, mice were fasted for 6 hours. Blood glucose was 

monitored pre-administration by tail bleeds using an Accu-chek Aviva glucose meter (Roche). 1 

g/kg of glucose (Sigma Aldrich) or 0.75 U/kg of insulin (Sigma Aldrich) was administered to the 

mice I.P at ZT6.  Blood glucose measures were collected 20, 40, 60 and 120 minutes post 

glucose/insulin administration. These tests were performed on Rev-erbα−/−mice and control 

littermates on NC and HFD (n=8 per genotype per diet regime). Average weights of all animals 

on NC and all animals on HFD were taken, regardless of genotype. A set dose of insulin/glucose 

was then administered to the mice based on these average weights.  An ITT test was also 

performed on AdipoCRERev-erbαflox/flox mice and control littermates (n=6 per genotype).  

2.7 In vivo lipogenic/lipolytic challenge  
 

Before lipogenic challenge experiments took place mice were fasted for 6 hours. Rev-

erbα−/−mice and WT littermates (n=8 per genotype/treatment) were then injected I.P. with 

either 0.75 U/kg insulin or saline as a control. Blood samples, by means of tail bleeds, were 

taken before and 4 hours post stimulation. Blood was allowed to clot at room temperature 

(approximately 5 minute) prior to being placed on ice. Serum was recovered by low speed 
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centrifugation (9,600 x g for 10 minutes). Mice were sacrificed 4 hours post stimulation by 

cervical dislocation and various tissues collected, placed immediately on dry ice and 

subsequently stored at -80°C for further qPCR and protein analysis. For the lipolytic challenge 

Rev-erbα−/−mice and WT littermates (n=5 per genotype/treatment) were injected 

intraperitoneally (I.P.) with either 0.1 or 1 mg/kg of CL316,243  (Sigma Aldrich) or saline as a 

control. At the termination of the experiment (4 hours post injection), mice were sacrificed by 

cervical dislocation, and tissues collected, placed immediately on dry ice and subsequently 

stored at -80°C  until qPCR and/or western blot analyses. 

2.8 Cold Exposure  
 

AdipoCREBmal1flox/flox mice were individually housed in a modified upright 1200 L industrial 

fridge (Polar Refrigeration, UK). The fridge was adapted to include an Akor ventilation unit 

(Akor Systems, France) to allow an internal external air exchange. Internal temperature was 

maintained between 4°C -16°C, as stated for each experiment. Body temperature was recorded 

by remote telemetry as described in section 2.3. Mice that were implanted with a telemetry 

remote I.P.  (n=6 per genotype) and maintained at normal room temperature for 4 weeks post-

surgery were then were individually housed on top of telemetry pads inside the refrigeration 

cabinet set at a temperature of 4°C for 5 hours. After 5 hours the temperature was reset to 

16°C and the temperature inside the refrigeration cabinet subsequently ramped up to the 

desired temperature.  After a 7 day acclimatisation to the 16°C temperature mice were then 

fasted for 24 hours and food was then reintroduced to the cages. Body temperature was 

recorded throughout the experiment.   

2.9 Serum collection and lipid analysis  
 

Serum was either collected by tail bleeds throughout experiments or from trunk blood at 

sacrifice. Serum, which had been stored at -80°C was allowed to thaw at 4°C. To determine 

lipid concentrations in serum, a Free Fatty Acid fluorometric kit (Cayman) and Serum 

Triglyceride Determination kit (a quantitative enzymatic assay) to measure triglyceride and free 

glycerol (Sigma) were used according to manufacturer’s instructions with sample absorbance 

measured using a GloMax®-Multi+ fluorometer (Promega).  

2.10 Ex vivo bioluminescence  
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For ex vivo analysis of circadian rhythms for WT DIO studies, mice (n=4 mice per group, >16 

slices per tissue/mouse) were culled by cervical dislocation and tissues (WAT, lung, liver) were 

extracted and placed in phenol red free HBSS (Sigma Aldrich, UK). Tissue was then further 

dissected into 5 slices per animal and placed into sterile 35 mm dishes containing 1 ml DMEM 

recording media containing Sodium Bicarbonate (0.035%), HEPES buffer (10Mm),  

Streptomycin (25 µg/ml), Penicillin (25 units), 5% FBS, Beetle Luciferin K salts (0.1 mM, 

Promega, UK) (All Sigma Aldrich UK, unless otherwise stated).The slices were placed on a 

Millicell low profile, 0.4 μM membrane insert (Millipore, UK) to provide an air-liquid interface 

and prevent slice movement. The dishes and slices were sealed with a 40mm sterile glass cover 

slip (VWR) and high vacuum grease (Dow Corning) and placed in a Lumicycle (Actimetrics) and 

bioluminescence recordings taken over a 5-7 day period. The temperature of the incubator 

was set to 37oC. 

2.11 RNA extraction, conversion, and quantitative Real Time PCR  
 

For all studies, animals were killed by cervical dislocation; tissues were removed rapidly and 

immediately dissected, using a sterile blade. Where appropriate, organ weight was measured, 

for example scWAT and gWAT before being frozen on dry ice and stored at -80°C for 

protein/RNA extraction. For most of the larger tissues, approximately 100 mg blocks were 

dissected, but in the case of scWAT and gWAT all tissue was taken due to low RNA yield.  For 

circadian tissue collections, mice were placed in constant darkness (DD) for 24 hours prior to 

the collection. Mice were sacrificed by cervical dislocation every 4 hours (n=5-10 mice/time-

point/diet condition) and a range of tissues were collected.  Tissue was rapidly frozen on dry 

ice and stored at -80°C for further analysis. 

RNA was extracted from frozen adrenal glands, adipose tissue (WAT, scWAT and BAT), 

hypothalamus, liver, lung, lymph nodes, muscle, and spleen using a phenol-chloroform 

method. Tissue was homogenised using lysing matrix D tubes (MP Biomedicals) in 1 ml (TRIzol; 

Ambion, Life Technologies, UK) using a FastPrep-24 system (MP Biomedicals) at 4°C. For most 

tissues, phase separation was carried out immediately following homogenisation but for WAT, 

prior to phase separation, samples were centrifuged at 4°C 16,200 x g for 5 minutes, to 

separate excess lipids into a top layer which was then removed. For phase separation, samples 

were incubated at room temperature for 5 minutes before addition of 200 μl chloroform 

(Sigma, UK) and then thoroughly mixed by vigorous inversion. After incubation for 3 min at 

room temperature, samples were centrifuged at 4°C 16,200 x g for 5 minutes. The resting 
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solution separated into different phases with total RNA in the upper aqueous phase. 500 μl of 

the aqueous phase was removed and mixed with 500 μl isopropanol, mixed by gentle 

inversion, and incubated on ice for 10 min to precipitate the RNA. This mixture was then 

centrifuged at 4°C 16,200 x g for 10 minutes and the isopropanol solution was removed. The 

resulting RNA pellet was washed in 75% ethanol and centrifuged at 4°C 16,200 x g for 5 min. 

The ethanol was removed and the RNA pellet was left to air-dry before being resuspended in 

15-200 μl nuclease free H2O. RNA concentration (ng/μl) and purity was determined using a 

NanoDrop 1000 spectrophotometer (Thermo Scientific). RNA samples were either stored at -

80°C or used as a template for cDNA synthesis using a high capacity cDNA reverse transcription 

kit (Applied Biosystems, UK).  

2 µg total RNA was used per 20µl reaction, with the assumption that all RNA was converted to 

cDNA, to yield a final concentration of 100 ng/µl cDNA. Prior to conversion to cDNA, RNA was 

treated for 30 min at 37°C with 1µl RNase free DNase (Promega). The reaction was stopped 

with 1µl DNase stop buffer (Promega), incubated at 65°C for 10 min. A High Capacity RNA to 

cDNA Kit (Applied Biosystems) was then used for the conversion reaction, with the addition of 

10µl 2x buffer and 1µl of 20x enzyme mix and deionised H20 so that the total volume came to 

20µl. The reverse transcription reaction was incubated at 37°C for 60 min before the reaction 

stopped by denaturing the enzyme with incubation at 95°C for 5 min. Resulting cDNA was 

stored at -20°C 

RT qPCR was performed and analysed using an Applied Biosystems 7900HT Fast Real-Time PCR 

System with 2 x GoTaq® qPCR Master Mix and 0.5 μM primers (see sequences in table 2.1). 

Individual qPCR reactions were carried out in 10μl volumes in a 384 well Fast-prep plate 

(Applied Biosystems), using the following protocol: 2 min at 50 °C, followed by 15 min at 95°C, 

then 40 cycles of 15 sec at 94 °C, 30 sec at 60 °C and 30 sec at 72 °C.  Relative expression levels 

(relative quantification/RQ) were determined using the comparative CT method to normalize 

target gene mRNA to 18S. 

Table 2.1 – Primer Sequences 

 
Target mRNA 

 
Primer Sequence 

18s 
 

F: 5’-TCCGACCATAAACGATGCCGACT-3’ 
R: 5’-TCCTGGTGGTGCCCTTCCGTCAAT-3’ 

Atgl 
 

F: 5’- TGTGGCCTCATTCCTCCTAC -3’ 
R: 5’- TCGTGGATGTTGGTGGAGCT -3’ 

Bmal1 F: 5’-GTCGAATGATTGCCGAGGAA-3’                                                        
R: 5’-GGGAGGCGTACTTGTGATGTTC-3’ 
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Cry1 
 

F: 5’- TCGCCGGCTCTTCCAA -3’ 
R: 5’- TCAAGACACTGAAGCAAAAATCG -3’ 

Clock F: 5’- TTGCTCCACGGGAATCCTT -3’ 
R: 5’- GGAGGGAAAGTGCTCTGTTGTAG -3’ 
 

Dbp 
 

F: 5’-CCGTGGAGGTGCTAATGACCT-3’ 
R: 5’-CCTCTGAGAAGCGGGCC -3’ 

Dgat2 
 

F: 5’- AGTGGCAATGCTATCATCATCGT -3’ 
R: 5’- TCTTCTGGACCCATCGGCCCCAGGA -3’ 

Fabp4 
 

F: 5’-GAAAACGAGATGGTGACAAGC -3’ 
R: 5’-TTGTGGAAGTCACGCCTTT -3’ 

Fasn 
 

F: 5’- CCCAGAGGCTTGTGCTGACT -3’ 
R: 5’- CGAATGTGCTTGGCTTGGT -3’ 

F4/80 F: 5’- AAGACTTGATACTCCAAAGTGAGC -3’ 
R: 5’- GAAGGAAGCATAACCAAGATCCC -3’ 

Gk F: 5’- CCCTGAGTGGCTTACAGTTC -3’                                                        
R: 5’- ACGGATGTGAGTGTTGAAGC -3’ 

Glut4 F: 5’ -GTCCTCCTGCTTGGCTTCTT -3’                                                          
F: 5’-AGCTGAGATCTGGTCAAACG -3’ 

Hk2 F: 5’ -GAAGATGATCAGCGGGATGT -3’ 
R: 5’ –TCTGGATTCCGTCCTTATCG -3’ 

Hsl 
 

F: 5’- GCTGGGCTGTCAAGCACTGT -3’ 
R: 5’- GTAACTGGGTAGGCTGCCAT -3’ 

Lpl 
 

F: 5’- AGGGCTCTGCCTGAGTTGTA -3’ 
R: 5’- CCATCCTCAGTCCCAGAAAA -3’ 

Pepck F: 5’ - GGCCACAGCTGCTGCAG - 3’                                                             
R: 5’ – GGTCGCATGGCAAAGGG - 3' 

Per2 
 

F: 5’-GCCTTCAGACTCATGATGACAGA-3’ 
R: 5’- TTTGTGTGCCTCAGCTTTGG-3’ 

Ppary α F: 5’ – GAGGGTTGAGCTCAGTCAGG -3’                                                         
F: 5’ – GGTCACCTACGAGTGGCATT - 3' 

Ppar γ F: 5’ – AGGCCGAGAAGGAGAAGCTGTTG - 3'                                                
F: 5’ – TGGCCACCTCTTTGCTCTGCTCM - 3' 

Rev-erb α 
 

F: 5’- GTCTCTCCGTTGGCATGTCT -3’ 

R: 5’- CCAAGTTCATGGCGCTCT -3’ 

Rev-erb β 
 

F: 5’- TCATGAGGATGAACAGGAACC -3’ 
R: 5’- GAATTCGGCCAAATCGAAC -3’ 

TNFα F: 5’ - TCTCTTCAAGGGACAAGGCTG  - 3’                                                       
F: 5’ – ATAGCAAATCGGCTGACGGT – 3’ 

 

2.12 SDS-Page and Western Blot analyses 
 

For protein extraction, gWAT and liver tissue samples were placed in 400 or 1000 μl 

respectively of T-PER Tissue Protein Extraction Reagent (Pierce) supplemented with protease 

inhibitor (Roche) in Lysing Matrix D Tubes. Tissue was homogenised using the FastPrep®-24 for 

40 seconds, placed on wet ice to cool for 30 seconds and then homogenised for a subsequent 
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40 seconds. Homogenised fat samples were then spun down for 5 minutes at 4° at 16,200 x g in 

order to separate out the solubilized material from the lipid layer. This was repeated 3-4 times 

and the supernatant was collected.  In order to assess protein concentration, a standard curve 

was made using known concentrations of protein standards of bovine serum albumin (BSA) 

(Sigma, UK). 10 μl of  the protein standards; 0, 100, 200, 400, 800 and 1000 μg/ml BSA diluted 

in lysis buffer and samples diluted 1:15-50 in lysis buffer  were added to 96 well plate with 200 

μl of 20% Protein Assay Reagent (BioRad).  Samples were read at 560 nm on a plate reader 

(Bio-Rad).  

12 μl of 20-50μg quantified protein lysates were denatured at 95°C for 5 min in the presence of 

4 μl 5 x Laemmli sample buffer (Bio-Rad) with 10% 2-Mercaptoethanol. The samples were 

separated by sodium dodecyl sulphate–polyacrylamide gel electrophoresis using 4–15% Mini-

PROTEAN® TGX™ Precast Gels in Mini-PROTEAN 3 apparatus (Bio-Rad) according to 

manufacturer’s instructions at 150 V until the proteins were sufficiently resolved, in a Tris-SDS 

running buffer (192 nM glycine, 25 mM Tris, 0.01% SDS). A pre-stained molecular weight 

protein marker (Precision Dual Colour Marker, BioRad) was resolved in parallel with samples to 

allow estimation of the molecular sizes of the separated proteins.  

The separated protein was then transferred to a nitrocellulose membrane using an iBlot gel 

transfer system (Invitrogen). Membranes were blocked with 5% skimmed milk in TBS-T buffer 

(150 mM NaCl, 20 mM Tris-HCl, pH 7.4, 0.1% Tween-20) for 1 hour. Membranes were then 

probed overnight at 4°C with primary antibodies diluted in blocking buffer (as described in 

table 2.2) 

Table 2.2 – Antibody Weights and Concentrations 

Antibody Weight Concentration Supplier 

Anti-ATGL 55 1:200 Santa Cruz Biotech 

Anti-DGAT2 44 1:1000 Santa Cruz Biotech 

Anti-LPL 53 1:5000 Santa Cruz Biotech 

Anti-GAPDH 37 1:1000 Santa Cruz Biotech 

Anti-HSL 81,83 1:1000 Cell Signalling 
Technology 

Anti-pHSL (Ser563) 81,83 1:1000 Cell Signalling 
Technology 

Anti-PPARα 58 1:1000 Santa Cruz Biotech 

Anti-PPARγ 58 1:1000 Santa Cruz Biotech 

Anti-FASN 273 1:20000 Abcam 

Anti-FABP4 15 1:20000 Santa Cruz Biotech 
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Blots were then incubated in appropriate secondary antibody (2hr, room temp), either 

horseradish peroxidase-linked sheep anti-mouse IgG or horseradish peroxidase-linked goat 

anti-rabbit IgG (GE Healthcare). Protein bands were detected with an enhanced 

chemiluminescence substrate kit (Thermo Scientific) and exposed to Kodak film (KodakBioMax 

Light) for 0.5–5 min at room temperature. The developed films were quantified using Image J 

and protein levels expression in relation to GAPDH. 

2.13 WAT explant cultures 
 

Mice were sacrificed by cervical dislocation at CT 6 and gWAT, removed by dissection, was 

placed in ice-cold Hanks Balanced Salt Solution (HBSS).  Connective tissue and blood vessels 

were removed from the gWAT and 10 mg of the gWAT explant was minced and placed into a 

24-well plate and cultured in 1 ml of Dulbecco's modified Eagles Medium (DMEM) (Sigma-

Aldrich, UK) supplemented with 10% foetal bovine serum (Fisher Scientific, UK) and a mixture 

of penicillin-streptomycin (Sigma-Aldrich, UK) for 24 hours in a humidified atmosphere 

containing 5% CO2. One animal provided 6 explants.  A media change took place after one 

hour. In order to validate the model, another media change took place but this time 

supplemented with either 0, 10 nM, 100 nM, 1 μM or 10 μM insulin (Sigma-Aldrich, UK). The 

explants were cultured for a further 24 hours before the tissue was removed and frozen at -

80°C for qPCR analysis. From this validation, it was determined that 1 μM of insulin was the 

optimum stimulation concentration and this was used for subsequent explant experiments.  

2.14 Statistical Analysis  
 

Data are presented as mean ± standard error (SEM). Students’ t-test was used when two 

groups were tested, one-way ANOVA with Dunnett’s multiple comparisons or two-way ANOVA 

followed by Sidak post-hoc analyses were used when more than two groups and/or factors 

were analysed using Graphpad Prism. Statistical significance was assessed at the first level of 

the ANOVA using @ symbol and by post-hoc test using * symbol. 
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Results 

Chapter 3 - High-fat diet disrupts molecular circadian rhythms in 

mice 
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3.1 Introduction 
 

There is a well-established link between the circadian clock and energy metabolism.  Lifestyles 

associated with circadian dysregulation, such as rotating shift work and chronic sleep 

deprivation, are associated with increased risk of obesity and its comorbidities (Karlsson et al., 

2001; Di Lorenzo et al., 2003; Pan et al., 2011). Similarly, transgenic mouse models in which 

critical elements of the circadian clock have been deleted often results in a metabolic 

phenotype. For example, ClockΔ19 mutant mice exhibit pronounced obesity and 

hyperglycaemia (Turek et al., 2005). Human genetic studies report associations between 

polymorphisms of Clock and obesity (Scott et al. 2008) as well as many other clock genes.  

While the influences of the molecular clock on metabolic processes have been well 

documented, it is less clear how metabolic disturbance may feedback onto the circadian clock. 

Studies have been performed in mice to address how obesity affects circadian rhythmicity but 

have provided conflicting results (Ando et al., 2005; Yanagihara et al., 2006; Kohsaka et al. 

2007).  In 2005, Ando et al. used mice models of mild and severe spontaneous obese diabetes 

(KK and KK-AY respectively).  Rhythmic expression of clock genes was mildly attenuated in WAT 

of KK mice and strongly attenuated in KK-AY mice in comparison to C57BL/6 WT controls. 

However, in a diet induced obesity (DIO) model in which female C57BL/6 mice were fed HFD 

for 8 weeks from 4 weeks of age, peak levels of clock genes did not differ in any of the tissues 

examined (Yanagihara et al., 2006). Conversely, in male C57BL/6 mice fed HFD for 6 weeks 

from 4 weeks of age, circadian period was lengthened in DIO mice, and HFD attenuated diurnal 

pattern of feeding behaviour (Kohsaka et al. 2007). This work and a subsequent study (Prasai 

et al., 2013) also demonstrated a DIO-associated damping of clock gene expression in WAT of 

obese mice, when compared with normal weight controls.   

Adipose tissue physiology demonstrates a strong correlation with circadian mechanisms (Bray 

and Young, 2007; Zvonic et al. 2007). For example, circulating levels of secreted adipokines 

such as adiponectin and leptin (Yildiz et al., 2004) display as oscillating profile with a 24 hour 

period, as do adipose and macrophage derived inflammatory cytokines IL-6 and TNF-α 

(Vgontzas et al. 1999; Vgontzas et al. 2002). Murine WAT, as with many other tissues, contains 

endogenous circadian timing properties (Johnston et al. 2009; Gimble and Floyd, 2009) and it 

is estimated that 10-20% of the murine WAT transcriptome shows circadian variations (Ptitsyn 

et al., 2006; Zvonic et al. 2006; Zhang et al., 2014). 
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Here we determine the impact of DIO on the circadian clock of C57BL/6 mice by conducting 

broad analysis of behavioural and molecular rhythms in HFD fed mice and to examine how HFD 

affects clock-metabolic regulators. A large number of tissues were examined and the 

expression of clock genes determined to allow for a comprehensive analysis of how DIO affects 

the circadian clock. Previous studies have used varying HFD-challenge lengths, which may be 

responsible for the difference in results obtained. For this reason, we also monitored clock 

gene expression at various time points during the development of obesity in order to 

determine if HFD-feeding itself causes disruption of the molecular clock. 

3.2 Methods 
 

Detailed methodological approaches can be found in the methods (Chapter 2). Below are 

specific experimental details.  

For DIO studies, 8-10 week old mice ( C57BL6/J, Charles River, UK) were provided ad libitum 

access to high fat diet (HFD; 60% energy from fat; DIO Rodent Purified Diet, IPS Ltd) or normal 

chow (NC) for 2 (n=4-5/diet), 8 (n=4-5/diet) or 16 (n=25-40/diet) weeks. In the 16 week HFD 

group, body temperature and locomotor activity were recorded using radiotelemetry (Data 

Sciences International), and metabolic gas exchange measured by indirect calorimetry using 

the CLAMS system (Columbus Instruments). Food intake was monitored using the Labmaster 

Metabolism Research Platform (TSE systems), with meal size and feeding events recorded over 

6 days (n=30 per diet). Prior to tissue collection, mice were placed in constant darkness (DD) 

for 24h, following which tissues (liver, muscle, adrenal glands, inguinal lymph nodes, spleen, 

pancreas, BAT, gWAT, and scWAT) were collected every 4h (n=5-10/time-point/diet condition). 

For ex vivo analysis of circadian rhythms, 8 week old male mPER2:luc mice were fed HFD or NC 

for 16 weeks. Bioluminescence was recorded from gWAT samples maintained in DMEM 

recording media at 37°C using a Lumicycle (actimetrics). Amplitude of mPER2-dependent 

luminescence was determined for each animal (n=4 mice/diet), using the mean of 16 

samples/mouse.  

3.3 Results 
 

3.3.1. Circadian behaviour of obese mice 
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To determine if DIO has an effect on behavioural and physiological rhythms, adult male 

C57BL/6 mice were maintained on either NC or HFD (60% energy from fat) for 16 weeks (n = 

30 mice per diet). Mice fed HFD gained significantly more weight than NC control mice and as 

to be expected significant WAT accumulation was observed in animals on a HFD feeding 

regime in comparison to NC control mice (Figure 3.1A). Activity and core body temperature 

rhythms were monitored during the 16 week study by remote telemetry. Recording of both 

parameters at the transition to HFD and following chronic HFD feeding revealed robust diurnal 

rhythms were maintained in NC and HFD fed mice (Figure 3.1B). However, HFD-fed mice 

showed a reduction in dark phase activity, and reduced amplitude in day/night temperature 

profiles, indicating a damping of diurnal rhythms in these mice. Studies of HFD feeding in mice 

commonly report increased daytime feeding, and we therefore assessed the diurnal feeding 

structure in these animals (Figure 3.1B). Food intake (g/hr) was monitored continuously across 

the 24hr cycle for >10 days using TSE systems’ cages, with mice switched from NC to HFD after 

5 days of recording (n=8). Mice on NC consumed more food in the dark phase than in the light 

phase. The proportion of calories consumed during the light phase was significantly higher in 

HFD fed mice but this was largely due to the decrease in night time feeding rather than an 

increase in feeding during the day (Figure 3.1C, p<0.05, one-way ANOVA with repeated 

measures).  This was reflected in a decrease in meal events (>0.05g of food consumed in 10 

minutes) observed during the dark phase in mice fed HFD in comparison to mice fed NC. Mean 

meal size (in g) remained consistent for both NC and HFD fed animals across the light and dark 

phase. Decreased nocturnal feeding was apparent within days of the mice being placed on HFD 

which suggests that altered feeding patterns reflect a homeostatic response to a HFD-related 

alteration of circadian regulation of feeding rhythms. Taken together, these data suggest that 

obesity did not dramatically disrupt diurnal rhythmicity in HFD-fed mice. Nevertheless, the 

flattening of food-related zeitgeber due to increased energy intake shifted towards the day.  

 

3.3.2. Molecular clock disruption in response to obesity 

 

We next assessed the impact of obesity on clock gene rhythms in a panel of central and 

peripheral tissues. From 8 weeks of age, male C57BL/6J mice were maintained on either HFD 

or NC for 16 weeks (n=30 mice per diet). Prior to tissue collection, mice were placed under 

constant darkness (DD) for 24 hours to remove the direct influence of light. Tissues were  



101 
 

 

Figure 3.1 – Physiological changes in diet induced obesity.  
Male C57BL/6J mice were put on HFD and monitored for 16 weeks (Growth curve = 30-40/ 
diet). Mice on HFD gained weight and developed obesity with increased accumulation of 
perigonadal white adipose tissue (A). The impact of HFD on diurnal activity and body 
temperature rhythms was measured by real time telemetry recording.  Data reflect mean ± 
SEM, * = diet difference, student’s unpaired t-test, *** = p < 0.0005. (B). Diurnal rhythms are 
maintained when mice are fed HFD, however, a reduction in activity during the active phase 
and lower amplitude body temperature rhythms is observed (n=7/diet). Data reflect mean ± 
SEM, * = diet difference, student’s paired t-test, * = p < 0.05, *** = p < 0.0005. Diurnal feeding 
structure was then assessed (C). The proportion of calories eaten during the light phase 
increased upon HFD feeding (n=4-6/diet/timepoint) which was due to a reduction in meal 
events during the active phase. Meal size (g) is unaffected by HFD feeding during both the light 
and dark phase.  Data reflect mean ± SEM, * = diet difference, student’s unpaired t-test or 2-
way ANOVA, Sidak post hoc test, * = p < 0.05, ** = p <0.005, *** = p < 0.0005. Full description 
of statistical analysis can be found in Appendix 1. 
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collected every 4 hours over the circadian cycle and snap frozen, mRNA was extracted, and for 

qPCR analyses run for a set of core clock genes. Overall, HFD feeding did not appear to have a 

dramatic impact on clock gene rhythms in most tissues, with robust clock gene rhythms being 

observed in both NC and HFD fed mice (Figure 3.2A). For example, no alteration in circadian 

gene expression was observed in hypothalamic tissue. Interestingly, the adrenal gland and liver 

showed a phase advance of clock gene rhythms in HFD-fed mice, whereas other tissues 

showed virtually alteration (e.g. muscle and BAT). This suggests that HFD feeding leads to 

altered synchrony amongst different tissue clocks.  

 

The most significant attenuation of clock gene expression was observed in gWAT. This 

attenuation in expression was most notable in Rev-erbα, which displayed both lower 

expression levels and decreased amplitude of the rhythm. In comparison, however, Rev-erbβ 

expression was unaffected by obesity in the animals. Interestingly, clock gene rhythms within 

scWAT remain largely unaffected by HFD feeding, despite pronounced adipose tissue 

hypertrophy being observed in both scWAT and gWAT tissue beds. This suggests that HFD-

induced disruption of the circadian clockwork is highly tissue-specific and not due to increased 

lipid storage/tissue expansion per se. We next went on to determine if HFD-induced disruption 

in gWAT clock gene rhythms would be maintained ex vivo. gWAT was collected from 

mPer2::Luc mice (Yoo et al., 2004) after 16 weeks NC or HFD (n=3 animals/diet, 12 slices per 

mouse, collected ZT4) and maintained in culture during which time PER2::Luc driven 

bioluminescence was recorded using a lumicycle (Actimetrics) (Figure 3.2B). Robust oscillations 

were observed in tissue derived from mice maintained on NC or HFD; however, oscillations in 

HFD-fed mouse derived gWAT tissue explants exhibited a significantly lower amplitude in 

PER2::Luc rhythms (p<0.05, student’s unpaired t-test. Taken together this data highlights that 

profound dampening of clock gene rhythms are observed specifically in gWAT.  

 

3.3.3. Effect of obesity of lipid handling genes 

 

Clock gene expression in gWAT was clearly affected by long term HFD-feeding; therefore, we 

next determined if DIO resulted in dysregulation in the diurnal expression of genes involved in 

lipid metabolism. A small panel of genes was selected to reflect different aspects of lipid 

metabolism, all of which have been shown to be under some clock control. The panel of genes  
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Figure 3.2 – Tissue-specific effects on the molecular clock associated with HFD feeding. Broad 
analysis clock gene expression over the circadian day was performed in tissues most relevant 
to circadian regulation, metabolism and inflammation of C57BL/6J  mice after 16 weeks of HFD 
(A, n=4-5/diet/timepoint). Significant differences are observed at a number of individual time-
points, in gWAT there is attenuation of clock gene expression with a reduction in amplitude in 
Bmal1, Dbp, Rev-erb α and Per2 (* = significant difference between diets at one or more time-
points , 2-way ANOVA, * = p < 0.01, Sidak post hoc test). Ex vivo analysis (B) of the circadian 
clock in gWAT taken from 16 week HFD challenged mPER2::luc male mice (n=3 – 3 slices per 
animal/diet) showed decreased amplitude of mPER2::luc oscillation in DIO mice . Data reflect 
mean ± S.E.M,  * = diet difference, student’s unpaired t-test, *  = p < 0.05. Full description of 
statistical analysis can be found in Appendix 1. 
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consisted of those involved in lipogenesis (Dgat2, Fasn), fatty acid transport (Fabp4), fatty acid 

liberation and uptake (Lpl) and lipolysis (Hsl, Atgl).  

 

From 8 weeks of age, male C57BL6/J mice were maintained on either HFD or NC for 16 weeks 

(n=30 mice per diet; Tissue samples were the same as those used above for clock gene 

analysis). Robust rhythms were observed in some lipid handling gene, most notably with Dgat2 

and Fasn showing strong circadian variation in gWAT of NC-fed mice (Figure 3.3A). A 

pronounced, yet highly tissue-specific alteration in metabolic gene expression was observed in 

response to HFD feeding. HFD-fed mice exhibited an attenuation in the rhythms of Dgat2 and 

Fasn (p<0.05, 2-way-ANOVA) and a dramatic reduction in the expression of most genes 

examined within gWAT. However, HFD-dependent changes in gene expression were 

profoundly different among the two fat depots examined (i.e. scWAT and gWAT). The lipolytic 

genes Hsl and Lpl were upregulated in scWAT of HFD-fed mice, which contrasts with the 

profound reduction in expression observed in gWAT. Upregulation of Dgat2 in scWAT of HFD-

fed mice also contrasts with the downregulation measured in gWAT. This most likely reflects 

differences between gWAT and scWAT. For example, scWAT has a greater long term storage 

capacity compared to gWAT (Frayn, 2002) and therefore during a positive energy balance, 

formation of TAGs would be beneficial in this depot.  Fasn was downregulated in both scWAT 

and gWAT of HFD-fed mice, reflecting the robust inhibition of de novo lipogenesis in states of 

increased adiposity. A robust rhythm in Atgl expression was observed in the liver, which was 

not affected by HFD feeding. Interestingly, Hsl did not show rhythmicity in the liver from NC-

fed mice, yet upon HFD-feeding a rhythm was induced (1 way-ANOVA, p<0.05). Fabp4 

expression was also upregulated in the liver of HFD-fed mice.  gWAT was most dramatically 

affected by HFD-feeding in terms of both metabolic and clock gene expression, raising the 

possibility that disruption of the clock in this tissue is linked to metabolic disruption.  

 

We next assessed protein expression of the two of the most rhythmic genes in gWAT – Dgat2 

and Fasn. gWAT from the same DIO (16 week HFD) and normal weight mice used for transcript 

analysis were collected at CT0 and CT12,  snap frozen, and protein was extracted for SDS-PAGE 

and Western Blot analyses (Figure 3.3B). A small time of day difference was observed in FAS 

expression in NC-fed mice although this did not reach significance. In line with transcript 

analysis, HFD caused a profound downregulation of FAS protein expression, and loss of any 

circadian variation. In contrast, no time of day difference was observed in DGAT2, and 
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Figure 3.3   – Circadian variation of lipid handling genes differentially affected by HFD 

feeding in different tissues.  

The circadian expression of genes involved in lipid metabolism was examined in gWAT, scWAT 

and liver from C57BL/6J mice fed HFD (n=25-30/diet) (A). In gWAT HFD challenge resulted in 

the attenuation of the expression most lipid handling genes, and in the case of Dgat2 and Fasn 

a dampening of circadian variation. In contrast, Dgat2, Hsl and Lpl are upregulated in HFD in 

scWAT (A). Fabp4 is upregulated in the obese state and HFD challenge potentially induces a 

rhythm in Hsl mRNA. (* = significant difference between diets at one or more time-points, 2-

way ANOVA, Sidak post-hoc test, * = p < 0.01). Circadian variation in FAS and DGAT2 was not 

observed upon Western Blot analysis (n=4-5/diet) (B). Data reflect mean ± S.E.M,  * = diet 

difference, 2-way ANOVA, Sidak post-hoc test , *  = p < 0.05, ** = p < 0.005.  Full description of 

statistical analysis can be found in Appendix 1. 
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downregulation of its expression following HFD was not observed at a protein level. Caution 

must therefore be observed in assuming mRNA levels correlated to protein levels.  

 

3.3.4. Tissue specific reprogramming of the clock-metabolic regulators  

 

We have demonstrated that both clock gene expression and lipid handling gene expression is 

differentially affected in peripheral tissues by chronic HFD-feeding. PPARα, PPARγ and PGC-1α 

are metabolic regulators reciprocally linked with the circadian clock, and therefore we sought 

to determine the temporal dynamics of their expression in DIO mice (Figure 3.4A). Circadian 

variation in Pparα, Pparγ and Pgc1α was observed across the panel of tissues, with Pparα and 

Pparγ exhibiting robust rhythms in gWAT (2-way ANOVA, p<0.05).  The expressions of Pparα, 

Pparγ and Pgc1α were significantly affected by HFD feeding in adipose tissue and liver. 

Attenuation of the rhythm and downregulation in expression of all three of these metabolic 

regulators was observed in gWAT. The circadian variation in expression of Pparα and Pgc1α 

was also attenuated in scWAT of HFD-fed mice, although overall expression was not reduced. 

In contrast to gWAT, HFD feeding caused an upregulation of Pparα and Pparγ in the liver, when 

compared to control mouse tissue. Analysis of protein expression by Western Blot analyses 

confirmed the tissue-specific alteration in PPARγ expression, with an increase in expression 

observed in the liver of mice fed HFD (Figure 3.4B). This is most notably seen in the PPARγ2 

isoform. Expression of both PPARγ2 and PPARγ1 were significantly downregulated in mice fed 

HFD. These data highlight a similar tissue-specific diet-induced reprogramming of circadian 

clock gene and PPARγ/PPARα expression in mice fed HFD, suggesting that these changes may 

be directly linked.  

 

3.3.5. Effect of obesity on glucose handling genes 

 

PPARs are major regulators of glucose handling. We therefore examined the expression 

profiles of Glut2/4, Gk (liver)/Hk (gWAT, muscle), Pepck in NC and HFD fed mouse tissues 

(Figure 3.5). Robust rhythms were observed in Glut4, Gk and Pepck in the liver of mice fed NC. 

Rhythmic expressions of Glut4 and Gk were dampened in the liver of HFD-fed mice (2-way 

ANOVA, p<0.05). In contrast, no loss of rhythmicity was observed in Pepck. The expression of 

these genes did not vary across the circadian cycle in muscle, but HFD-feeding did cause a 

significant downregulation in all three. Rhythmic expression profiles of Glut4, Hk and Pepck  
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Figure 3.4 – Disruption of downstream pathways is affected in a tissue-specific manner by 

High Fat Diet feeding. 

Expression of key transcriptional regulators of metabolism PPARα, PPARγ and PGC1α in liver, 

muscle, scWAT and gWAT of C57BL/6J male mice fed HFD for 16 weeks (n=25-30/diet). PPARγ 

expression was significantly increased in the liver of those animals fed HFD as dis PPARα (A). 

The expression of these regulators was unaffected by HFD feeding in muscle. The temporal 

expression of PPARγ and PGC1α is affected by HFD feeding in subcutaneous WAT and in gWAT 

expression of PPARγ, PPARα and PGC1α was reduced and dampened. Data reflect mean ± 

S.E.M, * = difference between diets at one or more time-points, 2-way ANOVA, Sidak post-hoc 

test, * = p < 0.01). These tissue specific changes in expression of PPARγ were confirmed by 

protein expression analysis by immunoblot (gWAT n=9-10/diet, liver n=4-5/diet) (B).  Data 

reflect mean ± SEM, * = diet difference, 2-way ANOVA, Sidak post-hoc test, * = p < 0.05, ** = p 

< 0.005, *** = p < 0.0005.  Full description of statistical analysis can be found in Appendix 1.  
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Figure 3.5 – Diurnal variation of glucose handling genes differentially affected by HFD 

feeding in different tissues.  

The rhythmicity and expression of glucose handling genes was also assessed in liver, muscle, 

gWAT and scWAT (n=25-30/diet). Strong circadian variation was seen in Glut4, GK and Pepck in 

the liver under both diet conditions. These genes showed little diurnal variation in muscle with 

slight attenuation of expression. In gWAT, diurnal variation is seen under NC conditions but in 

HFD expression of Glut4, HK2 and Pepck is greatly attenuated with a loss of rhythm. This is not 

reflected in scWAT tissue. Data reflect mean ± S.E.M, * = p < 0.01 , * = difference between 

diets at one or more time-points , 2-way ANOVA, Sidak post-hoc test).  Full description of 

statistical analysis can be found in Appendix 1. 
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were observed in gWAT of NC-fed mice, and dramatic damping and downregulation in 

expression of all three was observed in response to HFD-feeding. A similar effect was observed 

in scWAT, although to a lesser extent than observed in gWAT (which failed to reach statistical 

significance). Thus, as observed in circadian and lipid handling pathways, the impact of chronic 

HFD-feeding on this subset of rhythmic glucose metabolism genes was highly tissue-specific 

manner, with the most dramatically effects on gene rhythmicity observed in gWAT. 

 

3.3.6. Damping of gene rhythmicity in gWAT associated with the development of 

obesity and tissue inflammation 

 

Obesity is often associated with an increased inflammatory state, especially in WAT. Moreover, 

inflammation has been previously linked to clock disruption (Castanon–Cervantes et al., 

2010).  Indeed, as shown in Figure 3.6A, the levels of inflammatory markers (TNFα and F4/80) 

were significantly increased in mice fed HFD for 16 weeks. The increase in TNFα and F4/80 

(indicative of macrophage/monocyte content) was particularly pronounced in gWAT of HFD-

fed mice (Figure 3.6A). No effect of diet was observed in inflammatory marker gene expression 

in the lymph nodes or the spleen. We then investigated the timing of DIO-induced 

inflammation. Male C57BL/6J mice were maintained on HFD for 2 weeks (n=5), 8 weeks (n=5), 

16 weeks (n=5), following which gWAT was collected at CT0 and CT12 and mRNA extracted for 

qPCR analysis (Figure 3.6B). Although a decrease in amplitude was observed in Bmal1 

expression at 8 and 16 week of HFD-feeding, the gene retained a significant circadian variation 

at all time-points. As shown in above (Figure 3.2), Rev-erbα expression was profoundly reduced 

after 16-weeks HFD-feeding; however, this was not observed after 2 or 8 weeks of HFD-

feeding. This demonstrated that HFD-feeding per se does not drive attenuated clock gene 

expression, but that it is the chronic nature of this feeding and likely the resultant obesity that 

leads to clock disruption.  Similarly to Rev-erbα, attenuation reduced Pparα and Pparγ 

expression only occurred after 16-weeks HFD feeding.  

 

3.4. Summary  
 

HFD-feeding for 16 weeks did not profoundly disrupt behavioural rhythms in C57BL/6 mice, at 

least not in an LD environment. This contrasts data obtained by Kohsaka et al. (2007) which  

http://www.jimmunol.org/search?author1=Oscar+Castanon-Cervantes&sortspec=date&submit=Submit
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Figure 3.6  – Attenuation of the clock in gWAT was acutely affected by HFD feeding and 

associated with increased inflammation. 

 F4/80 and TNFα expression levels were measured in a range of tissues of C57BL/6J mice fed 

HFD for 16 weeks (n=25-30/diet). Inflammation was highest in gWAT of HFD challenged 

animals which links to the breakdown of the clock in this tissue (A). Data reflect mean ± S.E.M,  

* = diet difference, student’s unpaired t-test, ***  = p < 0.0005. Mice maintained on HFD for 2 

and 8 weeks showed no attenuation of Bmal1 and Rev-erbα expression when compared to the 

16 week HFD animals (n=4-5/diet/time). This lack of attenuation also correlated with low levels 

of inflammatory markers TNFα and F4/80 at that time. Attenuation of PPARγ and PPARα 

expression in gWAT was also only seen after 16 weeks HFD (B). Data reflect mean ± SEM, 

normalised to NC mice in each case (data not shown), * = time of day difference, student’s 

unpaired t-test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005.  Full description of statistical 

analysis can be found in Appendix I. 
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demonstrated that HFD resulted in dampened diurnal rhythm of locomotor activity selectively 

in LD conditions as equivalent levels of activity and preserved amplitude was observed in 

activity rhythms in DD conditions. However, our studies do indicate reduced amplitude of 

day/night body temperature and flattening of calorie intake across the day, which are 

important zeitgebers.  

 

These studies revealed a pronounced disruption of the circadian clockwork in gWAT. This 

parallels data obtained from Kohsaka et al. (2007) and Prasai et al. (2013), whose work 

demonstrated that the amplitude of clock gene expression rhythms was severely attenuated in 

fat with a smaller effect in liver. Clock gene rhythms in gWAT are more susceptible to obesity 

related dysfunction compared to scWAT, likely representing depot-specific differences in the 

metabolic and inflammatory response to obesity-related hypertrophy. Rev-erbα is 

downregulated throughout the circadian series and shows the strongest attenuation of rhythm 

in the DIO model. Together this data may suggest that the right regulation of the Rev-erbα 

‘auxiliary’ loop may be of critical importance for metabolic homeostasis in gWAT.  

 

Damping of Bmal1 and Rev-erbα expression in gWAT was not observed following 2 or 8 weeks 

of HFD-feeding, and was most pronounced in mice that had been maintained on HFD for 16 

weeks. The time scale of HFD-feeding required to bring about clock disruption (16 weeks) also 

reflected the length of time at which inflammatory markers, TNFα and F4/80, were 

dramatically upregulated. This may be indicative that obesity related inflammation may be 

responsible for clock breakdown, as although no diurnal variation is observed in these 

inflammatory markers at any point during the development of obesity, upregulation is 

observed at 16 weeks when loss of diurnal variation of the clock is observed. 

 

Interestingly, a similar attenuation in Pparα and Pparγ expression was observed in gWAT in 

response to DIO. Given that PPARα/γ receptors are both regulated by the clock, yet also feed-

back directly onto the clock through transcriptional regulation (Peek et al., 2012; Chen and 

Yang, 2014) it seems likely that the disruption of these pathways are linked. Our studies 

support the PPARs as a potential interface between the metabolic challenge and the disruption 

of the clock. Pparγ has been shown to be essential for the survival of mature adipocytes (Imai 

et al., 2004). Eckel Mahan et al. (2013) demonstrated that HFD feeding generated a profound 

reorganisation of specific metabolic pathways, leading to widespread remodelling of the liver 

clock. In this study, HFD also resulted in de novo oscillating transcripts due to the pronounced 
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cyclic activation of pathways through PPARγ. A further study, in which diurnal feeding reversed 

from the active to the rest phase, resulted in increased FFA and glycogen levels. Increased FFA 

levels resulted in enhanced Pparα activation which resulted in aberrant activation of Rev-erbα 

and Per2 (Mukherji et al., 2015). It is therefore possible that chronic positive energy balance 

leads to PPAR dysregulation which in turn drives Clock/Rev-erb dysregulation. This may also 

result in dyschrony of peripheral body clocks, for example between the liver and adipose clock. 

 

Although altered PPAR signalling and/or local tissue inflammation are likely to play a role, 

additional studies are required to fully elucidate events and molecular pathways which lead to 

attenuated clock function in gWAT during obesity. Importantly, it also remains to be 

determined whether loss of robust circadian rhythms in WAT contributes to obesity-related 

metabolic dysfunction, such as insulin resistance. The studies outlined in this chapter revealed 

Rev-erba to be particularly attenuated in gWAT of obese mice. In the chapter 4, we examine 

specifically how genetic targeting of Rev-erbα impacts on metabolic function.  
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Results  
 

 

Chapter 4 - Loss of Rev-erbα results in an obese phenotype and 

severe dysregulation of lipid handling in the mouse 
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4.1. Introduction 
 

Rev-erbα is an important regulator of the circadian clock. In addition, this nuclear hormone 

receptor has been implicated in numerous metabolic pathways, including lipid metabolism and 

bile acid homeostasis in the liver (Raspe et al., 2002; Le Martelot et al. 2009), adipocyte 

differentiation (Fontaine et al., 2003; Wang and Lazar, 2008) and insulin secretion (Viera et al., 

2012). Beyond the circadian clock, REV-ERBα binds to over 14,000 genomic locations in the 

liver at ZT10 when its expression peaks, but binds to very few at ZT22 when its expression is 

the lowest (Feng et al., 2011). A large number of the genes loci to which Rev-erbα binds are 

involved in lipid metabolism, including for example >100 genes involved in lipid biosynthesis 

such as Fasn (Feng et al., 2011). REV-ERBα recruits a repressive complex, which includes 

NCoR1 and HDAC3, which drives diurnal variation in histone acetylation and gene expression 

required for normal hepatic lipid homeostasis (Feng et al., 2011).  

Rev-erbα also functions as a sensor for the metabolic state of the cell. Heme binds reversibly to 

Rev-erbα and regulates its interaction with a nuclear receptor corepressor complex. Heme also 

suppresses hepatic gluconeogenic gene expression and glucose output through Rev-erbα-

mediated gene expression. Therefore, by acting as a heme sensor, Rev-erbα coordinates the 

cellular clock, glucose homeostasis and energy metabolism, entraining the clock to metabolic 

cues (Yin et al., 2007). Recent work also provides further evidence that Rev-erbα is central to 

the entrainment of peripheral tissue clocks to restricted feeding. Restricted feeding in mice 

results in hypoinsulinemia during the active phase, causing increased FFA and glucagon levels 

which in turn leads to the activation of PPARα and CREB, respectively, and consequently 

aberrant activation of expression of Rev-erbα is observed. Moreover, hypoinsulinemia leads to 

an increase in glycogen synthase kinase 3β (GSK3β) activity and through phosphorylation this 

stabilizes and increases the level of the REV-ERBα protein (Mukherji et al., 2015). Chapter 3 

also highlighted Rev-erbα as being particularly affected by chronic HFD feeding further 

supporting the fact that its expression regulated by the metabolic state of the animal. 

Recent studies have also shown that Rev-erbα plays an important role in regulating cholesterol 

and bile acid metabolism in the liver (Duez et al. 2008). Rev-erbα-deficient mice display a lower 

synthesis rate and an impaired excretion of bile acids into the bile and faeces. CYP7A1, a rate-

limiting enzyme of the neutral pathway, exhibits decreased expression in the livers of Rev-

erbα-deficient mice, but when Rev-erbα is overexpressed in the liver expression of CYP7A1 is 

induced. By means of either overexpression or deletion of Rev-erbα, Le Martelot et al. showed 
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that Rev-erbα drives circadian rhythms in sterol regulatory element binding protein (SREBP) 

activity and therefore the daily expression of SREBP target genes involved in cholesterol and 

lipid metabolism (2009). This occurs via the cyclic transcription of Insig2, a gene that encodes a 

trans-membrane protein that sequesters SREBP proteins to the endoplasmic reticulum 

membranes and thereby interferes with activation of SREBPs in Golgi membranes. Le Martelot 

et al.  (2009) also demonstrated that circadian control of REV-ERBα on CYP7A1 involves LXR.  

Mice lacking Rev-erbα display an altered balance between carbohydrate and lipid fuel usage 

(Delezie et al., 2012). Specifically, indirect calorimetry studies suggest that chow-fed Rev-erbα 

knockout mice utilise more fatty acids during the daytime (Delezie et al., 2012). When these 

mice are fasted for 24 hours, further fatty acid mobilisation at the expense of glycogen 

utilization and gluconeogenesis is observed, yet without triggering hypoglycaemia and 

hypothermia. A role for Rev-erbα has also been implicated in maintenance in rhythms in BAT 

thermogenesis (Gerhart-Hines et al., 2013). Uncoupling protein 1 (UCP1) is BAT-specific 

transport protein of the inner mitochondrial membrane is a canonical thermogenic regulator. 

Rev-erbα represses UCP1 expression. UCP1 is physiologically induced by cold temperature and 

this induction is preceded by rapid downregulation of Rev-erbα in BAT. As Rev-erbα represses 

UCP1 expression, mice lacking Rev-erbα show attenuated temperature oscillations. The 

circadian expression of Rev-erbα is in antiphase with body temperature and mice exposed to 

cold at ZT22 display a higher survival rate when Rev-erbα is barely expressed than at ZT 10 

when Rev-erbα is abundant. 

Given the tight coupling of Rev-erbα and energy metabolism, and our observation of 

pronounced decreased in Rev-erbα during DIO, we sought to further understand how altered 

Rev-erbα expression may contribute to obesity and its co-morbidities.  

 

4.2 Methods  
 

Detailed methodological approaches can be found in the methods (Chapter 2). Below are 

specific experimental details. For some studies, male/female only cohorts were used due to 

the difficulty generating sufficient numbers of males. WT controls were C57BL/6 Rev-erbα+/+. 

Activity rhythms were assessed in male Rev-erbα-/- mice and WT littermates (n=5/genotype) 

using Wheel Running. For ex vivo analysis of circadian rhythms, male Rev-erb-/-mice were bred 

against mPER2::Luc reporter mice (Yoo et al., 2002). Bioluminescence was recorded from 
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gWAT, liver and lung samples collected from Rev-erb-/- mice and wild-type littermates, 

maintained in DMEM recording media at 37°C using a Lumicycle (actimetrics). Amplitude of 

mPER2-dependent luminescence was determined for each animal (n=3/genotype) using the 

mean of 5 samples/tissue/mouse. For circadian transcript analysis, male mice were placed in 

constant darkness (DD) for 24h, following which gWAT was collected every 4h (n=8/time-

point/genotype).  

Basal metabolic gas exchange was measured in male Rev-erbα−/− mice and WT littermates by 

indirect calorimetry using the CLAMS system (Columbus Instruments) (n=4/genotype).  Basal 

transcript analysis was also performed on tissues collected from sacrificed male Rev-

erbα−/−mice and WT littermates (n=9-14/genotype). 

For negative energy balance studies, mice were either fasted for 24 or 48 hours. Physiological 

response to fasting (weight loss, food intake post fast, biochemical serum analysis) was 

monitored in male Rev-erbα−/−mice and WT littermates (n=6/genotype).  Metabolic gas 

exchange was measured in male Rev-erbα−/− mice and WT littermates fasted for 48 hours using 

the CLAMS system (n=4/genotype). Male Rev-erbα−/− mice and WT littermates were also 

sacrificed in either their fed, 24h or 48h fasted state in order to perform transcript analysis 

(n=5-6/genotype/challenge). 

For the lipolytic challenge male Rev-erbα−/−mice and WT littermates (n=4/genotype/treatment) 

were injected I.P. with either 0.1 or 1 mg/kg of CL316,243  (Sigma Aldrich) or saline as a 

control. At the termination of the experiment (4 hours post injection), mice were sacrificed 

and tissues collected for protein/transcript analysis. Before lipogenic challenge mice were 

fasted for 6 hours. Male Rev-erbα−/− mice and WT littermates (n=5/genotype/treatment) were 

then injected I.P. with either 0.75 U/kg insulin or saline as a control. Blood samples, by means 

of tail bleeds, were taken before and 4 hours post stimulation for biochemical analysis. Mice 

were sacrificed 4 hours post stimulation and tissues collected for transcript/protein analysis. 

For DIO studies, 8 week old female mice were provided ad libitum access to high fat diet (HFD; 

60% energy from fat; DIO Rodent Purified Diet, IPS Ltd) or normal chow (NC) for 14 weeks 

(n=8/genotype/diet). Body weights and food intake were monitored in these animals and 

ITT/GTT tests were performed. Upon sacrifice, a range of tissues were taken for protein and 

transcript analysis as well as gWAT for ex vivo studies. For ex vivo studies, gWAT was minced 

and maintained in DMEM supplemented with FBS and penicillin/streptomycin before being 

stimulated with insulin and subsequently collected for transcript analysis.  
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4.3 Results 
 

4.3.1. Rhythmicity in locomotor activity and local tissue clocks in Rev-erbα-/- mice 

 

As previously demonstrated (Preitner et al., 2002), mice which lack Rev-erbα retain a 

functional clockwork, albeit with an accelerated circadian period of activity rhythms under free 

running conditions. This was confirmed in our line of Rev-erbα-/- mice (Figure 4.1A), which 

exhibited robust entrainment of wheel-running activity rhythms to a 12:12hr LD cycle, and 

displayed a shortened period once released into constant darkness (DD) (male mice, n=5 per 

genotype).  To gain a further understanding of the circadian clock function in individual 

peripheral tissues, Rev-erbα-/- mice were bred against mPER2::Luc reporter mice (Yoo et al., 

2004). Tissues were collected from Rev-erbα+/+ (WT) and Rev-erbα-/- littermates (male mice, 

n=3 mice/genotype, 5 samples/tissue/mouse, collected at ZT4) and maintained in culture 

during which time mPER2::Luc driven bioluminescence was recorded (Figure 4.1B).  Amplitude 

was assessed by measuring height of second peak to height of the second trough. Robust 

circadian oscillations were observed in all tissues for both genotypes; however, the amplitude 

of PER2::Luc rhythms was significantly reduced in gWAT derived from Rev-erbα−/− mice (2.6 

fold reduction, p<0.001, student’s t-test) when compared to WT mouse-derived tissue. A small 

but significant attenuation in the amplitude of bioluminescence was also observed in the liver 

of Rev-erbα−/− mice (1.4 fold reduction, p<0.01, student’s t-test) with no effect of the loss of 

Rev-erbα−/− observed in the lung. 

To examine whether the attenuation of the clock gene rhythms in gWAT of Rev-erbα-/- mice 

was also evident in vivo, mRNA expression was quantified in gWAT collected at 6 time-points 

across the circadian cycle from WT and Rev-erbα-/- mice (male mice, n=4/time-point/genotype; 

Figure 4.1C).  A strong de-repression of Bmal1 expression was observed in Rev-erbα−/− tissue 

(p<0.01, 2-way ANOVA, Sidak post-hoc), consistent with the normal role of REV-ERBα in 

transcriptional repression of Bmal1. In line with ex vivo recording, Per2 expression in gWAT 

was damped in the KO mice (p<0.01, 2-way ANOVA, Sidak post-hoc). The extent of PER2 

dampening was more pronounced in ex vivo bioluminescence recording, suggesting perhaps, 

that the impact of Rev-erbα deletion may be minimised by systemic synchronisation or 

entrainment cues. In contrast, the circadian rhythm of Dbp expression was not dampened in 

gWAT of Rev-erbα-/- mice, and in fact an increase in expression was observed (p<0.01, 2-way 

ANOVA, Sidak post-hoc).  



119 
 

B

C

LD

DD

LD

D
ay

s

DD

D
ay

s
A

WT

KO

***

Liver

Lung

gWAT

A
m

p
lit

u
d

e
 (

%
 o

f 
W

T)
A

m
p

lit
u

d
e

 (
%

 o
f 

W
T)

A
m

p
lit

u
d

e
 (

%
 o

f 
W

T)

P
e

r2
 B

io
lu

m
in

e
sc

e
n

ce
(n

o
rm

al
is

e
d

 C
.P

.S
.)

 

Days in Culture

CT (hours)

D
u

ra
ti

o
n

Bmal1 Per2 Dbp

P
e

r2
 B

io
lu

m
in

e
sc

e
n

ce
(n

o
rm

al
is

e
d

 C
.P

.S
.)

 
P

e
r2

 B
io

lu
m

in
e

sc
e

n
ce

(n
o

rm
al

is
e

d
 C

.P
.S

.)
 

Days in Culture

Days in Culture

CT (hours)CT (hours)

WT KO

WT KO

0 12 24 36
Time (hours)

0

50

100

150

100

50

0

100

50

0
WT KO

R
Q

 (
vs

. W
T 

 C
T0

)

R
Q

 (
vs

. W
T 

 C
T0

)

R
Q

 (
vs

. W
T 

 C
T0

)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1– Circadian rhythmicity in  Rev-erbα-/- mice. 

Activity rhythms were assessed in male Rev-erbα-/- mice and WT littermates (n = 5 per 

genotype) in both LD and DD. WT animals showed strong activity rhythms in LD which were 

maintained in DD. Despite loss of Rev-erbα, KO animals remained rhythmic in LD but had a 

shorter period in DD (A). Ex vivo analysis of the circadian clock (B) in gWAT, liver and lung in 

male KO animals and their WT littermates bred on an mPER2::luc background (n=3 per 

genotype) showed severely decreased amplitude of mPER2::luc oscillation in gWAT and a slight 

dampening in liver. Amplitude is expressed as a % of WT bioluminescence based on an average 

of three oscillations from each mouse. Data reflect mean ± S.E.M., * = genotype difference, 

student’s unpaired t-test, *= p < 0.01, **** = p<0.00001. The diurnal expression of clock genes 

(C) was examined in gWAT from male Rev-erbα KO mice and WT littermates (n= 8 per 

genotype). This loss of Rev-erbα resulted in an attenuation of Bmal1 and Per2 with decreased 

amplitude of the oscillations and a possible phase shift of Dbp expression. Data reflect mean ± 

S.E.M., * = significant difference between genotypes at one or more time points, 2-way 

ANOVA, Sidak post-hoc test, * = p < 0.01).  Full description of statistical analysis can be found in 

Appendix 2. 
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Nonetheless, despite the fact that Rev-erbα-/- mice maintain robust circadian rhythms in 

locomotor activity, local tissue clocks appear compromised with gWAT being particularly 

affected by deletion of this clock component.  

4.3.2. Metabolic phenotype of Rev-erbα-/- mice 

 

Given the strong effect of diet-induced obesity on Rev-erbα expression in many tissues 

including WAT (Figure 3.2), and altered clock gene rhythms in the adipose tissue of Rev-erbα-/- 

mice, we next characterised the metabolic phenotype of these mice. Rev-erbα−/− mice and WT 

littermates exhibited little difference in body weight up to 16 weeks of age (n=15-

20/genotype; Figure 4.2A). However, despite the similarity in body weight, these mice showed 

a significant increase in fat pad weight, with gWAT mass ~2 fold higher than that observed in 

WT littermates (gWAT – WT: 0.018 ± 0.002 g/g BW, Rev-erbα-/- 0.034 ± 0.005 g/g BW; scWAT – 

WT: 0.009 ± 0.002 g/g BW, Rev-erbα-/- 0.013 ± 0.003 g/g BW). The increased adiposity observed 

in the Rev-erbα−/− mice was not due to an increase in food intake relative to WT mice, as no 

significant difference was observed in total daily food intake, or in the proportion of food 

consumed during the day and during the night (Figure 4.2B).  

We next examined energy expenditure and metabolic rate in Rev-erbα−/− mice and control 

littermates using indirect calorimetry (n=4/genotype). A pronounced diurnal variation in 

oxygen consumption (VO2) and carbon dioxide production (VCO2) was observed in WT mice, 

with elevated VO2 and VCO2 associated with the active (dark) phase of the day (Figure 4.3). 

Interestingly, Rev-erbα−/− mice were found to have a damped diurnal rhythm in oxygen 

consumption, with no significant difference observed in mean VO2 across the light and dark 

phases of the cycle. Lack of statistical significance between mean daytime and night-time VO2 

in the KO mice was likely due to an increase in daytime bouts of elevated VO2 evident in these 

mice. A damping in rhythmicity was also observed in respiratory exchange rate (RER) profile 

from Rev-erbα−/− mice, with significant diurnal variation observed in WT mice (p<0.001, 2-way 

ANOVA) but not in KO animals (Figure 4.3). A significant difference between genotypes was 

not observed however. Diurnal rhythms in VCO2 were observed in both genotypes, although 

VCO2 in the light phase was significantly increased in the KO mice when compared with WT 

littermates (p<0.01, 2-way ANOVA; Figure 4.3). Measures of energy expenditure (kcal/hr) were 

not different between genotypes, and exhibited robust diurnal variation in both genotypes 

(Figure 4.3). Although all metabolic parameters showed diurnal variation in Rev- 
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Figure 4.2 - Physiological and behaviour changes in Rev-erbα-/- mice. 

Despite no difference in body weight (female mice, n=15-20 per genotype), Rev-erbα-/- mice 

have increased gWAT and scWAT. (A) No difference in food intake was observed in these mice 

(average of 3 days, n=4-8/genotype), with the majority of feeding taking place during the dark 

phase (B).  Serum analysis of blood collected at ZT 6 showed decreased FFA and Glycerol levels 

in Rev-erbα-/- mice (C). Data reflect mean ± S.E.M., * = genotype difference (student’s unpaired 

t-test) or time difference (2-way ANOVA, sidak post hoc test, *= p < 0.01, **= p < 0.001, **** = 

p<0.00001 Full description of statistical analysis can be found in Appendix 2. 
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Figure 4.3 – Alterations in metabolic parameters in Rev-erbα-/- mice.  

Male Rev-erbα-/- mice and WT littermates (n=4 per genotype) were housed in CLAMS cages to 

assess metabolic parameters. As expected kcal/hr and VCO2 were higher in the dark phase for 

both genotypes. VO2 and RER however only showed diurnal variation in WT animals but resting 

VO2 and VCO2 in Rev-erbα-/- animals was higher.  COX and FOX calculations showed diurnal 

variations in both genotypes. Data reflect mean ± S.E.M. , * = genotype difference, student’s 

unpaired t-test, *= p < 0.01, **= p < 0.001, ***=p<0.0001 **** = p<0.00001.  Full description of 

statistical analysis can be found in Appendix 2. 
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erbα−/−, the fact that there is no significant difference in day/night VO2 consumption and RER 

indicates a decreased amplitude of these rhythms.  

Rates of carbohydrate oxidation (COX) and fatty acid oxidation (FOX) were derived from 

metabolic gas exchange rates. Diurnal variation was observed in both COX and FOX in Rev-

erbα−/− mice and WT littermates. The Rev-erbα−/− mice exhibited an elevated rate of COX 

during the inactive phase relative to WT mice (p>0.01, 2-way ANOVA; Figure 4.3). This suggests 

an increased dependence on carbohydrate use in the KOs during the light phase. Some studies 

in our laboratory show that Rev-erbα−/− mice have increased feeding in the daytime 

(Cunningham, Unpublished Work), therefore, although not consistent in all mice, there may be 

an increased bias towards COX. 

Thus, Rev-erbα−/− mice exhibited lower amplitude rhythms in metabolic gas exchange and 

altered COX and FOX profiles. This suggests a shift in fuel use in these mice. Nevertheless, 

these results certainly demonstrate that the increased adiposity in the Rev-erbα−/− mice was 

not due to increased food intake or decreased energy expenditure relative to WT mice. Thus, 

loss of Rev-erbα leads to increased energy efficiency and/or incorporation of absorbed energy 

into adipose tissue.  

To examine the potential bias towards lipolysis and/or lipid incorporation in Rev-erbα-/-  mice 

we measured the expression levels of lipid-handling genes in gWAT, scWAT, muscle and liver 

(n=9-14 per genotype, collected at ZT 6) by qPCR (Figure 4.4). A pronounced impact of Rev-

erbα deletion on the expression of lipid-related genes was observed in gWAT. There was not, 

however, a bias towards lipid storage as both lipogenic (Dgat2, Fasn) and lipolytic (Hsl) sides of 

the pathway were upregulated in gWAT. Loss of Rev-erbα had no significant effects on these 

lipid handling genes in other peripheral tissues. Lpl was significantly up-regulated in gWAT and 

liver of Rev-erbα-/- mice, and although not reaching statistical significance was also increased in 

scWAT and muscle (Fig. 4.4). Since Lpl is responsible for the liberation of fatty acids from 

circulating triglycerides for uptake into tissues, the increased expression may contribute to the 

increased adiposity in Rev-erbα mice. Aside from Lpl, none of the other transcripts examined 

were significantly different between genotypes in scWAT, liver and muscle.  

Biochemical analysis of circulating triglyceride (TAG), free fatty acids (FFA), and glycerol within 

the serum of WT and Rev-erbα−/− mice (n=5 per genotype, collected at ZT 6) revealed a 

significant reduction in both circulating FFA and glycerol levels in Rev-erbα−/− mice (Figure 4.2).  
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Figure 4.4 –Tissue specific effects of loss of  Rev-erbα on lipid handling genes. 

Transcript analysis of male Rev-erbα-/- and WT littermates was performed on gWAT, scWAT, 

Muscle and Liver (n=9-14 per genotype) at ZT6. On the whole, gWAT was most affected by the 

loss of Rev-erbα  with most  dysregulation of lipid handling genes seen most in this tissue, for 

example upregulation of Dgat2, Hsl and Lpl. There was a trend for upregulation of Lpl in all 

tissues. Data reflect mean ± S.E.M. , * = genotype difference, student’s unpaired t-test, *= p < 

0.01, *** = p<0.0001.  Full description of statistical analysis can be found in Appendix 2. 
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Figure 4.5 –Differential physiological responses to fasting in Rev-erbα-/-  mice. 

Male Rev-erbα-/- and WT littermates were fasted for 48 hours and weight loss, food intake and 

weight gain was measured (n = 6 per genotype) (A). Rev-erbα-/- mice lost less weight during the 

fast than their WT littermates and subsequently gained less weight after post-fast feeding. No 

difference, however, was seen in their food intake post-fast. Data reflect mean ± S.E.M., * = 

genotype difference, student’s unpaired t-test, *** = p<0.0001. Serum analysis was performed 

on serum from these fasted animals, and as expected, in WT animals TAG levels decreased and 

there was a trend for an increase in glycerol (B). However, this reduction in circulating TAG was 

not observed in Rev-erbα-/- mice. Data reflect mean ± S.E.M., * = feeding regime difference, 2-

way, ANOVA, Sidak post-hoc test, *= p < 0.01.  Full description of statistical analysis can be 

found in Appendix 2. 
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This is compatible with an increased uptake and storage of FFA and glycerol within peripheral 

tissues.  

4.3.3 Fasting response in Rev-erbα−/− mice 

 

To further investigate how loss of Rev-erbα alters lipid storage and breakdown, we compared 

the responses of WT and Rev-erbα−/− mice to states of negative energy balance (i.e. fasting). 

Mice (n=6 per genotype) were fasted for 48 hours and we tested body weight, feeding and 

gene expression as well as metabolic parameters. Rev-erbα−/− mice lost less weight during the 

fast, in terms of absolute weight loss (WT: 3.09 ± 0.085 g, Rev-erbα−/−: 2.21 ± 0.11 g; p<0.001, 

student’s t-test) and as a % of initial body weight (7.97% compared to 13.10% loss in WTs, 

p<0.001, student’s t-test) (Figure 4.5A). No difference was observed in food intake after 1, 4 

and 24 hours of refeeding. Rev-erbα−/−  mice gained less weight upon re-feeding, in terms of % 

weight gain  from refeed (5.83% compared to 14.99% gain in WTs); however this reflected the 

degree of weight loss observed in the animals as both genotypes return to their original body 

weight after 24 hours re-feeding.  

Serum analyses  showed that while circulating TAG levels were significantly reduced in WT 

animals in response to 24 hr of fasting, a similar reduction in was not observed in Rev-erbα−/− 

mice (Figure 4.5B). This suggests that the KO mice exhibit more efficient/continued release of 

TAG from the liver during fasting.  Circulating glycerol levels in both genotypes were not 

altered by fasting.  

Energy expenditure and metabolic rate were examined in fasted Rev-erbα−/− or WT mice using 

indirect calorimetry (Figure 4.6). Mice (n=4 per genotype) were acclimatised to the cages for 4 

days before being fasted for 48 hours. A fast induced decrease in all parameters of metabolic 

gas exchange (VO2, VCO2, kcal/hr and RER) was observed in both genotypes. Interestingly fast 

induced reductions in VO2 and EE (kcal/hr) observed in Rev-erbα−/− mice were significantly less 

pronounced than those observed in WT mice. Specifically, a 27.7± 3.17% reduction in VO2 was 

observed in WT mice whereas KO mice exhibited a 17.6 ± 4.84% reduction during fast (p<0.05, 

student’s t-test).  As expected, RER approached a value of ~0.7 in both genotypes during the 

fasting period, which reflects a reliance on fatty acid oxidation for energy. In line with this, 

derivation of FOX rate demonstrated that fatty acid oxidation was profoundly increased in 

both genotypes during the fasting period. Interestingly, FOX rates were significant higher in 

fasted Rev-erbα−/− mice compared with WT littermates, especially during the final 6 hour of the 
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fast. This likely reflects the increased adiposity of these animals, and may underlie their ability 

to maintain higher rate of EE and VO2 across the fasting period (Figure 4.6).  

Fasting-induced changes in the expression of metabolic genes were examined in the liver and 

gWAT of Rev-erbα−/− and WT mice (n=5-6/genotype, collected at ZT6) in response to 24 or 48 

hr fast (Figure 4.7). As expected, fasting caused a dramatic down-regulation of lipogenic 

pathways in both genotypes. This was most clearly evidenced by reduced expression of Dgat2 

(reflecting a downregulation in lipid incorporation into stored TAG) and Fasn (reflecting 

reduced de novo lipogenesis) in gWAT.  A significant fast-induced reduction of Fasn was also 

observed in the liver of WT and Rev-erbα−/− mice, while a reduction in Dgat2 was observed in 

the liver of Rev-erbα−/− mice but not in WT mice. Similar to Dgat2, fasting led to a reduction in 

Lpl expression in the gWAT and liver of Rev-erbα−/− mice, yet not within the WT mouse tissues. 

These differential responses may reflect a normalisation of elevated Lpl and Dgat2 expression 

in the KO mice to WT level. In parallel to downregulation of lipogenesis, fasting leads to an 

increase in lipolysis, as fatty acids are liberated from lipid stores to provide energy for the 

body. In line with this, Atgl transcription was significantly increased in WT animals in response 

to fast in both gWAT and liver. Interestingly, a similar increase in Atgl expression was not seen 

in either tissue of Rev-erbα−/− mice, suggesting a defect in fast-induced regulation of Atgl 

specifically or lipolytic responses in general within these animals. The expression of Hsl was not 

increased in either line of mice in response to the fasting.  

4.3.4 Adrenergic stimulation of Rev-erbα−/− mice 

 

β3-adrenergic receptor signalling in adipose tissue is the major route for sympathetic control of 

lipolysis and thermogenesis (Collins and Surwit, 2001). Due to the attenuated Atgl response in 

fasted Rev-erbα−/− mice, lipolytic drive in the animals was stimulated directly through 

administration of the β3-adrenergic receptor agonist, CL316,243. WT and Rev-erbα−/− mice 

were treated with vehicle or CL316,243 (n=4/group, ZT6, 0.1 mg/kg, I.P.), and culled 4 hours 

post drug administration, at which time tissue samples were rapidly dissected and snap frozen. 

Adrenergic stimulation did not lead to a reduction in lipogenic gene expression in gWAT or 

scWAT in either genotype, however, Fasn expression was attenuated in both genotypes in BAT 

(Figure 4.8). CL316,243 administration cause a pronounced upregulation of Hsl. In contrast to 

the response in fasted mice, Atgl was not upregulated in gWAT by pharmacological adrenergic 

stimulation, although it was significantly upregulated in scWAT of both genotypes. It is not 

clear why the different adipose tissue depots respond differently; however, these results  
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Figure 4.6 – Differential metabolic response to fasting  in Rev-erbα-/-  mice. 

Male Rev-erbα-/- mice and WT littermates n=8 per genotype) housed in metabolic CLAMS cages 

were fasted for 48 hours (n = 8 per genotype).  Histograms show the average of the metabolic 

parameters at the nadir of the fast (between 42-47 hours). As expected, there was a reduction 

in all metabolic parameters (VO2, VCO2, kcal/hr, RER) but this reduction was blunted in Rev-

erbα-/- mice. A significant increase in FOX was observed in Rev-erbα-/- mice during the fast.  

Data reflect mean ± S.E.M. , * = genotype difference, student’s unpaired t-test, * = p <0.01.  

Full description of statistical analysis can be found in Appendix 2. 
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Figure 4.7 -  Differential effects on lipid handling genes to a fast of Rev-erbα-/- mice. 

Transcript analysis was performed on lipid  handling genes from tissue collected from 48 hour 

fasted male  Rev-erbα-/- mice and WT littermates (n=5-6 per genotype). As expected, lipogenic 

gene expression (Dgat2, Fasn) was attenuated during the fast. In WT animals, an increase in 

Atgl was observed in fasted animals which was expected, but this increase was not seen in 

Rev-erbα-/- animals . Data reflect mean ± S.E.M., 2-way, ANOVA, Sidak post-hoc test , *= p < 

0.01 **= p < 0.001, ***= p < 0.0001, ***= p < 0.0001, **** = p<0.00001 vs WT of same 

challenged group or vs control of same genotype.  Full description of statistical analysis can be 

found in Appendix 2. 
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Figure 4.8 – In vivo adrenergic stimulation of Rev-erbα-/-  mice.  

Male Rev-erbα-/- mice and WT littermates (n=4/genotype/treatment) were administered 

0.1 mg/kg CL316,243 I.P. And culled 4 hours post administration. Transcript analysis was 

performed on lipid handling genes in a variety of tissues. Data reflect mean ± S.E.M., 2-way, 

ANOVA, Sidak post-hoc test, *= p < 0.01 vs WT of treatment group or vs control treated 

group of same genotype.  Full description of statistical analysis can be found in Appendix 2. 
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suggest that Atgl remains responsive to lipolytic stimulation in the KO mice (at least in scWAT). 

CL316,243 administration also resulted in an increase in Atgl expression in BAT of littermate 

controls which was not observed in Rev-erbα−/− mice. Taken together, these results suggest 

that the influence of REV-ERBα on Atgl regulation may be tissue and/or stimulus-specific.  

Post-translational modifications play an important role in regulating the activity of HSL 

(Lorente-Cebrián et al., 2011). We therefore assessed the phosphorylation of HSL at serine 

563, a well characterised activation site for HSL (Lorente-Cebrián et al., 2011) in response to 

CL316,243 administration (Figure 4.9). Western blot analyses of gWAT protein demonstrated 

similar basal expression levels of HSL in the two genotypes, with no significant upregulation of 

expression with both 0.1 and 1 µM CL316,243 in both genotypes. A dramatic increase in 

phosphorylated HSL (pHSL) was observed in gWAT from the CL316,243 treated littermate 

control mice, in comparison to vehicle-treated mice. Adrenergic stimulation also increased HSL 

phosphorylation in the Rev-erbα−/− mice, but this induction reached statistical significance only 

at the higher concentration of CL316,243 (1 mg/kg). This suggests that Rev-erbα−/− mice may 

have a blunted lipolytic response to fasting and adrenergic stimulation.  

Together these results highlight a possible bias towards lipogenesis in the Rev-erbα−/− mice, 

with evidence of enhanced lipogenic drive (e.g. Increased basal expression of Fasn and Lpl) and 

decrease responsiveness of lipolytic pathways (e.g. blunted responses of Atgl to fasting and 

CL316,243 and  HSL phosphorylation to CL316243).  

4.3.5 HFD-feeding in Rev-erbα−/− mice 

 

Given the altered response of the Rev-erbα−/− mice to negative energy balance (fasting) and the 

increased adiposity of the mice when maintained on normal chow, we next examined their 

response to HFD feeding. Briefly, female mice (8 weeks of age, n=8/genotype/diet) were fed 

HFD for 14 weeks with food intake and body weight monitored throughout.  Rev-erbα−/− mice 

exhibited a profound increase in HFD-induced weight gain relative to WT littermates (Figure 

4.10A). Exacerbated diet-induced obesity (DIO) was reflected by greater adiposity, with 

significantly increased gWAT and scWAT mass in the knockout mice. Interestingly, and in 

contrast to feeding behaviour when maintained on NC, weight gain on HFD was associated 

with hyperphagia in the Rev-erbα−/− mice. KO mice consumed significantly more calories on 

HFD compared to WT littermates maintained on HFD or knockout mice fed NC (Figure 4.10B). 

Similar results are observed in male mice (Cunningham, Unpublished Data).  Provision of HFD 

led to an increase in daytime calorie intake in C57BL/6 mice (28.0± 1.4 % daytime  
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Figure 4.9 –Rev-erbα-/- mice show decreased sensitivity to adrenergic induction of HSL 

phosphorylation.  

gWAT of male  Rev-erbα−/− mice and WT littermates was harvested 4 hours post adrenergic 

stimulation  (n=4 per genotype per treatment). Values are expressed as relative abundance 

(mean) after normalization to both β-actin and total HSL. Increased phosphorylation of HSL 

was seen after adrenergic stimulation, although the response was attenuated in Rev-erbα−/− 

mice at the lower dose of CL316-243. Data reflect mean ± S.E.M. , 2-way, ANOVA, Sidak post-

hoc test *= p < 0.01 ***= p < 0.0001, **** = p<0.00001 vs control treated group of same 

genotype. @ = difference in response between genotypes p <0.01.  Full description of 

statistical analysis can be found in Appendix 2. 
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Figure 4.10 – Differential effect of diet induced obesity on Reverbα-/- mice.  

Female Rev-erbα-/- mice and WT littermates (n=8/genotype) were maintained on either NC 

or HFD for 14 weeks from 8 weeks of age. Rev-erbα-/- mice are more susceptible to diet 

induced obesity with vast increases in gWAT and scWAT weight observed (A). This was 

linked to hyperphagia in these mice but with decreased light phase feeding observed (B). 

Serum analysis was performed and decreased circulating TAG was observed in WT mice but 

not in KO mice. FFA were lower in the KO animals on both feeding regimes and there was a 

significant increase in glycerol in the KO animals on HFD (C). Data reflect mean ± S.E.M., 2-

way, ANOVA, Sidak post-hoc test *= p < 0.01 **= p < 0.001, ***= p < 0.0001, ***= p < 

0.0001, **** = p<0.00001 vs WT of same diet group or vs NC of same genotype. Differential 

response to HFD between genotypes represented by @ = p < 0.01.  Full description of 

statistical analysis can be found in Appendix 2. 
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feeding on NC but 38. 8±3.4 % on HFD). In contrast,  Rev-erbα−/−  mice on HFD retained a strong 

diurnal pattern in HFD feeding, with the majority of kcal consumed in the active phase (31.6 ± 

5.9% daytime feeding on NC, 15.6 ± 1.45% daytime feeding on HFD (Figure 4.10B). Separate 

studies in our laboratory have demonstrated that normalisation of HFD intake (to that of WT 

mice) by restriction of food access reduces HFD-induced weight gain and adiposity in these 

Rev-erbα−/− mice but does not return HFD-weight gain back to WT levels. This indicates that 

HFD-induced hyperphagia is not solely responsible for excessive diet-induced weight gain in 

the Rev-erbα−/− mice. 

Unexpectedly, circulating TAG levels were decreased in WT mice after 14 weeks of HFD feeding 

(Figure 4.10C). However, this has been reported previously in C57BL6 mice (Biddinger et al., 

2005). This was not observed in Rev-erbα−/− mice and circulating TAG levels were similar in HFD 

and NC mice. Circulating levels of FFA were lower in Rev-erbα−/− mice when compared to WT 

littermates regardless of diet type, although a significant effect of diet was not observed in 

either genotype. However, glycerol levels were significantly higher in Rev-erbα−/− mice on HFD, 

which contrasted with WT littermates as no diet difference was observed in these levels.  

To further investigate the increased propensity of weight gain in Rev-erbα−/− mice on HFD, 

gene expression analyses was carried out on gWAT, liver and muscle collected from mice 

maintained on HFD for 14 weeks (n =7-11/group/diet). Despite the fact that Pparα and Pparγ 

are regulated by the clock and showed profound changes in expression in C57BL/6J DIO mice 

(Figure 3.4A), deletion of Rev-erbα did not cause a alter Ppar gene expression in gWAT, liver, or 

muscle (Figure 4.11). As observed previously (Figure 3.4), Pparα and Pparγ transcripts were 

upregulated in the liver of WT animals on HFD. However, upregulation of Pparα in the liver of 

Rev-erbα−/− mice on HFD was not observed. Significant down-regulation of the Ppar expression 

in response to 14 week HFD feeding was not observed in the gWAT of WT or Rev-erbα−/− mice. 

This contrasts with observation made in Chapter 3, and may be due to the sex difference 

and/or relatively low body weight in these WT mice (35.4 ± 8.7 g). Overall, this data would 

suggest the effect that loss of Rev-erbα has susceptibility to DIO is not due to altered 

transcription of Ppars.  Similarly, few significant genotype differences were observed in HFD-

induced lipid handling gene expression in gWAT, liver, and muscle (Figure 4.12). Chronic HFD 

feeding caused a downregulation of Fasn in gWAT and muscle in both genotypes (Figure 4.12). 

HFD feeding did cause a decrease in Atgl expression in gWAT of Rev-erbα−/−   mice which was 

not observed in WT mice. Once again, this suggests a possible bias towards lipid storage in the 

Rev-erbα−/− mouse even amid profound adipocyte hypertrophy.  
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Figure 4.11 – Effects of diet induced obesity on Ppar genes in Rev-erbα-/- mice. 

 Female Rev-erbα-/- mice and WT littermates (n=7-11/genotype/diet) were maintained on 

either NC or HFD for 14 weeks from 8 weeks of age. Transcript analysis was performed on Ppar 

genes in a variety of tissues. On the whole HFD did not affect Ppar expression in these tissues, 

but an increase in Pparα expression was observed in the liver in WT mice on HFD which was 

not seen in  Rev-erbα-/- mice . Data reflect mean ± S.E.M. , 2-way, ANOVA, Sidak post-hoc test, 

*= p < 0.01 **= p < 0.001 vs WT of same diet group or vs NC of same genotype.  Full 

description of statistical analysis can be found in Appendix 2. 
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Figure 4.12 – Tissue specific effects of diet induced obesity on lipid handling genes in Rev-

erbα-/- mice. 

Female Rev-erbα-/- mice and WT littermates (n=7-11/genotype/diet) were maintained on 

either NC or HFD for 14 weeks from 8 weeks of age. Transcript analysis was performed on lipid 

handling genes in a variety of tissues. HFD caused a reduction in Fasn in gWAT both genotypes 

which was to be expected and interestingly Fasn was attenuated in both feeding regimes in 

muscle of KO mice. Data reflect mean ± S.E.M., 2-way, ANOVA, Sidak post-hoc test *= p < 0.01 

**= p < 0.001, ***= p < 0.0001, ***= p < 0.0001, **** = p<0.00001 vs WT of same diet group 

or vs NC of same genotype. Full description of statistical analysis can be found in Appendix 2. 
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Figure 4.13 - Effects of diet induced obesity on lipid handling proteins in Rev-erbα-/- mice. 

Female Rev-erbα-/- mice and WT littermates (n=6/genotype/diet) were maintained on either 

NC or HFD for 14 weeks from 8 weeks of age. Values are expressed as relative abundance 

(mean) after normalization to GAPDH. FAS was attenuated in both genotypes on HFD and ATGL 

expression in the KO mice was significantly attenuated on HFD. Data reflect mean ± S.E.M., 2-

way, ANOVA, Sidak post-hoc test *= p < 0.01 **= p < 0.001 vs WT of same diet group or vs NC 

of same genotype.  Full description of statistical analysis can be found in Appendix 2. 
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Figure 4.14 – Effects of diet induced obesity on glucose handling genes in Rev-erbα-/- mice. 

Female Rev-erbα-/- mice and WT littermates (n=7-11/genotype/diet) were maintained on 

either NC or HFD for 14 weeks from 8 weeks of age. Pepck expression in gWAT was highly 

attenuated in KO mice on HFD and in the liver Pepck expression was reduced in the KO under 

both feeding regimes.  Data reflect mean ± S.E.M., 2-way, ANOVA, Sidak post-hoc test *= p < 

0.01 **= p < 0.001. Differential response to HFD between genotypes represented by @@ = p < 

0.001 vs WT of same diet group or vs NC of same genotype. Full description of statistical 

analysis can be found in Appendix 2. 
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Figure 4.15 – Effect of insulin administration on blood glucose and circulating triglycerides in 

Rev-erbα-/- mice.  

Male Rev-erbα-/- mice (n=14-15/genotype) were administered 0.75 U/kg of insulin I.P. Animals 

were weight matched (A) and 1 hour post administration blood glucose concentration was 

measured (B).  Rev-erbα-/- mice show higher insulin sensitivity than WT littermates. Serum 

analysis of circulating TAGs was performed and as expected in WT animals FFAs were reduced, 

with a trend for this also seen in the Rev-erbα-/- mice (n=6/genotype) (C). Data reflect mean ± 

S.E.M., 2-way, ANOVA, Sidak post-hoc test, *= p < 0.01 **= p < 0.001, ***= p < 0.0001 vs WT of 

same treatment group or vs control of same genotype.  Full description of statistical analysis 

can be found in Appendix 2. 
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We next performed protein analysis on gWAT from Rev-erbα−/− mice and WT littermates 

(n=6/genotype, collected at ZT 6) maintained on NC or HFD for 14 weeks using SDS-PAGE and 

Western Blot analysis (Figure 4.13). Notably, many genotypic differences observed at level of 

mRNA expression were not observed at the level of protein expression; for example, Western 

Blotting for LPL did not reveal an increase in protein expression between WT and KO mouse 

adipose.  Under NC-fed conditions, an elevated expression of FAS levels was observed in the 

Rev-erbα−/− mice compared with WT littermates, although this did not reach significance upon 

quantification. FAS was strongly affected by diet in both genotypes with decreased expression 

observed in response to HFD. Transcript analysis had highlighted a reduction in Atgl expression 

in Rev-erbα−/− mice in response to HFD (Figure 4.11) and this is reflected at a protein level 

(although not reaching statistical significance).  

We performed transcript analysis of glucose handling genes in gWAT, liver and muscle from 

Rev-erbα−/− and WT littermates (Figure 4.14). Overall, relatively few genotypic differences were 

observed in the expression of glucose regulatory genes profiled. Expression of the glucose 

transporters, Glut2 and Glut4, as well as Pepck were down regulated in response to HFD in 

both genotypes, although these decreases were accentuated in the knockout mice. HKII was 

upregulated in gWAT of Rev-erbα−/− mice under NC conditions, and Gk expression in the liver 

was upregulated in both genotypes on HFD.  

Proteomic analysis was also performed on WT and Rev-erbα−/− mice (n=6, collected at ZT 6) 

gWAT depots using LC-MS by the Centre for Advanced Discovery and Experimental 

Therapeutics (CADET) (data not shown). In line with our Western Blot analyses, LPL levels were 

not different between genotypes. This may indicate that although Rev-erbα may play a role in 

the regulation of Lpl transcript, this does not translate to the functional protein. Proteomics 

analyses did confirm the upregulation of FAS in the qWAT of knockout animals. 

4.3.6 In vivo insulin stimulation of Rev-erbα−/− mice 

 

Insulin regulates energy homeostasis in the body in a variety of ways, including enhancing 

uptake and incorporation of glucose, decreasing gluconeogenesis, and increasing lipogenesis 

(Le Roith and Zick, 2001). We were therefore interested whether insulin stimulation of 

lipogenesis may be accentuated in the Rev-erbα−/− mice.  Weight matched Rev-erbα−/− and WT 

littermates (n=14-15/genotype) were administered 0.75 U/kg insulin (I.P., administered at ZT6; 

Figure 4.15A). Blood glucose was measured 1 hour post-administration to assess insulin action. 

Insulin administration resulted in a significant reduction in blood glucose in both genotypes. 
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Interestingly, the insulin-induced glucose decrease was accentuated in the knockout animals, 

despite their increased adiposity (Figure 4.15B). Mice were culled 1 hour post-insulin 

administration, and trunk blood was collected for serum analysis of circulating lipids (Figure 

4.15C). Insulin caused a decrease in circulating TAG, FFA, and glycerol in both genotypes, 

although the effect of insulin only reached statistical significance in the FFA analyses.  

We next performed transcript analysis on a variety of tissues from insulin treated animals to 

assess the impact of insulin treatment on expression of lipid handling genes. Overall, the 

transcriptional response to insulin observed in the Rev-erbα−/− mice was similar to that 

observed in WT animals, but with some notable differences (Figure 4.16). Specifically, insulin 

enhanced lipogenic gene expression in gWAT (Dgat2, Fasn, and Lpl expression) and scWAT 

(Dgat2) in WT animals. However, this was not observed in Rev-erbα−/− mice. Insulin 

administration did not significantly effect lipolytic gene expression, although decreased 

expression of Hsl was observed in some tissue (although not with a statistically significant 

effect). In WT mice, insulin caused upregulation of Atgl in scWAT, BAT and muscle, but no 

effect of insulin treatment was observed in these tissues of Rev-erbα−/− mice, once again 

highlighting Rev-erbα as potential modulator of Atgl expression. 

Due to the initial finding of heightened glucose response to insulin treatment in the Rev-

erbα−/− mice, we went on to perform glucose and insulin tolerance tests (GTT and ITT, 

respectively) on littermate WT and Rev-erbα−/− mice maintained on NC or HFD feeding regimes 

(n=8/group, 1 mg/kg glucose, 0.75 U/kg insulin respectively, I.P.).  

The average weight of all mice on NC, regardless of genotype (WT: 24.7 ± 1.0 g, Rev-erbα−/−: 

22.9 ± 1.1 g, overall 23.8 ± 0.8 g) and HFD (WT: 36.0 ± 1.1 g, Rev-erbα−/−: 42.6 ± 2.4G, overall 

39.3 ± 1.6 g) was calculated. Glucose or insulin was administered according to the whole diet 

group mean body weight (i.e. all WT/ Rev-erbα−/− mice on NC, and all WT/ Rev-erbα−/−  mice on 

HFD), to ensure that mice of each genotype were administered with an equivalent amount of 

insulin or glucose. This was to prevent the super obese Rev-erbα−/− mice on HFD from receiving 

dramatically more glucose or insulin than WT littermates on the same diet. Rev-erbα−/− mice on 

both diet regimes have slightly elevated glucose clearance in response to bolus glucose 

administration (GTT), with increased blood glucose observed at 60 minutes post-injection 

relative to WT mice (Figure 4.17A). This effect was only significant in NC fed mice (p>0.01). In 

contrast however, Rev-erbα−/− mice exhibited a more pronounced insulin-induced reduction in 

circulating glucose compared with WT littermates regardless of diet regime, and despite their 

obese phenotype(Figure 4.17 B). 
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Figure 4.16 – Transcript analysis of in vivo insulin stimulation of Rev-erbα-/- mice.  

Male Rev-erbα-/- mice (n=5/genotype) were administered 0.75 U/kg of insulin I.P. and culled 1 

hour post administration. Tissues were harvested and transcript analysis was performed. In 

gWAT, KO animals seemed to show decreased insulin sensitivity with no up regulation of 

Dgat2 and Fasn observed, unlike WT littermates. Data reflect mean ± S.E.M., 2-way, ANOVA, 

Sidak post-hoc test *= p < 0.01 **= p < 0.001. Differential response to insulin between 

genotypes represented by @ = p < 0.01.  Full description of statistical analysis can be found in 

Appendix 2. 
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Figure 4.17 – Glucose and insulin tolerance tests in Rev-erbα-/- mice.  

Female Rev-erbα-/- mice and WT littermates (n=6/genotype) were maintained on either NC 

or HFD for 12 weeks from 8 weeks of age. Mice were administered either 1 mg/kg glucose 

or 0.75 U/kg insulin for GTT and ITT. On NC,  Rev-erbα−/−  mice showed decreased glucose 

tolerance (A)  but appeared to show increased insulin sensitivity (B) Data reflect mean ± 

S.E.M. , * = genotype difference, student’s unpaired t-test, *= p < 0.01.  Full description of 

statistical analysis can be found in Appendix 2. 
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4.3.7 Ex vivo insulin stimulation of Rev-erbα−/− mice 

 

To remove the influence of systemic responses and directly control insulin exposure to the 

tissue, an ex vivo gWAT explant model was utilised. Initial dose response studies were used to 

determine the effect of insulin administration on lipogenic and lipolytic pathways in the ex vivo 

gWAT explants. Mice were culled by cervical dislocation and gWAT collected. gWAT was 

stripped of major blood vessels and further dissected into small (~20mg) tissue pieces (n=8 

mice, 3 explants/mouse). Explants were cultured in (DMEM) supplemented with 10% fetal 

bovine serum and a mixture of penicillin-streptomycin for 24 hours, at which time insulin (dose 

range from 0-10 μM) was added to the media. Explants were cultured for a further 24 hours 

before tissue and media was collected for analyses. Insulin stimulation of gWAT explants 

resulted in decreased expression of lipolytic genes (Atgl and Hsl), as well as enhanced 

expression of lipogenic genes (Dgat2 and Fasn) (Figure 4.18). A robust response was seen in all 

lipolytic/lipogenic genes in response to 1 μM insulin (Figure 4.18) and this dose was carried 

forward to further studies. We next collected explants from Rev-erbα−/− and WT mice (n = 

12/genotype/diet, 2 explants/mouse, representative of 2 independent experiments).  

Interestingly, and in contrast to in vivo responses, gWAT from Rev-erbα−/− mice showed an 

enhanced insulin-driven lipogenic gene expression compared to WT littermates. Insulin 

administration caused a significant upregulation of Dgat2 and Fasn in explants derived from 

NC fed C57BL/6 mice, which was significantly more profound in gWAT explants from KO 

animals. Insulin also caused a pronounced reduction in Lpl, Atgl and Hsl mRNA expression.  In 

gWAT explants derived from Rev-erbα−/− mice, insulin treatment reduced Lpl expression, but 

had no impact on Atgl or HSL expression. Once again this highlights the potential influence of 

Rev-erbα on regulation of Atgl and Hsl. In general, all insulin-dependent responses were 

maintained explants derived from control Rev-erbα+/+ HFD-fed mice. This was not the case for 

explant cultures derived from HFD-fed KO mice, which showed strongly attenuated 

transcriptional response to insulin.  This supports data obtained from fresh gWAT transcript 

analysis in which Atgl and Hsl were downregulated in DIO Rev-erbα−/− mice (Figure 4.12) and 

may be due to the profound adiposity of the animals rather than a true genotypic difference. 
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Figure 4.18 – Insulin dose response of WT gWAT explants. 

gWAT from male C57BL6 mice was harvested (n=8) and cultured ex vivo for 24 hours. It was 

then treated with varying concentrations of insulin in the media. Insulin caused the 

downregulation of lipolytic genes (Atgl, Hsl) and the upregulation of lipogenic genes (Dgat2, 

Fasn) which was expected. Data reflect mean ± S.E.M., 1-way, ANOVA, *= p < 0.01, **= p < 

0.001 ***= p < 0.0001 vs control treated group. Full description of statistical analysis can be 

found in Appendix 2. 
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Figure 4.19 – Ex vivo insulin stimulation of gWAT from Rev-erbα-/- mice.  

gWAT from female Rev-erbα-/- mice (NC or HFD for 14 weeks from 8 weeks of age, n = 

12/genotype/diet) was harvested and cultured ex vivo before being treated with 1 uM 

insulin. Tissue was collected 24 hours later and transcript analysis of key lipid handling genes 

performed. As expected, HFD resulted in attenuation of lipogenic drive of insulin but 

interestingly gWAT from Rev-erbα−/− animals seemed to show heighted lipogenic drive with 

enhanced expression of Dgat2 and Fasn. In WT gWAT insulin resulted in the down regulation 

of Atgl but this wasn’t observed In gWAT from Rev-erbα−/− mice. Data reflect mean ± S.E.M. , 

3-way, ANOVA, *= p < 0.01, **= p < 0.001 ***= p < 0.0001, ****= p < 0.00001 vs untreated 

control of same genotype. Diet difference in gene expression represented by @@= p < 0.001 

@@@= p < 0.0001, @@@@= p < 0.00001. Full description of statistical analysis can be 

found in Appendix 2. 
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4.4 Summary 
 

In this chapter we assessed the impact of global Rev-erbα deletion on physiological and 

metabolic parameters under normal conditions as well as during negative (fast) and positive 

(HFD) energy balance. Loss of Rev-erbα in mice, despite maintenance of robust physiological 

rhythms, results in a compromised gWAT clock, with attenuation of clock gene rhythms 

observed specifically in gWAT. This is interesting as Rev-erbα null mice are an obese phenotype 

and gWAT specific clock disruption was observed in diet-induced obese WT mice in chapter 3. 

This may be a suggestion that a disrupted clock in gWAT of Rev-erbα−/− is due to their increased 

adiposity. Increased inflammation has been proposed as a potential reason for clock disruption 

in obesity, but Rev-erbα−/− mice exhibit an attenuation of typical pro-inflammatory stimuli with 

enhanced anti-inflammatory signalling. Reduced inflammation in Rev-erbα−/− is supported by 

reduced circulating FFA and glycerol which is indicative of reduced lipolysis, a known 

inflammatory signal (Zhang et al., 2014).  

A defect in lipolysis may play a role in the obese phenotype exhibited by Rev-erbα−/−mice. 

Widespread dysregulation of lipid handling genes in gWAT of Rev-erbα−/− mice was observed 

but there was not, however, a bias towards lipid storage as both lipogenic (Dgat2, Fasn) and 

lipolytic (Hsl) sides of the pathway were upregulated in gWAT.  Lpl was consistently 

upregulated in all tissues examined, suggesting that Rev-erbα may be a direct regulator of this 

gene throughout the body. As Lpl is responsible for the liberation of fatty acids from circulating 

triglycerides for uptake into tissues, the increased expression may contribute to the increased 

adiposity in Rev-erbα−/− mice.  

Rev-erbα−/− mice do not show the normal metabolic and genetic response to fast, again 

potentially indicating a defect in lipolysis in these mice. The attenuated fast induced reduction 

in metabolic rate in the knockout mice may reflect increased energy stores available to these 

mice to due to increased adiposity. Derivation of FOX rate demonstrated that fatty acid 

oxidation was profoundly increased in both genotypes during the fasting period. Interestingly, 

FOX rates were significantly higher in fasted Rev-erbα−/− mice compared with WT littermates, 

especially during the final 6 hour of the fast. It is therefore likely that increased adiposity in 

Rev-erbα−/− animals underlies their ability to maintain higher rate of EE and VO2 across the 

fasting period. However, the attenuated response was maintained even during 48 hr of fasting, 

a relatively extreme fast for mice. This suggests that these mice may not perceive the state of 

negative energy balance, or that they cannot engage in hypermetabolic processes (such as 
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torpor) to decrease energy expenditure during negative energy balance.  However, when 

looking at the genetic profile of lipid-handling transcripts in these animals, strikingly, both a 24 

and 48 hour fast did not result in the upregulation of Atgl in both adipose tissue and liver, as it 

does in control animals. The dysregulation of Atgl expression during fasting may be attributed 

to the increased levels of Bmal1 present due to lack of Rev-erbα inhibition. Atgl expression is 

also regulated by CLOCK/BMAL1 expression via E-box activation and Bmal1 expression is 

constitutively higher in Rev-erbα−/− mice (Shostak et al., 2013).  A normal homeostatic 

response to fasting (reduced lipogenesis) is maintained in the Rev-erbα−/− mice, with decreased 

Dgat2 expression observed. This highlights a possible specific defect in the homeostatic 

mechanism to upregulate lipolysis in a state of negative energy balance. To further investigate 

this, direct stimulation of lipolysis in vivo using CL316,243, a β3-adrenoceptor was performed. 

This resulted in an upregulation of Hsl in gWAT of  both Rev-erbα−/−  mice and WT controls 

which contrasts results obtained from the negative energy balance study suggesting that the 

β-adrenoceptor is a potent regulator of Hsl expression. Post-translational modifications are 

important for the function of lipase enzymes, and they need to be phosphorylated in order for 

them to be lipolytically active. However, β-adrenergic stimulation caused significantly less 

phosphorylation of HSL in Rev-erbα−/− mice compared to WT controls. This further supports a 

defect in lipolysis in these animals.  

When faced with HFD challenge, Rev-erbα−/− mice become super obese. All of this suggests that 

there is an increased propensity for fat storage and decreased liberation of fatty acids within 

Rev-erbα−/−mice. The susceptibility of Rev-erbα−/− to DIO is not due to altered transcription of 

Ppars. However, Pparγ may be protected from the obesity related decrease in expression in 

Rev-erbα−/− mice, because a similar response to that observed in chapter 3 (i.e. downregulation 

of Pparγ) would have been expected due to their vast adiposity. The reduction in Atgl 

expression in response to chronic HFD feeding may reflect the more profound adiposity of the 

knockout animals compared to WT littermates. However, many studies have demonstrated 

that long-term or pronounced obesity is associated with an upregulation in lipolytc drive 

(Reynisdottir et al., 1995; Ryden et al., 2002; Ryden et al., 2004).  Despite their increased 

adiposity on NC and super obesity on HFD, Rev-erbα−/− mice remain insulin sensitive, which 

may point to the fact that increased storage of TAG within adipose tissue is ‘safe’ and it is 

ectopic fat storage in obesity that results in metabolic syndrome and insulin resistance. 

However, in an ex vivo environment, insulin does not cause the expected reduction in Atgl 

expression in gWAT from Rev-erbα−/−mice, highlighting Atgl as a potential key point metabolic 

regulation responsible for the obese phenotype of this mouse. 
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5.1 Introduction  
 

We and others (Zvonic et al., 2006; Kohsaka et al. 2007) have shown that murine adipose 

tissue has robust rhythms in clock gene expression. Microarray analyses suggest that 

approximately 10-20% of the murine transcriptome in adipose tissue shows circadian rhythm 

in expression, within which metabolic pathways are particularly enriched (Zvonic, et al., 2006; 

Ptitsyn et al., 2005; Zhang et al., 2014). This suggests a pronounced impact of the clock on 

adipose physiology. Interestingly, WAT tissue rhythms in clock and metabolism related genes 

were found to be particularly sensitive to obesity-related damping (Chapter 3), implicating 

clock disruption in metabolic disease.  In addition to orchestrating rhythms in gene expression, 

multiple lines of evidence connect circadian rhythms with adipose tissue physiology. For 

instance, in vitro data has demonstrated that a number of clock genes (including Rev-erbα, 

Per2, Bmal1) play a role in adipocyte differentiation. For example, Rev-erbα mRNA levels 

increase dramatically during the differentiation of 3T3-L1 cells into adipocytes (Chawla and 

Lazar, 1993). In more recent years, Wang and Lazar (2008) demonstrated that during 

adipogenesis, Rev-erbα gene expression initially declines and subsequently increases. In 

contrast, protein levels initially increases and subsequently declines, as REV-ERBα protein 

represses Pparγ expression, a transcriptional regulator of adipogenesis (Wang and Lazar, 

2008).  Rev-erbα has been further implicated in adipogenesis as heme, a physiological ligand 

for Rev-erbα can promote differentiation of fibroblasts to adipocytes and increased 

intracellular heme levels are observed during 3T3-L1 adipogenesis (Chen and London, 1981; 

Raghuram et al., 2007; Kumar et al., 2010). Despite this, Bmal1-/- and Rev-erbα-/- mice do not 

exhibit abnormalities in the development of adipose tissue, and in fact mice with either Bmal1 

or Rev-erbα deletion in all tissues have greater adipose tissue mass compared to WT controls 

(Bunger et al., 2000; Bunger et al., 2005; Lamia et al., 2008 Delezie et al., 2012; Chapter 4). 

Conversely, a lack of Per2 results in enhanced adipocyte differentiation of cultured fibroblasts 

(Grimaldi et al., 2010), and Per2-/- mice have significantly less epididymal fat than WT 

littermates (Grimaldi et al., 2010).  

A role for Rev-erbα has also identified in BAT thermogenesis (Gerhart-Hines et al., 2013).  In 

the mouse, expression of Rev-erbα in BAT peaks at ZT10, which is in antiphase to the circadian 

rhythm of body temperature. Cold temperatures induce the expression of UCP1, and it has 

been shown that this is preceded by rapid downregulation of Rev-erbα in BAT. UCP1 levels are 

high in Rev-erbα null mice as Rev-erbα represses Ucp1 in a brown-adipose-cell autonomous 

manner. Therefore, when mice are subjected to 6 hours of cold, there is a higher survival rate 
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at ZT 16-22, when Rev-erbα is minimally expressed in comparison to ZT 4-10 when Rev-erbα is 

abundant. To further support this, deletion of Rev-erbα markedly improves cold tolerance at 

ZT10, suggesting that overcoming Rev-erbα dependant repression is an important feature of 

the thermogenic response to cold. Data from our lab also shows that body temperature is 

maintained in fasted Rev-erbα null mice in contrast to WT littermates whose temperature 

drops during this challenge. This parallels metabolic data obtained from these mice during a 

fast, which demonstrates that fast induced reductions of VO2 and EE (kcal/hr) are significantly 

less pronounced in Rev-erbα null mice. It is therefore thought that Rev-erbα is necessary for 

maintaining body temperature rhythms in a way that is adaptable to environmental and 

metabolic cues.   

 

In chapter 4, dramatic metabolic differences were observed in global Rev-erbα-/- mice 

compared to WT littermates. Robust physiological rhythms were maintained but the local 

gWAT clock was compromised in these mice. Dysregulation of lipid handling genes was also 

observed in these animals, with an upregulation of lipogenic genes being observed, which also 

corresponded to an increased adiposity in these mice as well as increased susceptibility to 

D.I.O. Despite increased adiposity, these mice remained insulin sensitive. Taken together, 

these data indicate a key role for Rev-erbα in adipose tissue.  It has also been shown that mice 

with Bmal1 deletion in all tissues have a higher body weight and greater adipose tissue mass 

compared to WT controls (Bunger et al., 2005; Lamia et al., 2008).  Here we address the role of 

the circadian clock in adipose tissue by deleting Bmal1 or Reverbα specifically in adipocytes. 

Tissue selective deletion of Bmal1 renders the tissue arrhythmic (as it is an essential 

component of the circadian clockwork), but also results in a profound attenuation of Rev-erbα 

expression (Bunger et al., 2000). Although Rev-erbα reinforces the robustness of circadian 

oscillation, circadian rhythm generation persists in its absence (Preitner et al., 2002). Therefore 

clock functionality would be maintained in adipose tissue lacking Rev-erbα. By characterising 

these mice models it is possible to dissect the specific role that either the clock or clock 

components play in adipose physiology.  

 

5.2 Methods 
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Detailed methodological approaches can be found in the methods (Chapter 2). Below are 

specific experimental details. Male or female only cohorts were used in some studies due to 

the difficulties in breeding the AdipoCRE clock knockout mice.  

Genotyping was performed by PCR using ear clip biopsies and QIAamp DNA Mini Kit (Qiagen) 

according to manufacturers’ instructions.  

AdipoCRE expression: 

2 µL of extracted DNA was added to a DNA amplification reaction containing (in final 

concentration): 1 X Go TAQ reaction buffer (Promega), MgCl2 2 mM (Sigma Aldrich), dNTP 0.2 

mM (Sigma Aldrich) and Go Taq Hotstart polymerase (0.15 U). Four primers were added to the 

mixture – forward primer 5’-GCGGTCTGGCAGTAAAAACTATC-3’ (1 µM) and reverse primer 

5’GTG AAA CAG CAT TGC TGT CAC TT- 3’ (1 µM)  amplified the CRE  transgene, which was 

100bp. The forward primer 5’-CTAGGCCACAGAATTGAAAGATCT-3’ (1 µM) and reverse primer 

5’GTAGGTGGAAATTCTAGCATCATCC-3’ (1 µM) amplified an internal positive control, which was 

324bp. The PCR protocol consisted of 3 min at 94 °C, then 35 cycles of 30 sec at 94 °C, 1 min at 

51.7 °C and 1 min at 72 °C and a subsequent 2 min at 72 °C. Products were separated by 

electrophoresis on 3% agarose gels stained with Safeview (NBS Biologicals).  

Bmal1flox expression: 1 µL of extracted DNA was added to a DNA amplification reaction 

containing (in final concentration): 1 X Go TAQ reaction buffer (Promega), MgCl2 2 mM (Sigma 

Aldrich), dNTP 0.2 mM (Sigma Aldrich) and Go Taq Hotstart polymerase (0.625 U). Two primers 

were added to the mixture – forward primer 5’-ACTGGAAGTAACTTTATCAAACTG-3’ (0.2 µM) 

and reverse primer 5’-CTGACCAACTTGCTAACAATTA-3’ (0.2 µM) amplified either a band of 

either 327 bp which represents the WT band or 431 bp which represents the floxed band. The 

PCR protocol consisted of 2 min at 94 °C, then 2 cycles of 30 sec at 94 °C, 1 min at 61.6 °C and 1 

min at 72 °C and a subsequent 5 min at 72 °C. Products were separated by electrophoresis on 

2% agarose gels stained with Safeview (NBS Biologicals). 

Rev-erbαflox expression: 3 µL of extracted DNA was added to a DNA amplification reaction 

containing (in final concentration): 1 X Go TAQ reaction buffer (Promega), MgCl2 2 mM (Sigma 

Aldrich), dNTP 0.5 mM (Sigma Aldrich) and Go Taq Hotstart polymerase (1 U). Two primers 

were added to the mixture – forward primer 5’-TCTCCGTTGGCATGTCTAGAGATGG-3’ and 

reverse primer 5’-GAAGAGTGTGTGTTTGCCCAAGAGG-3’ which amplified the floxed band of 

291 bp. The PCR protocol consisted of 3 min at 94 °C, then 2 cycles of 1 min at 94 °C, 1 min at 

62 °C and 1 min at 72 °C and a subsequent 5 min at 72 °C. This was followed by a 5 min 
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incubation period at 72 °C before 30 cycles of 30 sec at 94 °C, 30 sec at 62 °C and 30 sec at 72 

°C before finally 3 min at 72 °C.    Products were separated by electrophoresis on 3% agarose 

gels stained with Safeview (NBS Biologicals). 

Confirmation of adipose specific targeting was performed by sacrificing male 

AdipoCREBmal1flox/flox mice and control littermates (n=4-6/genotype) and AdipoCRERev-erbαflox/flox 

mice and control littermates (n=4-6/genotype) and collecting a range of tissues for transcript 

analysis. Body weights and adipose tissues weights were measured in male and female 

AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox mice and control littermates 

(n=8/genotype/sex). Basal metabolic gas exchange was measured in male AdipoCREBmal1flox/flox 

and AdipoCRERev-erbαflox/flox mice and control littermates (n=4/genotype) by indirect 

calorimetry using the CLAMS system (Columbus Instruments).  Basal transcript analysis was 

also performed on tissues collected from sacrificed male AdipoCREBmal1flox/flox and AdipoCRERev-

erbαflox/flox mice and control littermates (n=8/genotype). Food intake of both male and female 

AdipoCREBmal1flox/flox mice and control littermates was monitored using the Labmaster 

Metabolism Research Platform (TSE systems), with meal size and feeding events recorded over 

6 days (n=4/genotype/sex).  

For DIO studies, 8 week old male and female AdipoCREBmal1flox/flox and control littermates 

(n=6/genotype/diet/sex) and female AdipoCRERev-erbαflox/flox mice and control littermates 

(n=5/genotype/diet) were provided ad libitum access to high fat diet (HFD; 60% energy from 

fat; DIO Rodent Purified Diet, IPS Ltd) or normal chow (NC) for 14 weeks. For negative energy 

balance studies, male AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox mice and control 

littermates (n=4/genotype) were fasted for 48 hours. Physiological parameters, including body 

temperature using radiotelemetry (Data Sciences International) were monitored as well as 

metabolic gas exchange using the CLAMS system. Male AdipoCREBmal1flox/flox and control 

littermates were also subjected to a cold challenge using an upright 1200 L industrial fridge 

(Polar Refrigeration, UK) (n=6/genotype). Body temperature was measured using 

radiotelemetry.  

A further cohort of male AdipoCREBmal1flox/flox mice and control littermates were used for ex 

vivo insulin stimulation. Upon sacrifice, gWAT was collected, minced and maintained in DMEM 

supplemented with FBS and penicillin/streptomycin before being stimulated with insulin and 

subsequently collected for transcript analysis (n=7-9/genotype, 2 independent studies). An in 

vivo ITT was performed on male AdipoCRERev-erbαflox/flox mice (n=6/genotype/treatment). 
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5.3 Results 
 

5.3.1 Confirmation of Adipose Specific Targeting  

 

To study the role of the adipocyte circadian clock in energy homeostasis, mice were generated 

that lacked either Bmal1 or Rev-erbα specifically in adipocytes, using an adiponectin (Adipoq) 

promotor driven Cre-recombinase driver mouse line (Eguchi et al., 2011), ensuring the genes 

were only knocked out of adipocytes.  Bmal1flox mice were created by inserting lox P sites 

either side of exons and 8 of the Bmal1 gene (Storch et al., 2007) (Figure 5.1A). Rev-erbαflox 

mice were generated by inserting lox P sites either side of exons 3 and 4 of the Rev-erbα gene 

(Figure 5.1A) (Institut Clinique de la Souris). Bmal1floxor Rev-erbαflox mice were then bred locally 

with AdipoCRE mice. Floxed mouse lines were C57BL/6J mice. Upon receipt, AdipoCRE mice were 

approximately 70% C57BL/6, and so mice were backcrossed to the founder floxed mouse line 

for three generations before F1 mice were used for breeding. 

Genotyping was performed using the genotyping strategy explained in section 5.2. Example 

agarose gels showing the presence/absence of the Adipo-cre transgene and the presence of 

the floxed Bmal1 or Rev-erbα. To confirm adipose specific targeting, a variety of targeted and 

non-targeted tissues (gWAT, scWAT, BAT, liver, lung) were collected from male mice 

(n=10/genotype) and gene expression assessed by qPCR (Figure 5.1 B).  In the 

AdipoCREBmal1flox/flox mice, Bmal1 expression was significantly reduced in all adipose tissue 

depots (gWAT, scWAT and BAT) with no difference in expression observed in liver and lung, 

showing that selective loss of Bmal1 in adipose tissue has occurred. In line with reduced Bmal1 

expression, Rev-erbα expression was also significantly reduced in all adipose tissue depots 

(gWAT, scWAT and BAT) and unchanged in liver and lung. A similar approach was used to 

confirm the loss of Rev-erbα specifically in adipose tissue. Rev-erbα expression was 

significantly reduced in all adipose tissue depots (gWAT, scWAT, BAT) of AdipoCRERev-erbαflox/flox 

compared to control Rev-erbαflox/flox mice, and expression remained unaltered in non-adipose 

tissues, liver and lung. To further confirm adipose specific targeting Bmal1 expression was 

measured in these animals.  Indeed, a significant increase in Bmal1 expression in gWAT, scWAT 

and BAT was observed with no difference in expression observed in liver or lung compared to 

control mice. Once established and validated both lines were bred up for metabolic 

phenotyping to determine the impact of the loss of Bmal1 and Rev-erbα on adipose 

physiology. 
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Figure 5.1 – Confirmation of adipose specific targeting. 

Mice were generated that lacked either Bmal1 or Rev-erbα specifically in adipocytes, using an 

adiponectin (Adipoq) promotor driven Cre-recombinase driver mouse line.  Bmal1flox mice were 

created by inserting lox P sites either side of exons and 8 of the Bmal1 gene and Rev-erbαflox 

mice were generated by inserting lox P sites either side of exons 3 and 4 of the Rev-erbα gene 

(A). Example agarose gels show the presence/absence of the Adipo-cre transgene and the 

presence of the floxed Bmal1 or Rev-erbα (A). To confirm adipose specific targeting, a variety 

of targeted and non-targeted tissues (gWAT, scWAT, BAT, liver, lung) were collected from male 

mice (n=4-6/genotype) and gene expression assessed by qPCR (B).  In the 

AdipoCREBmal1flox/floxmice, Bmal1 expression was significantly reduced in all adipose tissue 

depots (gWAT, scWAT and BAT) with no difference in expression observed in liver and lung. 

Rev-erbα expression was also significantly reduced in all adipose tissue depots and unchanged 

in liver and lung.. Rev-erbα expression was significantly reduced in all adipose tissue depots of 

AdipoCRERev-erbαflox/flox compared to control Rev-erbαflox/flox mice, and expression remained 

unaltered in non-adipose tissues, liver and lung. In these mice, a significant increase in Bmal1 

expression in gWAT, scWAT and BAT was observed with no difference in expression observed 

in liver or lung compared to control mice (B). Data reflect mean ± SEM, 2-way ANOVA, Sidak 

post hoc test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005. Full description of statistical 

analysis can be found in Appendix 3. 
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5.3.2 Metabolic phenotype of AdipoCRE+Bmal1flox/flox mice 

 

No difference in body weight was observed between control and adipose-targeted mice. At 20 

weeks of age, male and female AdipoCREBmal1flox/flox and Bmal1flox/flox littermate mice showed no 

significant difference in body weight, or gWAT fat pad mass (n=5 per genotype per sex; Figure 

5.2). A significant increase in scWAT weight in male AdipoCREBmal1flox/flox mice was observed 

compared to their control littermates (Figure 5.2) which may suggest a subtle impact on 

adiposity.  

Continual monitoring of food intake over 4 days (using TSE feeding cages) revealed no 

difference in total daily food intake in male or female AdipoCREBmal1flox/flox mice compared to 

control littermates (n=4 per genotype). However, attenuated light/day feeding rhythms were 

observed in AdipoCREBmal1flox/flox mice (Figure 5.3).  

We next examined energy expenditure in the AdipoCREBmal1flox/flox mice using indirect 

calorimetry (male mice, n= 4/genotype).  Pronounced diurnal variations in VO2, VCO2 and RER 

were observed in control mice, with a significant elevation in VO2, VCO2 and RER in the active 

(dark) phase of the day (Figure 5.4). A similar profile was observed in the AdipoCREBmal1flox/flox 

mice. Similarly, RER, COX, and FOX profiles did not differ between the two genotypes. This 

pattern of RER does not correlate with attenuated feeding rhythms observed in these mice. 

Interestingly, although both control and AdipoCREBmal1flox/flox mice showed rhythmicity in the 

kcal/hr consumption, this only reached significance in the AdipoCREBmal1flox/flox mice.  Core 

body temperature was recorded for 7 days using remote radio-telemetry in control and 

AdipoCREBmal1flox/flox animals (n=6/genotype). Diurnal variation was observed in the body 

temperature of both AdipoCREBmal1flox/flox (Day: 36.0°C± 0.03, Night: 37.2°C± 0.04) and control 

mice (Day: 36.1°C± 0.04, Night: 37.4°C± 0.1).  

Taken together, these studies indicate that a functional clock in adipose tissue is not necessary 

to maintain diurnal rhythms in metabolic rate or body temperature.  

5.3.3 Fasting response in AdipoCREBmal1flox/flox 

 

As discussed above, global Rev-erbα-/- mice exhibit an attenuated metabolic and thermogenic 

response to acute fasting when compared to WT littermates (Figures 4.6 and 4.7). We were 

therefore interested to examine the response of AdipoCREBmal1flox/flox to negative energy 

balance. AdipoCREBmal1flox/flox and littermate controls were fasted for 48 hours (male mice, n=6/  
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Figure 5.2 – Body weight profiles of AdipoCREBmal1flox/flox mice.  

Body weights of male and female AdipoCREBmal1flox/flox mice (n=5 per genotype) were 

measured at 20 weeks of age (Fig. 5.2 A). Mice were culled and gWAT and scWAT fat pads 

dissected and weighed and expressed as g/g of bodyweight.  No significant difference was 

seen between the body weights and gWAT weights of each genotype in both sexes. 

However, scWAT fat pad weight was significantly higher in male KO mice. Data reflect mean 

± SEM, student’s unpaired t-test, * = p < 0.05.  Full description of statistical analysis can be 

found in Appendix 3. 
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Figure 5.3 – Food intake in AdipoCREBmal1flox/flox mice. 

No difference was observed in daily food intake between the genotypes of both sexes 

(n=4/genotype/sex) (A). Data reflect mean ± SEM, student’s unpaired t-test, * = p < 0.05. 

Temporal food intake was monitored (B) in the female mice. In control mice, as expected, 

there was a significant increase in food intake during the active phase; however a temporal 

feeding rhythm seemed to be attenuated in AdipoCREBmal1flox/flox mice with no significant 

day/night difference observed. Data reflect mean ± SEM, 2-way ANOVA, Sidak post-hoc test 

* = p < 0.05.  Full description of statistical analysis can be found in Appendix 3. 

 
 

Diurnal Food Intake
B

Food Intake

Males

Females

A

AdipoCREBmal1flox/flox

Littermate Controls 

In
ta

ke
 (

kc
al

)
In

ta
ke

 (
kc

al
)

In
ta

ke
 (

g)
In

ta
ke

 (
g)

In
ta

ke
 (

g/
g)

In
ta

ke
 (

g/
g)

In
ta

ke
 (

g/
g)

In
ta

ke
 (

g)

In
ta

ke
 (

g)
In

ta
ke

 (
g)



161 
 

genotype). No difference was observed in the weight loss of these animals over the 48 hour 

fast (control: 19.1% ± 0.8 BW loss; AdipoCREBmal1flox/flox: 18.8% ± 0.6 BW loss). Both genotypes 

returned to their original body weight within 48 hours of refeed (Figure 5.5A). In line with the 

post-fast weight gain, no difference in food intake over 24hr post-fast was observed between 

the two genotypes (Figure 5.5B). Interestingly, over the short term (4 hr post fast) the 

AdipoCREBmal1flox/flox mice consumed significantly more food than littermate control mice. This 

observation may be linked to the increased day-time feeding exhibited by these mice when fed 

ad libitum.  

The body temperature profile of the mice across the fasting period was similar between 

genotypes. Both genotypes exhibited a pronounced reduction in core body temperature 

(control: 35. 6°C± 0.1, Δ1.6°C± 0.2 (n= 6, p<0.05); AdipoCREBmal1flox/flox 35.5°C± 0.2, Δ1.5°C± 0.2) 

(n= 6, p<0.05). No difference was observed in the fasting temperature (between hours 42-47) 

between the control and AdipoCREBmal1flox/flox animals (control: 32.6°C± 0.5; 

AdipoCREBmal1flox/flox: 32.5°C± 0.5). Indirect calorimetry of male mice (n=4/genotype) was 

performed during the fast (Figure 5.6). VO2, VCO2, kcal/hr and RER decreased during the fast in 

control animals, with no difference observed in AdipoCREBmal1flox/flox mice compared to 

controls. RER reduced at the same rate between both genotypes during the fast, indicating the 

switch from carbohydrate use (RER ~ 1) to fat use (RER ~ 0.7) and the rate at which RER then 

rose to ~ 1 (carbohydrate use) upon re-feeding is also similar in both genotypes. COX rates 

were significantly reduced during the fast in both genotypes and FOX rates were significantly 

increased. This suggests similar transitions in fuel use in both genotypes, indicating that loss of 

Bmal1 and subsequent loss of a functional clock in adipose tissue has no effect on the fasting 

response in mice. Taken together, this suggests that the loss of Bmal1 and indirectly Rev-erbα 

expression in white and brown adipose tissue does not account for the dramatic attenuation 

of fast-induced hypothermia and hypo-metabolism observed in the global Rev-erbα-/- mice. 

5.3.4 Cold challenge in AdipoCREBmal1flox/flox mice 

 

When Rev-erbα expression is disrupted a less significant decrease in core body temperature is 

observed when mice are exposed to acute cold (Gerhart-Hines et al., 2013). As our targeting 

strategy also disrupts Bmal1 expression in BAT, we examined the response of 

AdipoCREBmal1flox/flox mice to acute and chronic cold exposure.  AdipoCREBmal1flox/flox mice and 

Littermate control mice (n=6 per genotype) were implanted with remote telemetry devices for 

continual recording of core body temperature. Mice were maintained at room temperature  



162 
 

 

 

 

 

 

Te
m

p
e

ra
tu

re
( 

C
)

V
O

2

(m
l/

kg
/h

r)

V
C

O
2

 

(m
l/

kg
/h

r)
kc

al
/h

r
R

ER

Time (Days) Day

C
O

X
(g

/m
in

)

FO
X

(g
/m

in
)

AdipoCREBmal1flox/flox

Littermate Controls 

Night



163 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4– Metabolic parameters of AdipoCREBmal1flox/flox mice. 

Male Bmal1floxAdipocre mice (n=4 per genotype) were placed in metabolic cages and a 

range of parameters were recorded. Temporal changes in all parameters were observed in 

all genotypes, with a higher metabolic rate and RER seen during the active phase. This 

temporal difference seemed to be more pronounced in the Bmal1floxAdipocre mice. Data 

reflect mean ± SEM, 2-way ANOVA, Sidak post-hoc test, * = p < 0.05, ** = p < 0.005, *** = p 

< 0.0005, **** = p < 0.00005 vs. same genotype  during the day.  Full description of 

statistical analysis can be found in Appendix 3. 
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Figure 5.5 – Fasting response of AdipoCREBmal1flox/flox mice.  

Male AdipoCREBmal1flox/flox mice (n=6 per genotype) were fasted for 48 hours. No difference 

in weight loss was seen between the genotypes (A). Food intake post fast was measured 

(B). Although there was a significant increase of food intake in the  AdipoCREBmal1flox/flox  

mice after 4 hours of re-feeding, on the whole food intake post fast was the same for each 

genotype. As expected, the 48 hour fast caused a reduction in body temperature, with no 

significant difference seen between this drop in temperature between the genotypes (C). 

Data reflect mean ± SEM, unpaired student’s t-test, * = p < 0.05, ** = p < 0.005.  
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(21°C+/- 2) for 28 days before being exposed to both an acute temperature challenge of 4°C 

for 6 hr, and a subsequent chronic exposure to 16°C for 7 days (Figure 5.7A). In response to the 

acute cold challenge, core body temperature of both AdipoCREBmal1flox/flox and control 

littermates at room temperature dropped from 2.7°C ± 0.3 and 2.7°C ± 0.4 respectively, with 

no differential response to temperature being observed between the genotypes. After 6 hours, 

ambient temperature was raised to 16°C and mice were maintained at the temperature for a 

further 7 days (Figure 5.7B). No differences were observed in the body temperature profiles of 

the two genotypes during these 7 days. Mice were then subject to a 24 hour fast to further 

increase the metabolic challenge to the mice. Core body temperature dropped in control mice 

during the fast, and this was also observed in AdipoCREBmal1flox/flox mice (control 35.9°C ± 0.1; 

AdipoCREBmal1flox/flox 35.9°C ± 0.1, based on difference in temperature pre-fast compared to 

average temperature at nadir of fast). Also, no difference was recorded between the 

genotypes with regards to average fasted temperature and minimum fasted temperature 

(Figure 5.7 B). Thus, despite the lack of a functional clock in WAT and BAT, the Bmal1 targeted 

mice showed no differences in body weight, adiposity, metabolic rate and or thermogenic 

response to cold challenge or fasting.  The only difference observed was the temporal change 

in feeding behaviour.  

5.3.5 Dysregulation of lipid handling genes in gWAT AdipoCREBmal1flox/flox mice 

 

As detailed in pervious chapters and previously published work, many genes involved in lipid 

metabolism oscillate within white adipose tissue. We demonstrated that global deletion of 

Rev-erbα alters the expression of genes involved in lipid handling (e.g. Lpl, Atgl), both in terms 

of constitutive expression, and in transcriptional response to changing energy status. 

Therefore, the impact of the tissue-specific deletion of Bmal1 on the expression of these genes 

was examined. Basal gene expression was examined in male mouse tissues collected at ZT6 

(n=5/genotype). Somewhat surprisingly, a severe attenuation was observed in the expression 

of the lipolytic genes, Atgl and Hsl in gWAT from AdipoCREBmal1flox/flox mice (Figure 5.8, p<0.05, 

student’s unpaired t-test), when compared with littermate controls. Similar to the global Rev-

erbα-/- mice, Fasn expression was upregulated in the Bmal1-targeted mice, suggesting the FAS 

may be a direct target of Rev-erbα transcriptional repression. However, in contrast to in the 

global Rev-erbα-/- mice (Fig. 4.4), Lpl and Dgat2 expressions were downregulated in 

AdipoCREBmal1flox/flox mice. No difference in the expression of these genes was observed in the 

liver.  
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Figure 5.6 – Metabolic response to fasting in AdipoCREBmal1flox/flox mice. 
Male AdipoCREBmal1flox/flox mice (n=4 per genotype) were fasted for 48 hours in metabolic 
cages. No difference was observed in weight loss and subsequent gain between the 
genotypes.  As expected, during the fast a decrease in all metabolic parameters was 
observed (histograms show average values between hours 42-47 of fast), but with no 
significant difference between genotypes. Data reflect mean ± SEM, unpaired student’s t-
test, * = p < 0.05.  
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Figure 5.7 – Cold challenge of AdipoCREBmal1flox/flox mice. 

Male AdipoCREBmal1flox/flox mice (n=6 per genotype) from room temperature were held at 

4oC for 6 hours, after which the temperature was ramped progressively to 16oC (A). Body 

temperature of all mice dropped, with no significant difference seen in the average 

temperature and minimum temperature between the different genotypes during the 4oC 

challenge. Mice were held at 16oC for 1 week before being subjected to a 24 hour fast (B). 

Body temperature of all animals decreased, with no difference seen in average fasted 

temperature and minimum fasted temperature between genotypes. Data reflect mean ± 

SEM, unpaired student’s t-test, * = p < 0.05.  
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Figure 5.8 –Transcript analysis of lipid handling genes in AdipoCREBmal1flox/flox mice. 

 gWAT and liver from male AdipoCREBmal1flox/flox mice (n=5 per genotype) was obtained and 

qPCR analysis carried out at ZT6.  As expected, no difference in gene expression was 

observed in the liver due to the specificity of the genetic targeting. However, severe 

dysregulation of both lipolytic and lipogenic genes was seen in gWAT from 

AdipoCREBmal1flox/flox mice. Data reflect mean ± SEM, unpaired students t-test, * = p < 0.05, 

** = p < 0.005, *** = p < 0.005.  Full description of statistical analysis can be found in 

Appendix 3. 
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As basal gene expression appeared to be profoundly different, next examined the response of 

isolated gWAT explant cultures to lipogenic (insulin) stimulation. gWAT from 

AdipoCREBmal1flox/flox  and control littermates was collected and cultured as small tissue 

explants, as described above (male mice, n=7-9/genotype). gWAT explant cultures were 

maintained in culture for 24 hours before being treated with insulin (1 µM). In gWAT explants 

derived from control animals, insulin stimulation caused an up-regulation of lipogenic genes 

Dgat2 and Fasn, and this was also observed in gWAT explants from AdipoCREBmal1flox/flox mice 

(Figure 5.9). The response to insulin was somewhat more pronounced in these animals similar 

to what was observed in gWAT from global Rev-erbα mice. The expected responses were seen 

with regards to lipolytic genes in both genotypes – downregulation of Atgl and Hsl. Although 

insulin caused no change to the expression of Lpl and Glut4, both of these genes seemed to be 

expressed at higher levels in gWAT from AdipoCREBmal1flox/flox mice (p<0.05). It must be noted, 

however, that the dramatic differences in lipid handling gene expression observed in freshly 

dissected tissue (2 experiments, n=5-8 animals per genotype) were not maintained in vitro (Fig 

5.8). 

5.3.6 Response of AdipoCREBmal1flox/flox mice to positive energy balance 

 

From 8 weeks of age, male and female mice were maintained on HFD for 16 weeks (n=4-9 

mice/sex/genotype/diet). Males and females of both genotypes exhibited significant weight 

gain on HFD (Figure 5.10), but no significant difference was observed between 

AdipoCREBmal1flox/flox mice and control littermates when matched for diet. A significant increase 

in gWAT and scWAT accumulation was observed in both genotypes on HFD, but again no 

genotypic difference was observed. 

Although there was no difference in body weight, adiposity or diet-induced weight gain 

between AdipoCREBmal1flox/flox mice and control littermates, gene expression was very different.  

 

5.3.7 Metabolic phenotype of AdipoCRERev-erbαflox/flox mice 

 

As demonstrated in chapter 4, global Rev-erbα knockout mice exhibit an obese phenotype 

even when maintained on normal chow, and are profoundly sensitive to DIO. To determine 

whether selective loss of Rev-erbα in adipose tissue was sufficient to recapitulate this  
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Figure 5.9 – Ex vivo insulin stimulation of AdipoCREBmal1flox/flox mice.  

gWAT from male AdipoCREBmal1flox/flox mice (n=7-9 per genotype) was cultured for 24 hours 

before being treated with either a vehicle or 1 μM insulin. Tissue was collected 24 hours 

post insulin stimulation and qPCR analysis performed. Insulin stimulation resulted in an 

upregulation of lipogenic genes Dgat2 and Fasn, with this response being heightened in the 

KO mice. Conversely, lipolytic drive was attenuated in both genotypes upon insulin 

stimulation. There was a trend for upregulation of Glut4 in gWAT from AdipoCREBmal1flox/flox 

mice  Data reflect mean ± SEM, Two-way ANOVA, Sidak post-hoc test, * = p < 0.05, ** = p < 

0.005 vs untreated explant of same genotype.  Genotypic differences represented by @.  

Full description of statistical analysis can be found in Appendix 3. 
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Figure 5.10 – High Fat Diet challenge of AdipoCREBmal1flox/flox mice.  

Body weights of male (n=4-6 per genotype per diet) and female (n=8-9 per genotype per 

diet)  AdipoCREBmal1flox/flox mice on either NC or HFD were measured after 14 weeks of HFD 

challenge starting at 8 weeks of age. Mice were culled and gWAT and scWAT fat pads 

dissected and weighed and expressed as g/g of bodyweight. HFD resulted in an increase in 

body weight, gWAT weight and scWAT weight in both males and females of both genotypes 

with no genotypic difference observed. Data reflect mean ± SEM, 2-way ANOVA, Sidak post-

hoc test, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005 vs NC of same 

genotype.  Full description of statistical analysis can be found in Appendix 3. 
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phenotype, we established the AdipoCRERev-erbαflox/flox line. Targeted mice and littermate 

controls were maintained on either NC or HFD from 8 weeks of age for 14 weeks. Body weights 

were measured, and then mice were culled and fat pads were dissected and weighed (n= 5 

mice/genotype/diet). On NC, no difference in bodyweight or fat pad weights were observed 

between genotypes. However, female AdipoCRERev-erbαflox/flox mice consumed significantly 

more grams of food compared to control littermates, indicating possible hyperphagia in these 

animals (Figure 5.11). All mice gained a significant amount of weight in response to HFD 

feeding (Figure 5.12), but in contrast to the global Rev-erba-/- mouse line, no genotypic 

differences were observed in HFD-induced weight gain. Both control and AdipoCRERev-

erbαflox/flox mice showed increased adiposity on HFD, with significant increase in scWAT and 

gWAT fat pad mass, yet no genotypic differences were evident.  

We next examined energy expenditure and metabolic rate in AdipoCRERev-erbαflox/flox using 

indirect calorimetry (male mice, n= 4 mice/genotype). Pronounced diurnal variations in VO2, 

VCO2, kcal/hr, and RER were observed in control mice, with a greatly elevated of gas exchange 

and RER evident in the active (dark) phase of the day (Figure 5.13). This diurnal variation was 

also observed in AdipoCRERev-erbαflox/flox mice, although day/night differences in RER did not 

reach statistical significance in the knockout mice, which was similar to the global Rev-erbα 

knockout mice. This may indicate an increased reliance on carbohydrate metabolism within 

this genotype. However, diurnal variations in both COX and FOX were clearly observed in both 

genotypes, suggesting similar substrate oxidation in these mice. Core body temperature of 

AdipoCRERev-erbαflox/flox mice was recorded using radiotelemetry. Diurnal variation was 

observed in the body temperature of both AdipoCRERev-erbαflox/flox and control mice (Daytime -

AdipoCRE/Rev-erbαflox/flox: 36.2°C ± 0.3; littermate controls: 36.2°C± 0.1; Night time - Rev-

erbαflox/flox: 37.4°C± 0.2; littermate controls: 37.4 ± 0.1).  

5.3.8 Fasting response in AdipoCRERev-erbαflox/flox 

 

In Chapter 4, we demonstrated that global Rev-erbα-/- mice showed differential fasting 

responses compared to WT C57BL/6 littermates. Therefore, male AdipoCRERev-erbαflox/flox mice 

and littermate controls (n=6 mice/genotype) were fasted for 48 hours.  No differences were 

observed in fast-induced weight loss of these animals during the 48 hour fast (AdipoCRERev-

erbαflox/flox mice: 17.3% ± 1.9 loss in BW; littermate controls: 16.8%± 0.8 loss in BW). Both 

genotypes also recovered body weight at a similar rate (Figure 5.14A).  Food intake upon re- 
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Figure 5.11 –Body weight profiles and food intake of AdipoCRERev-erbαflox/flox mice. 

Body weights of male and female AdipoCRERev-erbαflox/flox mice (n=5 per genotype) were 

measured at 20 weeks of age (A). Mice were culled and gWAT and scWAT fat pads dissected and 

weighed and expressed as g/g of bodyweight.  No significant difference was observed between 

the body weights and gWAT/scWAT weights of each genotype in both sexes. No difference was 

observed in daily food intake in male mice but increased food intake was seen in female 

AdipoCRERev-erbαflox/flox mice. Data reflect mean ± SEM, student’s unpaired t-test, * = p < 0.05. Full 

description of statistical analysis can be found in Appendix 3. 
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Figure 5.12 –High Fat Diet of AdipoCRERev-erbαflox/flox mice.  

Body weights of female AdipoCRERev-erbαflox/flox mice on either NC or HFD (n=5 per genotype 

per diet) were measured at 20 weeks of age. Mice were culled and gWAT and scWAT fat pads 

dissected and weighed and expressed as g/g of bodyweight. HFD resulted in an increase in 

body weight gWAT and scWAT weight with no genotypic difference observed. Data reflect 

mean ± SEM, 2-way ANOVA, Sidak post-hoc test, ** = p < 0.005, *** = p < 0.0005 vs NC fed 

mice of same genotype. @ represents effect of HFD on both genotypes compared to NC mice 

(@@@@ = p < 0.00005). Full description of statistical analysis can be found in Appendix 3. 
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5.13 –Metabolic parameters of AdipoCRERev-erbαflox/flox mice.  

Male AdipoCRERev-erbαflox/flox mice (n=4 per genotype) were placed in metabolic cages and a 

range of parameters were recorded. Temporal changes in all parameters were observed in 

all genotypes, with a higher metabolic rate and RER seen during the active phase. Data 

reflect mean ± SEM, 2-way ANOVA, Sidak post-hoc test * = p < 0.05, ** = p < 0.005, *** = p < 

0.0005, **** = p < 0.00005 vs  same genotype during the day. Full description of statistical 

analysis can be found in Appendix 3. 
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Figure 5.14 – Fasting response of AdipoCRERev-erbαflox/flox mice.  

Male AdipoCRERev-erbαflox/flox (n=6 per genotype) were fasted for 48 hours. No difference in 

weight loss was seen between the genotypes (A). Food intake post fast was measured (B). 

Food intake post fast was the same for each genotype. As expected, the 48 hour fast caused a 

reduction in body temperature, with no significant difference observed in this drop in 

temperature between the genotypes (C). Data reflect mean ± SEM, unpaired student’s t-test, * 

= p < 0.05. 
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feeding was also monitored. At 1, 4 and 24 hours of refeeding, AdipoCRERev-erbαflox/flox mice 

consumed the same amount of food as control animals. Core body temperature of the control 

animals decreased during the fast, with a reduction of 4.0°C± 0.6 observed, based on mean 

temperature at time 0 and mean temperature during hours 42-47 of the fast, with a similar 

response observed in the AdipoCRERev-erbαflox/flox mice (5.3°C± 0.7). Minimum temperature 

AdipoCRERev-erbαflox/flox mice and littermate controls reached during the fast was also similar 

(29.0°C± 0.8 and 30.1°C± 0.6 respectively). Metabolic rate of male mice (n=4 per genotype) 

were also monitored during the fast using indirect calorimetry (Fig. 5.15). Fasting-induced 

reductions in VO2, VCO2, kcal/hr and RER were evident in control animals, and similar changes 

observed in AdipoCRERev-erbαflox/flox mice. Similarly, fasting profiles in COX and FOX were 

observed in both genotypes, suggesting that fuel usage was similar between the mice.  

Taken together, this suggests that expression of Rev-erbα in adipose tissue is not critical for 

the maintenance of rhythmicity in VO2, VCO2, kcal/hr, which is similar to what was observed in 

AdipoCREBmal1flox/flox mice.  To further support data obtained from AdipoCREBmal1flox/flox mice, 

AdipoCRERev-erbαflox/flox mice also maintained temperature rhythms, indicating that disruption 

of the clock in BAT does not result in loss of rhythmicity in body temperature.  

5.3.9 Expression of lipid handling genes in gWAT AdipoCRERev-erbαflox/flox mice 

 

Targeting of Rev-erbα globally or Bmal1 locally disrupted the expression of lipid metabolism 

genes (shown above), suggesting that the clock as a whole, or Rev-erbα specifically, is critical in 

the regulation of these pathways. To differentiate between loss of clock function (Bmal1 

targeting, which results in loss of both Bmal1 and Rev-erbα) and loss of Rev-erbα specifically, 

we studied the expression of lipid handling genes in mice with adipose specific loss of Rev-

erbα. Male mice (n=8 mice/genotype) were culled at ZT6 and gWAT and liver were dissected 

and used for qPCR analysis. Surprisingly, no significant differences were observed in expression 

of lipid handling genes examined (Fasn, Dgat2, Lpl, Atgl, Hsl, Fabp4) in gWAT from 

AdipoCRERev-erbαflox/flox mice (Figure 5.16). Fasn did show up-regulated expression in gWAT 

from AdipoCRE/+/Rev-erbαflox/flox mice when compared to control littermates, although this did 

not reach statistical significance. The lipogenic genes Atgl and Hsl showed no genotypic 

difference in expression, but most surprising was the fact that Lpl was expressed at the same 

levels in gWAT from AdipoCRERev-erbαflox/flox and control mice. No difference in the expression 

of these genes was observed in the liver.  
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Figure 5.15 – Fasting response AdipoCRERev-erbαflox/flox mice.  

Male AdipoCRERev-erbαflox/flox mice (n=6 per genotype) were fasted for 48 hours in metabolic 

cages. No difference was observed in the weight loss and subsequent gain between the 

genotypes.  As expected, during the fast a decrease in all metabolic parameters was observed 

(histograms show average values between hours 42-47 of fast), but with no significant 

difference between genotypes. Data reflect mean ± SEM, unpaired student’s t-test, * = p < 

0.05.  
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Figure 5.16 –Transcript analysis of lipid handling genes in AdipoCRERev-erbαflox/flox mice. 

 gWAT and liver from male AdipoCRERev-erbαflox/flox mice (n=8 per genotype) was obtained and 

qPCR analysis carried out at ZT 6.  As expected, no difference in gene expression was observed 

in the liver of AdipoCRERev-erbαflox/flox mice due to the specificity of the genetic targeting. In 

general, no significant difference was seen in gene expression between genotypes in gWAT of 

AdipoCRERev-erbαflox/flox mice, but a trend for upregulation of Fasn was observed. Data reflect 

mean ± SEM, unpaired student’s t-test, * = p < 0.05, ** = p < 0.005, *** = p < 0.005 
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5.3.10 Insulin sensitivity in AdipoCRERev-erbαflox/flox mice 

 

Global Rev-erbα-/- mice showed enhanced insulin sensitivity during an insulin tolerance test. To 

determine if the role of Rev-erbα specifically in adipose tissue may contribute to this 

phenotype, we performed an insulin tolerance test (0.75 U/kg,  I.P) on AdipoCRERev-erbαflox/flox 

and control animals (n=6 per genotype, male mice). Both targeted and control mice showed a 

similar decrease in blood glucose in response to insulin administration (Figure 5.17).  

5. 4 Summary  
 

Here we targeted Bmal1 and Rev-erbα in adipose to examine differences between loss of clock 

function (Bmal1 loss) and clock manipulation (Rev-erbα loss) within adipose tissue. Bmal1 and 

Rev-erbα were selectively deleted in adipose tissue using adiponectin as a driver. 

AdipoCREBmal1flox/flox mice show no differences in body weight and very subtle differences in 

adiposity compared to littermate controls. Even when challenged with a positive energy 

balance they still do not show an increased propensity for weight gain. This contrasts with 

what was shown by Paschos et al., (2012), which demonstrated that adipocyte specific Bmal1 

knockouts using the fatty acid binding protein (aP2) promoter had increased body weights. 

This may indicate that loss of the clock using adiponectin as a driver has a higher specificity 

than fatty acid binding protein, which is also expressed in macrophages. This increased 

specificity of the knockout may pose less of a physiological problem to these animals. 

Interestingly, no changes in body weight were observed in AdipoCRERev-erbαflox/flox mice 

compared to littermate controls, which contrasted with global Rev-erbα knockout mice, which 

were an obese phenotype with an increased propensity to gain weight. This may highlight that 

the metabolic phenotype caused by global Rev-erbα knockout mouse is not due to clock 

manipulation in adipose tissue. 

AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox mice maintained rhythmicity in metabolism 

parameters such as VO2, VCO2, and RER. Despite this, AdipoCREBmal1flox/flox mice showed 

attenuated feeding rhythms, which indicates a direct effect of the adipocyte circadian clock on 

hypothalamic feeding centres. This parallels work by Paschos et al., (2012), who showed that 

disruption of the adipocyte circadian clock resulted in temporal changes in polyunsaturated 

fatty acids in plasma, which led to corresponding changes in the expression of 

neurotransmitters responsible for appetite regulation in the hypothalamus, for example Agrp  
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Figure 5.17 –Insulin Tolerance Test of AdipoCRERev-erbαflox/flox mice.  

0.75 U/kg insulin was administered I.P. to male AdipoCRERev-erbαflox/flox mice (n = 6 per 

genotype). Blood glucose was subsequently measured post insulin administration and 

expressed as a % change. Insulin tolerance was observed to be the same in both genotypes.  

Data reflect mean ± SEM, 2-way ANOVA, * = p < 0.05 compared to control littermates. 
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and Npy. Work in our lab also shows that global Rev-erbα null mice show increased daytime 

feeding and in both genetic models Rev-erbα expression would be low which may suggest that 

this effect centres on action of Rev-erbα.  

Severe dysregulation of lipid handling genes was also observed in AdipoCREBmal1flox/flox mice.  

Lipolytic enzymes such as Lpl, Atgl and Hsl are profoundly downregulated in gWAT from 

AdipoCREBmal1flox /flox mice. Reporter gene and ChIP assays indicate that CLOCK/BMAL1 directly 

and rhythmically bind to E-boxes in the promoters of Atgl and Hsl (Shostak et al., 2013) 

therefore indicating that Atgl and Hsl are under clock control. Paschos et al. (2012), however, 

demonstrated normal levels of expression of lipolytic genes and therefore suggested there was 

no alteration in lipolysis within the adipocytes. There does not, however, seem to be a bias for 

the lipolytic pathway in these animals as Dgat2 also shows profound attenuation of expression 

in gWAT of these animals. Dgat2 catalyses the formation 

of triglycerides from diacylglycerol and Acyl-CoA and therefore reduced expression of this 

would result in less triglyceride formation. This, along with attenuated lipolysis in the 

AdipoCREBmal1flox/flox animals indicates that there is not a bias towards lipolysis or lipogenesis 

and therefore fitting with there being no observed differences in body weight compared to 

control littermates. Conversely, Fasn shows profoundly upregulated expression in gWAT of 

AdipoCREBmal1flox/flox mice. Fasn has been shown to be Srebp-1c target, and this transcription 

factor is temporarily controlled by REV-ERBα (Le Martelot et al., 2009). Loss of Bmal1 results in 

diminished Rev-erbα expression and therefore lack of repression on Fasn transcription. This is 

further supported by increased Fasn expression in both global Rev-erbα knockout mice and 

AdipoCRERev-erbαflox/flox mice. Interestingly, however, no other significant differences in lipid 

handling gene expression were observed in gWAT of AdipoCRERev-erbαflox/flox mice. This was 

most surprising in the case of Lpl, as this was consistently upregulated in all tissues in global 

Rev-erbα knockout mice and downregulated in AdipoCREBmal1flox/flox mice as Bmal1 is a positive 

regulator of this gene. These results suggest that other physiological consequences of the loss 

of Rev-erbα throughout the body are responsible for the up-regulation of this gene in gWAT, 

and it is not a direct transcriptional effect in adipose tissue.  

After completion of our studies, Zhang et al (2015) reported that the Rev-erbαflox model was 

actually a knock-in of a DBD mutation rather than a complete knockout of the REV-ERBα 

protein and therefore full-length REV-ERBα is still produced, lacking its DBD domain., which 

may explain why many of the parameters such as body weight, fasting response, gene 
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expression that we measured in these mice showed no difference to littermate controls, 

contrasting with data obtained from global Rev-erbα knockouts. Clock control requires Rev-

erbα to bind directly to the genome at its cognate sites, where it competes with activating ROR 

transcription factors. Conversely, Rev-erbα regulates metabolic genes primarily by recruiting 

the HDAC3 corepressor to sites which it is tethered by cell-type specific transcription factors. 

Therefore, direct competition between Rev-erbα and Ror is responsible for the control of the 

molecular clock across all tissues, but circadianly expressed Rev-erbα uses lineage 

determination factors such as hepatocyte nuclear factor 6 (HNF6) to convey a tissue specific 

rhythm, through NCoR and HDAC3, regulating the metabolic needs specific to that tissue. This 

therefore suggests that the role of Rev-erbα in adipose centres on non-DBD dependent 

actions, and therefore not via RORE elements. Therefore, AdipoCREBmal1flox /flox mice and  

AdipoCRERev-erbαflox/flox mice may show such a stark contrast in phenotype compared to global 

Rev-erbα knockout mice, despite both having low Rev-erbα expression in adipose tissue, 

because of the differential role of Rev-erbα specifically in this tissue. 
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Our knowledge of the relationship between the circadian clock and energy homeostasis is ever 

increasing. It is important to understand that the coupling between energy metabolism and 

circadian rhythmicity is reciprocal (i.e. the two systems influence one another).  On one hand, 

the circadian system controls a number of physiological and metabolic processes via circadian 

oscillators contained within regulatory brain regions and peripheral organs (Hastings, 2007; 

Schibler et al., 2003). On the other hand, nutritional and hormonal cues are potent 

synchronizers of oscillators throughout the body, and energy status can influence clock 

function on a cellular level (Balsalobre et al., 2000; Stokkan et al., 2001 and Schibler et al., 

2003). It has been shown that metabolic cues are also capable of altering the master circadian 

clock, and in doing so shape rhythms in behaviour. This close coupling implies that clock 

function my play a role in metabolic disease. In line with this epidemiological evidence 

suggests that disruption of the circadian clock is associated with metabolic complications and 

obesity (Maury et al., 2010; Eckel-Mahan and Sassone Corsi, 2013).  A number of studies have 

now established that shift work, in which the normal synchrony between the light/dark phase, 

sleeping and eating is significantly disturbed, is a risk factor for obesity and diabetes (Pan et al., 

2011).  

 

6.1 Diet Induced Obesity disrupts behavioural and molecular circadian 

rhythms  
 

We therefore wanted to determine the effect of a hypercalorific diet on the circadian clock. 

Our work showed that robust rhythms in activity and core body temperature are maintained in 

chronically HFD-fed C57BL6/J mice. However, a reduction in dark phase activity along with 

reduced amplitude in day/night temperature profiles is observed as well as damped feeding 

rhythms. Food, temperature and exercise are important zeitgebers and therefore dampening 

of these zeitgebers may lead to a weakening of synchrony of the clock throughout the body 

(Stephan, 2002; Atkinson et al., 2007; Rensing and Ruoff, 2009). Interestingly, our work 

demonstrated that chronic HFD leads to altered synchrony amongst different tissue clocks, 

with the adrenal gland and liver showing a phase advance of clock gene rhythms in HFD-fed 

mice, whereas other tissues showed virtually no alteration (e.g. muscle and BAT).  Kohsaka et 

al. (2007) performed a similar study in which they fed C57BL6/J mice HFD for 10 weeks. 

Consistent with our findings, the HFD-fed mice maintained robust diurnal rhythms and the 

amplitude of the circadian rhythm and the overall activity did not differ between NC- and HFD-

fed animals. However, these mice showed an increase in the free running period of activity 
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under DD conditions. Period lengthening occurred within 1 week of HFD-feeding, but 

differences in body weight did not occur until after 3 weeks of hypercaloric feeding, suggesting 

that increased period length is independent of body weight and more likely due to impact of 

the diet itself (Kohsaka et al., 2007). We did not examine free running conditions in our 

studies.  

 

We also assessed feeding behaviour in the mice on either NC or HFD. The proportion of 

calories consumed during the light phase was significantly higher in the HFD fed mice, but this 

was largely due to the decrease in night time feeding rather than an increase in feeding during 

the day. In turn, this resulted in a blunting of the feeding rhythms and therefore a flattening in 

the influx of calories to the body. The blunting of the diurnal feeding rhythms means that mice 

on HFD have a short fasting period and a longer feeding window, which was demonstrated by 

our temporal feeding profile of mice on NC and HFD. As previously mentioned, food is a potent 

zeitgeber and therefore metabolic pathways which are entrained by circadian and feeding 

rhythms become disrupted. This temporal disruption in cellular metabolic processes may 

predispose the animal to obesity and metabolic disease. In support of this, nocturnal mice fed 

a HFD only during the 12-h light phase gained significantly more weight than mice fed only 

during the 12-h dark phase (Arble et al., 2009). Our work demonstrated that alterations in 

nocturnal feeding were apparent within 3 days of the mice being on HFD. This suggests that 

altered feeding patterns reflect a homeostatic response to increased calorie and fat content, 

for example, an increase in satiety signals from fat would result in fewer meals during the dark 

phase, when feeding activity would normally be high. 

 

This data again parallels work done by Kohsaka et al. (2007) in which animals on HFD showed 

diurnal feeding rhythms, which were attenuated in comparison to animals fed NC. In the first 

week of their 10 week HFD trial, mice consumed a higher percentage of their daily food intake 

during the light period, which is the same as observed in our studies. This was due to an 

increased amount of food (g) consumed in the light period and a decrease in the dark period, 

which again was observed before significant weight gain. Therefore, mice on HFD consume 

many extra calories during the 12 hour light phase (especially relative to total intake).  The 

altered pattern in food/calorie intake which shifts towards the ‘incorrect’ time in the light/dark 

cycle may potentiate the obesogenic effect of a hypercaloric diet (Hatori et al., 2012; Garaulet 

and Gómez-Abellán, 2014).  Mice with time-restricted feeding of a HFD in the night phase were 

found to be protected from DIO. These mice were better able to utilise fat as an energy source, 
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as reflected in improved RER and energy expenditure. In ad-libitum HFD-fed mice, in which 

feeding rhythms were dampened, perturbed total and diurnal change in active CREB, mTOR 

and AMPK either reduced or dampened the oscillations of a range of circadian clock 

components, such as Per2, Bmal1 and Rev-erbα in the liver. In turn, increased fatty acid 

synthesis, elongation and desaturation were observed in the mice in comparison to their time 

restricted counterparts, highlighting the importance of temporal compartmentalisation (Hatori 

et al., 2012, Casiraghi et al., 2016). 

 

To specifically address whether HFD feeding would alter clock gene expression/synchrony, we 

profiled gene expression in central and peripheral tissues in obese and normal weight mice. 

We found that chronic HFD feeding results in damped rhythms specificially in gWAT. Similar 

gene expression profiles have been carried out in a number of studies. However, the extent to 

which HFD-feeding impacts the circadian system varies widely between studies, with minimal 

effects on clock gene expression reported in some cases (Stavinoha et al., 2004; Sato et al., 

2006; Yanagihara et al., 2006) and a significant damping of circadian rhythm reported in others 

(Kohsaka et al., 2007). The differences in the extent of effect of HFD on clock gene expression 

is not unexpected as our studies demonstrate that the duration of HFD feeding can have a 

significant impact, with clock gene disruption being observed only after 16 weeks HFD feeding. 

Here we provide evidence by profiling clock gene expression in a large number of tissues that 

chronic HFD feeding results in profound and specific dampening in clock gene rhythms in WAT 

and most notably in gWAT. In gWAT, Dbp, Per2 and Rev-erbα showed the most attenuated 

rhythms in HFD mice. Interestingly, our study demonstrated that HFD had only a moderate 

effect on Bmal1 expression. As BMAL1 activates the transcription of clock genes by 

heterodimerising with CLOCK and then binding to E-boxes within target genes, it is possible 

that E-box mediated transcription is affected in DIO. This would explain why diurnal variation 

of Bmal1 is only mildly affected, yet Dbp, Per2 and Rev-erbα, which are strongly E-box 

regulated, show severe attenuation.   This, however, contrasts work done by Prasai et al. 

(2012) which showed that there was a marked and significant attenuation of the cycling of 

Bmal1 in adipose tissue of DIO mice after 10 weeks of HFD feeding. Kohsaka et al., (2007) also 

showed clock disruption in adipose tissue, with Bmal1 expression being reduced in both the 

light and the dark periods and Per2 expression decreased selectively during the dark period. 

Both studies by Prasai et al. (2012) and Kohsaka et al. (2007) demonstrated a specific 

dampening of the clock in adipose tissue, which supports our findings. Clock gene rhythms in 

gWAT are more susceptible to obesity related dysfunction compared to scWAT, likely 
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representing depot-specific differences in the metabolic and inflammatory response to 

obesity-related hypertrophy. Clock rhythms persist to the same extent as lean patients in 

scWAT of patients with obesity and type 2 diabetes maintained under controlled conditions 

(Otway et al., 2011). However, analysis of adipocytes obtained from gWAT of lean and obese 

patients demonstrated clock gene dysregulation in the obese group, with significant 

upregulation of Bmal1, Cry1 and Rev-erbα over the 24 hour period (Viera et al., 2014). This 

contrasts with our data obtained from a DIO mouse model, specifically in the case of Rev-erbα, 

which is downregulated throughout the circadian series and shows the strongest attenuation 

of rhythm in the DIO model. This may be an indication that other peripheral factors, such as 

inflammation, caused by DIO in vivo play a role in clock gene dysregulation in gWAT. Severe 

attenuation of Rev-erbα rhythms was also observed in liver and muscle of the DIO muscle, a 

finding supported by the work of Kohsaka et al. (2007). Together, this data may also suggest 

that attenuation of Rev-erbα expression may be a compensatory response in vivo to combat 

the effects of obesity. This is supported by a study which showed that mice lacking Rev-erbα 

had elevated serum adiponectin levels, which acts as an anti-inflammatory cytokine in 

hypertrophic WAT (Hand et al., 2015). Importantly, our study demonstrates that clock gene 

rhythms are maintained in the hypothalamus in mice on NC and HFD. This is supported by data 

obtained from Kohsaka et al., (2007) in which they show cycling of Bmal1 and Per2 RNA in the 

MBH which was unaffected by HFD, indicating that clock function in the brain is unaffected by 

HFD. This work is reinforced by data obtained from the ob/ob mouse model, in which the 

leptin gene is disrupted. In this model, peripheral, but not central clocks are impaired. 

Specifically, mRNA expression profiles of clock and clock controlled genes in the SCN were not 

affected; however, they were significantly dampened in liver and adipose tissue (Ando et al., 

2011). 

 

Although amplitude of rhythms is largely unaffected by DIO in the majority of peripheral 

tissues, chronic HFD feeding did result in tissue desynchrony, for example rhythms are 

advanced in liver and adrenal gland but not in muscle, BAT or scWAT. Advancement of hepatic 

clock gene rhythms has been reported previously in HFD-fed mice, in response to acute 

changes in diet composition (Pendergastet al., 2012; Eckel-Mahan et al., 2013) suggesting 

desynchrony may not be due to obesity per se but rather in response to altered dietary intake. 

For example, the shift in feeding pattern towards the inactive phase may result in this 

desynchrony. Also, metabolites themselves have been shown to affect clock timing. Increased 

levels of circulating fatty acids result in phase shifts of peripheral clocks (Kim et al., 2016). 
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Eckel-Mahan et al., (2013) suggested that changes in diet composition results in alteration of 

the clock by impairment of CLOCK:BMAL1 chromatin recruitment. Additionally, insulin 

resistance can become present as quickly as 3 days into a HFD feeding regime (Lee et al., 

2011). This results in increased glucose circulation, and glucose is a well-documented circadian 

clock regulator. In vivo glucose administration has effects on both central and peripheral 

clocks. Glucose infusion during the inactive phase strongly induces expression of Per2 in the 

SCN but suppresses Per2 expression in the liver (Iwanaga et al., 2005). This also demonstrates 

that glucose has tissue specific effects of the clock and may contribute the desynchrony seen 

in the DIO mice. 

 

The phase of the clock and synchrony between tissues is important as it sets metabolic 

rhythms. Altered levels as well as rhythm of metabolic gene expression were observed in the 

DIO model. Mammals show alternating cycles of lipogenesis and lipolysis. During the inactive 

phase there is an increase in body fat utilisation and therefore lipolysis predominates, reducing 

the need for food intake. During the active phase, however, the converse is true and 

lipogenesis predominates in order for energy to be stored to fulfil the energy requirements of 

the low activity period (Le Magnen, 1988). It is therefore important for adipose tissue to be 

synchronised with other organs and tissues, for example the liver. In the post-absorptive state, 

blood glucose levels increase and hepatocytes remove glucose from the blood stream to store 

it as glycogen or use it to synthesise lipids that can be stored either in the liver or be 

transported to adipose tissue in the form of VLDLs. Adipose tissue takes up TAG from 

circulating lipoprotein particles by means of LPL for storage. When lipolysis occurs, FAs are 

released from adipose tissue in order to be used as an energy source throughout the body, 

including the liver. In order to ensure tissue homeostasis, these physiological processes must 

be coordinated. Perturbation of the synchrony of the circadian system throughout the body 

has been linked to the development of metabolic syndrome (Scheer et al., 2009). 

 

My results demonstrate that circadian rhythmicity extends to a selection of genes involved in 

lipogenesis and lipolysis in gWAT, scWAT and liver, suggesting that the clock is important in the 

drive of lipid metabolism. Previous evidence has demonstrated that Atgl and Hsl transcripts 

show circadian variation in cultured fat pad explants (Shostak et al., 2013).  As shown by 

reporter gene and ChIP assays the CLOCK:BMAL1 heterodimer regulates Atgl and Hsl 

transcription in adipose tissue by binding to the E-boxes and therefore rhythmicity in these 

genes is expected (Shostak et al., 2013). Circadian variation of lipid gene transcripts has also 
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been demonstrated previously in the liver, with Dgat2 (Bhargava et al., 2015) and Lpl (Ptitsyn 

et al., 2006) showing rhythmicity. A pronounced yet highly tissue-specific alteration in 

metabolic gene expression was observed in our DIO obesity model. In gWAT, HFD resulted in 

attenuation of rhythms and downregulation of lipogenic gene expression (Dgat2, Fasn) and 

lipolytic gene expression (Atgl and Hsl) which contrasts to the upregulation of Hsl, Lpl and 

Dgat2 in scWAT.  Interestingly, scWAT has a larger storage capacity for triglyceride than gWAT, 

as at a certain body weight, gWAT stops expanding because of increased adipocyte death 

(Strissel et al., 2007).Therefore, in a hypercaloric state it would be beneficial for increased 

lipogenesis within scWAT in order to promote the ‘safe’ storage of triglyceride rather than the 

ectopic distribution of fat, for example in the liver. A number of in vivo and in vitro studies 

(Reynisdottir et al., 1994; Jensen, 1997; Horowitz and Klein, 2000) suggest that there is lipolytic 

resistance to catecholamines in scWAT in obesity and therefore Hsl upregulation in this tissue 

may be an over-compensatory mechanism, with the aim that enhanced Hsl expression would 

result in increased HSL protein expression to potentially overcome the catecholamine 

resistance. Increased Hsl expression in scWAT of DIO mice may mean increased lipolytic 

activity within this tissue in comparison to gWAT. It has been previously demonstrated that Hsl 

expression is decreased in mature subcutaneous fat cells of obese subjects (Large et al., 1999) 

but expression increases during adipocyte differentiation (Langin et al., 2005). The difference 

in expression of HSL between the two WAT depots may be due to increased hyperplasia in 

scWAT under DIO challenge compared to gWAT. It has also been demonstrated that Hsl is 

upregulated by PPARγ (Deng et al., 2006). In our DIO mode, Pparγ is downregulated in gWAT 

and upregulated in scWAT and these depot specific expression patterns match those of Hsl. It 

is therefore likely that that Pparγ expression is responsible for the differential expression of Hsl 

within the depots.  Although HFD-feeding resulted in minimal alterations in expression of 

genes involved in lipid metabolism in the liver, it induced rhythmic cycling of Hsl. Interestingly, 

Eckel-Mahan (2013) reported that 38% of rhythmic transcripts had an increased amplitude in 

the liver when mice were subjected to HFD, and this relied on the robust, circadian 

accumulation in the nucleus and on chromatin of the transcription factor PPARγ. This is in 

keeping with our data, as HFD-feeding resulted in enhanced PPARγ expression in the liver. As 

PPARα and PPARγ are direct regulators of the core clock components, Bmal1 and Rev-erbα 

(Inoue et al 2005, Canaple et al., 2006), together this data highlights the PPARs are the 

interface between the clock and metabolism. 
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Rhythmicity was also observed in genes involved in glucose handling in liver, muscle, gWAT 

and scWAT with severe downregulation and attenuation of expression particularly observed in 

gWAT of HFD-fed mice. On normal chow, Pepck exhibited robust diurnal variation. Pepck codes 

for an enzyme responsible for gluconeogenesis in the liver and glyceroneogenesis, a process 

which is critical for the generation of glycerol to support the synthesis of triglyceride, in 

adipose tissue (Reshef et al., 1970). It has been previously demonstrated that PEPCK activity in 

the liver exhibits a diurnal rhythm (Phillips and Berry, 1970) which in turn contributes to the 

diurnal rhythm of hepatic glucose production (Kida et al., 1980).  CREB and FOXO1 are the two 

major transcription factors that drive Pepck expression (Gross et al., 2008; Altarejos and 

Montminy, 2011). Glucocorticoid hormone is released in a diurnal manner and has been 

shown to activate transcription of Pepck, (Phillips and Berry, 1970; Le Minh et al., 2001; 

Chakravarty et al., 2005). The glucocorticoid-dependent interaction between CRYs and the 

glucocorticoid receptor has been characterised (Lamia et al., 2011). CRYs repress both 

glucagon and glucocorticoid signalling and thus constitute a negative circadian pathway to the 

transcriptional control of Pepck. It was also demonstrated by Yin et al., (2007) that the nuclear 

receptors REV-ERB/ROR also directly regulate PEPCK expression. This data is interesting, as in 

our studies in DIO mice, we have shown that the circadian clock is disrupted, particularly in 

gWAT. The effect of HFD on Pepck expression in gWAT is profound, with a loss of diurnal 

variation as well as severely reduced expression. This may indicate that attenuation of clock 

gene and clock related gene expression in gWAT results in loss of rhythmicity and diminished 

expression of Pepck. It is also important to note that HFD in itself would result in decreased 

Pepck expression, because both the gluconeogenesis and glyceroneogenesis pathways become 

most prominent in the fasted state, in events of low carbohydrate availability. However, in a 

positive energy balance state, there is a reduced requirement for these pathways. Out of all 

tissues examined, rhythmicity of genes in gWAT were most affected, with Glucokinase and 

Glut4 not only losing diurnal variation but also showing pronounced attenuation of expression. 

This parallels what was observed in clock gene rhythms as well as lipid handing genes, with 

gWAT being the most dramatically affected by HFD-feeding. It will be critical to determine 

whether the clock directly contributes to metabolic gene disruption. 

 

It has previously been demonstrated that PPARγ expression is induced in the liver response to 

HFD (Vidal-Puig et al., 1996) and during the development of diet induced fatty liver disease 

(Inoue et al., 2005). In a study carried out by Eckel-Mahan et al.,  (2013) it was evident that  

Pparγ mRNA expression was robustly oscillatory in the liver of HFD fed animals, whereas levels 
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of total PPARγ protein were elevated but showed no circadian variation, which correlates to 

our findings.  Moreover, a novel role for PPARγ in reprogramming transcriptional rhythms in 

the mouse liver in response to HFD was demonstrated (Eckel-Mahan et al., 2013).  Chromatin-

bound PPARγ displayed a robust change at different ZTs only in HFD mice, and it was 

suggested that transcriptional reprogramming induced by HFD relies on changes in the 

presence and pattern of oscillation and chromatin recruitment of PPARγ.  PPARγ circadian 

function in HFD-fed mice therefore still relies on the clock-controlled nuclear translocation of 

the protein and rhythmic chromatin recruitment to target genes. In contrast to this, the 

profound effect elicited by HFD with regards to dampening rhythms is caused by either phase-

shifted or reduced recruitment of the CLOCK:BMAL1 complex to chromatin at the level of 

target promoters (Eckel-Mahan et al., 2013). HFD does not, however, affect CLOCK:BMAL1 

nuclear translocation. This may go some way to explain the dampened rhythms and 

attenuated expression of Rev-erbα observed most notably in the liver and gWAT as 

CLOCK:BMAL1 drives the rhythmic transcription of this gene (Triqueneaux et al., 2004). It 

would be interesting to follow this up with ChIP assays of BMAL1:CLOCK and Rev-erbα and 

Western Blots of REV-ERBα in liver and adipose tissue of DIO mice as it is likely to be gene 

specific since other E-box driven genes, for example Dbp and Rev-erbβ were not damped. 

 

Much work has been carried out to establish the close interconnection that exists between the 

circadian clockwork and cellular metabolism. My work along with the work of others by means 

of transcriptomic, proteomic and metabolomics studies provides evidence that metabolic 

processes such as gluconeogenesis and lipid metabolism  are highly rhythmic and are either 

directly or indirectly guided by circadian clockwork (Panda et al., 2002; Reddy et al., 2006; 

Eckel-Mahan et al., 2012; Zhang et al., 2014).  Fluctuations in cellular energy balance such as 

redox state as well as ATP/AMP availability can influence clock function.  The activity of energy 

responsive regulators including SIRT1, AMPK, PGC-1α, and PPARα/γ can also have an impact on 

the function of the clock (Peek et al., 2012).  PPARα/γ receptors are both regulated by the 

clock, yet also feed-back directly onto the clock through transcriptional regulation. This 

suggests that the alterations to PPAR and clock gene expression observed in gWAT and liver of 

the obese mice may be causally linked.  Based on the liver reprogramming observed by Eckel-

Mahan et al. (2013) in response to HFD and the dampening of clock gene rhythms observed by 

our work in adipose tissue, in obesity the temporal relationship between these two tissues 

may be disrupted. It is uncertain whether clock breakdown drives alterations in Ppar 

expression or vice versa. It can be speculated that as both Pparα and Pparγ increase Rev-erbα 
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expression (Duez and Staels, 2008), and as expression of the Ppars is severely attenuated in 

gWAT of the DIO model, this may be responsible for the attenuation of Rev-erbα expression in 

this tissue and the subsequent breakdown of the clock.  

 

The contrast between the acute response to HFD in the liver, i.e. advancement of hepatic clock 

gene rhythms (Pendergast et al., 2012; Eckel-Mahan et al., 2013) and the chronic response of 

dampened rhythms of clock genes (our data) observed in gWAT is particularly interesting. 

gWAT and liver have previously been shown to have temporally separated development of 

insulin resistance (Kleemann, 2010). Using radioactive hyperinsulinemic euglycemic clamp 

analysis, in combination with gene microarray and metabolomic analysis, it was determined 

that insulin resistance is first observed in the liver after approximately 6 weeks on HFD; 

whereas, insulin resistance in WAT develops later, after 12 weeks of HFD (Kleemann, 2010). 

Interestingly, time-dependent and tissue-specific differences in tissue inflammation were also 

observed in this study, with the liver showing an acute transient increase in inflammation 

before returning back to normal, whereas gWAT inflammation increased over time up to 12 

weeks corresponding to the development of insulin resistance (Kleemann, 2010). Our data, 

along with others (Prasai et al., 2013) point to the relationship between the increase in 

inflammation in gWAT and the damping of the circadian clock. Systemic inflammation, such as 

during endotoxin shock (LPS challenge), has been shown to disrupt clock gene expression and 

behavioural rhythms (Haimovich et al., 2010; Cermakian et al., 2014; Paladino et al., 2014) 

Additionally, a wide range proinflammatory cytokines have been shown to have an effect on 

the circadian system. An example is TNF-α which has been shown to act on the SCN. When 

injected intracerebroventrically in mice, TNF-α caused a phase delay in locomotor activity 

rhythms (Leone et al. 2012).Therefore it is likely that obesity-related infiltration of pro-

inflammatory immune cells into gWAT is a contributing factor to the clock disruption reported 

in our work. This is also supported by the fact that increased inflammatory marker transcripts, 

clock disruption and a reduction in Ppar expressionwere not present until 16 weeks HFD-

feeding. 

 

Given the clear overlap in the timeline between increased inflammation, damping of circadian 

clock and development of insulin resistance in gWAT during the progression of obesity, it is 

interesting to spectulate that these processes are dependent upon, or caused by each other. 

For example, PPARγ is a clear link between the clock, obesity and inflammation. It is involved in 

governing the inflammatory response by interfering with pro-inflammatory transcription 

http://link.springer.com/article/10.1007/s00005-014-0286-x#CR91
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factors, e.g. NF- κB (Ricote et al., 1998). It also prevents the removal of corepressor complexes 

from gene promotor regions resulting in suppression of inflammatory gene transcription 

(Pascual et al., 2005). PPARγ also plays a role in determining the fate of preadipocytes to either 

adipocytes or macrophage type cells. PPARγ activation favours adipocyte differentiation which 

results in a decreased inflammatory status of adipose tissue during obesity. In our studies, DIO 

mice show reduced PPARγ expression in gWAT, which may be facilitate the increased 

inflammatory markers observed in these mice. It is yet to be determined whether loss of 

robust circadian rhythms in gWAT contributes to obesity related metabolic dysfunction, but 

interestingly, pharmacological targetting of the circadian clock, by means of synthetic REV-

ERBα agaonists has been shown to improve metabolic disturbance in DIO and genetic models 

of obesity (Solt et al., 2011). Our data shows that Rev-erbα is the clock related gene most 

affected by chronic HFD, further strengenthing the possibility of a link between the necessity 

of robust gWAT clock rhythms to maintain a healthy metabolic state. In fact, our own data 

suggests that entrainment using daily CK1ε inhibitors can improve glucose homeostasis 

(Cunningham et al., 2016)..  

 

6.2 Loss of Rev-erbα results in severe disruptions to lipid handling 
 

REV-ERBα is a transcription factor involved both in the molecular clockwork and in several 

metabolic pathways. Therefore, delineating REV-ERBα contribution to energy homeostasis is 

an important step toward understanding the functional crosstalk between the circadian and 

metabolic systems. Here we show that loss of Rev-erbα in mice, despite maintenance of robust 

physiological rhythms, results in compromise of the gWAT clock. Rev-erbα knockout mice 

exhibited robust entrainment of wheel-running activity rhythms to a 12:12 LD cycle and 

displayed a shortened period once released into constant darkness (DD). This confirms 

previous work carried out by Preitner et al. (2002) who showed that under both DD and LL 

conditions, the average period length was significantly shorter in Rev-erbα null mice. 

Interestingly, transgenic mice overexpressing the Clock gene show a similar phenotype, with 

period shortening beyond the normal WT values observed (Antoch et al., 1997). Both 

transgenic models result in the overexpression of components of the positive limb of the 

circadian clock and therefore result in more potent activation of Cry and Per genes, which in 

turn would reduce the duration required to produce CRY and PER threshold levels sufficient for 

the downregulation of their own genes. This, however, contrasts our data in which Per 

expression in Rev-erbα-/- mice is attenuated. Prietner et al., (2002), however, demonstrated 
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that loss of Rev-erbα in mice resulted in very little alteration in both Per2 mRNA and PER2 

protein expression.   

Despite maintaining behavioural rhythms, attenuation of the clock specifically in gWAT of Rev-

erbα-/- mice was observed by both ex vivo bioluminescence recording or PER2::Luciferase and 

mRNA expression analyses. Rev-erbα is very highly expressed in gWAT (Solt et al., 2011) 

whereas Rev-erbβ is expressed at high levels in parts of the brain (pineal and prefrontal 

cortex), thyroid, uterus and pituitary (Bonnelye et al., 1994). Therefore, in gWAT and other 

metabolic tissues, Rev-erbβ is unable to compensate for the lack of Rev-erbα, rendering gWAT 

to be strongly affected. This may also suggest that the clock is more reliant on Rev-erbα in 

adipose tissue. This is interesting, as although Rev-erbα knockout mice showed little difference 

in body weight compared to WT C57BL/6 littermates, they showed significant increase in 

gWAT weight, resulting in an obese phenotype. This confirms the findings of Delezie et al. 

(2012). It is important to note that the increased adiposity of Rev-erbα knockout mice was not 

due to hyperphagia, as these mice consumed the same amount of calories as WT C57BL/6  

littermates. As shown by our DIO studies, HFD-feeding results in a profound and specific 

dampening of the clock in gWAT, and therefore attenuation of clock gene rhythms in Rev-erbα 

knockout mice may be linked to the increased adiposity.  Inflammation was previously 

suggested as a potential factor of the clock breakdown in gWAT of the DIO model, but Rev-

erbα knockout mice exhibit an attenuation of typical pro-inflammatory stimuli with enhanced 

anti-inflammatory signalling (Hand et al., 2015). Adiponectin may be responsible for the 

reduced inflammation observed in Rev-erbα null mice as they exhibit elevated serum 

adiponectin levels and increased adiponectin secretion from WAT. Adiponectin was found to 

supress primary macrophage responses to lipopolysaccharide and pro-inflammatory fatty 

acids. This suppression depended on glycogen synthase kinase 3β activation and induction of 

A20, a cytoplasmic ubiquitin modifying enzyme and therefore the attenuated inflammatory 

response in mice lacking Rev-erbα  was also associated with the tonic elevation of A20 (Hand 

et al., 2015). The absence of adipose inflammation in the Rev-erbα knockout mice is not a 

result of general lack of inflammatory response, however, because these animals exhibit 

robust responses to systemic endotoxin administration (Gibbs et al., 2012). Heme has been 

shown to have both pro-oxidant (Phumala et al., 2003) and pro-inflammatory effects (Wagener 

et al.,2001) and as this is the natural ligand of Rev-erbα, it may be that heme can act via Rev-

erbα to bring about inflammation, but when Rev-erbα is not present, this mechanism cannot 

be executed.  Further supporting reduced inflammation in adipose tissue was reduced 

circulating FFA and glycerol in Rev-erbα knockout mice, which is indicative of reduced lipolysis, 
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a known inflammatory signal (Zhang et al., 2014). Taken together, this suggests an important 

role for Rev-erbα in adipose tissue and may suggest that the increased adiposity in these mice 

is linked to a less robust clock, but it is unlikely that inflammation is responsible for clock 

breakdown in gWAT of these animals. PPAR expression was also strongly attenuated 

specifically in gWAT our C57BL/6J DIO mice. Rev-erbα is a target gene of PPARγ and therefore 

when Rev-erbα is absent and adiposity is increased, PPARγ may be unable to exert its circadian 

effects in gWAT (Gervois et al., 1999). Also, Rev-erbα is a repressor of PPARγ  and therefore 

loss of this repression may increase PPARγ  activity and in turn increase lipogenesis. PPARα is 

required to maintain the circadian rhythm of Bmal1 in peripheral tissues via direct binding to a 

PPARα response element located in the Bmal1 promotor (Canaple et al., 2006). Increased 

adiposity in Rev-erbα knockout mice may therefore result in decreased PPARα expression in 

gWAT and therefore reduce its ability to maintain circadian rhythms in this tissue, resulting in 

gWAT being particularly affected by the lack of Rev-erbα. 

Maintenance of the Reverbα knockout mice on HFD resulted in a profound increase in body 

weight and adiposity compared with HFD-fed control littermates. Interestingly, in contrast to 

Rev-erbα-/- mice on NC, HFD-fed mice were hyperphagic. This hyperphagia may be brought 

about by a lack of satiety in these animals, but this is unlikely as Delezie et al., (2012) showed 

that leptin levels were increased in Rev-erbα-/- mice Characterisation of hypothalamic neurons 

implicated in feeding and energy balance, for example ARC neurons, which are particularly 

sensitive to feeding related signals such as leptin and ghrelin may be informative as other clock 

mutations have been shown to effect the neuropeptides produced by these neurons. For 

example, the rhythmic pattern of α-MSH, an appetite suppressing peptide, is disrupted in Per2-

/- mice and peripheral administration of α-MSH induces weight loss (Yang et al., 2009). Also, 

ClockΔ19 mutation leads to dampening of the rhythms of hypothalamic neuropeptide levels 

such as CART and orexin (Turek et al., 2005). Rhythms of circulating ghrelin in these mice also 

become dampened. It is clear that the clock plays a role in satiety signalling. However, in Rev-

erbα-/- mice subjected to HFD, it is possible that loss of Rev-erbα, along with hugely increased 

adiposity is responsible for the hyperphagia observed, as leptin resistance has been shown to 

be present in obese animals and human patients (Caro et al., 1996; Considine et al., 1996; 

Schwartz et al., 1996). It has also been shown that administration of a synthetic REV-ERBα 

agonist to DIO mice led to a reduction in adipose tissue mass and circulating leptin levels 

decrease by 80% (Solt et al., 2012). It is also possible that there is a defect in energy sensing in 

Rev-erbα-/- mice. It has been shown that in acquired obesity is there is a reduction in the 

energy sensing NAD+/SIRT pathway (Jukarainen et al., 2016). On top of this, Rev-
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erbα deficiency results in deactivation of the liver kinase B1 (Lkb1)-Ampk-Sirt1–PGC-

1α signalling pathway, which is important in detecting and responding to energy status (Woldt 

et al. 2013). Rev-erbα also regulates glucagon secretion via AMPK/Nampt/Sirt1 pathway. The 

catalytic subunits of AMPK are co-localized with NPY in the ARC (Kim et al., 2004) and 

therefore the combined disruption of the AMPK signalling pathway through exaggerated 

obesity and loss of Rev-erbα  may be responsible for the hyperphagia seen in Rev-erbα-/- mice 

on HFD. Concentrations of long chain fatty acids (LCFA) in Rev-erbα-/- mice on HFD may also 

explain the hyperphagia observed. Following a bolus administration of the LCFA, oelic acid, in 

rats, food intake was reduced for 2 days and this was likely mediated by decreased 

hypothalamic NPY mRNA levels (Obici et al., 2002). Paschos et al. (2012) demonstrated that 

disruption to the circadian clock in adipocytes resulted in the reduction in the amount of key 

enzymes involved in the biosynthesis of polyunsaturated fatty acids (Elovl6, Scd1). These 

polyunsaturated fatty acids are able to cross the blood brain barrier and provide information 

on the metabolic status of the animal to hypothalamic centres which regulate feeding activity. 

However, Delezie et al., (2012) showed that hepatic expression of Elovl6 was increased in Rev-

erbα-/- mice on HFD, suggesting that polyunsaturated fatty acid levels in these mice may not be 

able to explain the hyperphagia observed.  

 

The hyperphagia observed in the Rev-erbα-/- mice, however, does not completely explain the 

severe obesity observed in these mice. When food intake was restricted in these mice to 

normalise to WT C57BL/6 mouse intake on HFD, the Rev-erbα-/- mice still showed increased 

adiposity in comparison to the WT C57BL/6 controls (Cunningham, unpublished data). This 

suggests that there is difference in fat accumulation and storage in these mice. Lower 

circulating FFAs in Rev-erbα knockout mice may reflect the incorporation of lipid into adipose 

tissue, suggesting that these mice may have an increased storage capability. Decreased 

expression of the lipolytic genes Atgl and Hsl is also observed in Rev-erbα knockout mice on 

HFD which may result in decrease circulating FFAs due to decreased lipolysis. This is further 

supported at a protein level, with ATGL showing reduced expression in Rev-erbα knockout 

mice on HFD compared to WT C57BL/6 controls, showing that even amid adipocyte 

hypertrophy there is an increased bias for lipid storage. This phenotype was also observed by 

Delezie et al., (2012). This group also observed enhanced hepatic expression of Acc, Fasn and 

Elovl6 in Rev-erbα knockout mice maintained on HFD, showing that even when faced with a 

positive energy balance, there is still an increase in de novo lipogenesis in these animals and 

therefore an increased ability to produce fat. However, despite the fact that Pparα and Pparγ 

http://www.nature.com/nm/journal/v19/n8/full/nm.3213.html#auth-1
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are regulated by the clock and our studies showed profound changes in C57BL/6J DIO mice, 

deletion of Rev-erbα did not alter Ppar gene expression in gWAT, liver or muscle. Pparα and 

Pparγ transcripts were upregulated in the liver of C57BL/6 animals on HFD, however 

upregulation of Pparα in the liver of Rev-erbα knockout mice on HFD was not observed. Overall 

this data would suggest the effect that loss of Rev-erbα has on susceptibility to DIO is not due 

to altered transcription of Ppars. Significant downregulation of Ppar expression in response to 

14 week HFD feeding was also not observed in the gWAT of C57BL/6  or Rev-erbα knockout 

mice in a separate study. This contrast between the different C57BL/6 groups (DIO and Rev-

erbα+/+) may be due to the sex difference and/or the relatively low body weight of the C57BL/6  

mice in the Rev-erbα trial. Nevertheless, our results suggest that Pparγ is protected from the 

obesity related decrease in Rev-erbα knockout mice, because these mice showed extreme 

adiposity but no change in Pparγ expression. Infact, maintenance of Ppar levels may contribute 

to enhanced obesity.  

Apolipoprotein C-III (apoC-III), however, may play a role in the increased fat accumulation in 

Rev-erbα-/- mice. It is a major constituent of triglyceride rich remnant lipoproteins that impede 

triglyceride hydrolysis and remnant clearances. Transient co-transfection experiments in rat 

hepatocytes in primary culture demonstrated that overexpression of Rev-erbα specifically 

decreases apoC-III promotor activity. On top of this, Rev-erbα deficient mice display elevated 

serum and liver mRNA levels of apoC-III (Raspé et  al., 2002). It has been demonstrated that 

apoC-III overexpression exacerbates diet induced obesity by promoting increased availability of 

NEFA from post-prandial triglyceride-rich lipoproteins combined with greater adipose capacity 

for lipid uptake and retention as well as reduced adipose tissue lipolysis (Raposo et al., 2015). 

Rev-erbα deficient mice on HFD also display increased ketonaemia which is likely as a response 

to an overload of the citric acid cycle, with blood glucose being converted to acetyl-CoA in 

parallel to the production of acetyl-CoA from fat breakdown. Although the skeletal muscle has 

an enhanced oxidative capacity in Rev-erbα-/- mice, this is evidence that it is not sufficient to 

cope with the adverse effects of chronic HFD feeding (Delezie et al., 2012). Rev-erbα has also 

been shown to repress PAI-1 gene expression through two Rev-erbα binding sites in the PAI-1 

promotor and therefore increased expression of PAI-1 would be expected in Rev-erbα deficient 

mice (Wang et al., 2006). A variety of studies have been conducted which support the 

relationship of PAI-1 with the development of obesity. Fat accumulation was prevented in 

mice lacking PAI-1 in both diet induced and a genetic murine model of obesity (Schafer et al., 

2001; Ma et al., 2004; De Taeye et al., 2006).  
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Daily cycles of lipid and glucose utilisation are observed in animals and therefore it is possible 

that increased adiposity in the Rev-erbα knockout mice may be due to decreased lipid 

utilisation. However, our studies show that there were no differences seen in the RER values 

between the control and knockout mice suggesting that there is not a change in fat utilisation. 

Work by Delezie et al. (2012) showed that basal metabolism was not significantly different 

between genotypes and the daily mean respiratory quotient values did not change between 

gentotypes. However, Delezie et al. (2012) found that Rev-erbα null mice showed altered daily 

variations in respiratory quotient values compared to control mice, with lower, and higher 

values during the day and night respectively (i.e. there was a larger amplitude compared to 

control littermates). This group suggested that Rev-erbα knockout mice have increased fatty 

acid utilization during the resting period compared to littermate controls whilst their glucose 

utilization is delayed and increased during the active period. However, we observed  an 

increase in COX in Rev-erbα mice during the light phase, compared to control littermates, 

which indicated an increased dependency on carbohydrate use during this time. Nonetheless, 

our work and that of Delezie et al., (2012) indicates that no difference in basal metabolism is 

observed between Rev-erbα null mice and control littermates. Administration of a synthetic 

REV-ERBα agonist has been shown to increase energy expenditure in mice which was not due 

to increased activity (Solt et al., 2012). Administration of this agonist also resulted in a 

decrease in fat mass in the mice. The increase in metabolic rate in these REV-ERBα agonist 

treated mice was explained by elevated expression of Cpt1b, the rate limiting enzyme for β–

oxidation of fatty acids, as well as the increased expression of Fatp1, for a protein involved in 

fatty acid transport into skeletal muscle. Together, this suggested an increase in fatty acid β–

oxidation in these mice and it is therefore highly likely that Rev-erbα plays a role in the daily 

cycles of lipid and glucose utilisation, with a possible elevation of fat synthesis from dietary 

glucose during the active phase. 

 Our work and the work of others (Ptitsyn et al., 2006; Solt et al., 2012; Shostak et al., 2013; 

Bhargava et al., 2015) has demonstrated that a variety of genes involved in lipid metabolism 

show circadian rhythmicity, such as Dgat2, Fasn, Atgl, Hsl and Lpl. It would therefore be logical 

that manipulation of the clock would result in a dysregulation of lipid metabolism. A synthetic 

REV-ERBα agonist, SR9011, has profound effects on metabolic gene regulation (Solt et al., 

2012). For example, in the liver, Fasn expression is phase shifted around 8 hours, resulting in 

peak Fasn expression occurring at the start of the resting phase, in comparison to peak 

expression being observed just before the start of the active phase on vehicle treated mice. 

Our work highlights that Fasn expression in the liver of Rev-erbα knockouts is downregulated 
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in comparison to control littermates. However, Fasn expression in gWAT is upregulated in Rev-

erbα knockouts. Fasn also shows profoundly upregulated expression in AdipoCREBmal1flox /flox 

mice and AdipoCRERev-erbαflox/flox mice. Fasn has been shown to be Srebp-1c target, and this 

transcription factor is temporarily controlled by REV-ERBα (Le Martelot et al., 2009). Loss of 

Bmal1 results in diminished Rev-erbα expression, similar to global and adipocyte specific Rev-

erbα knockout mice and therefore lack of repression on Fasn transcription.  Both Hsl and 

Dgat2 were significantly upregulated in gWAT of Rev-erbα knockout mice which is interesting 

as it suggests that there is not a bias for lipogenesis over lipolysis. In the study conducted by 

Solt et al. (2012), administration of SR9011 resulted in the suppression of expression of Hsl and 

Dgat2, highlighting Rev-erbα as an important regulator of these genes. DGAT2 is an integral 

membrane protein that catalyses the final enzymatic step in the production of TAGs. It is 

responsible for transferring an acyl group from acyl-CoA to DAG to form TAG which are stored 

in either adipocytes or hepatocytes (Lardizabal et al., 2001) and so an increase in Dgat2 would 

suggest an increase in lipogenesis in the mice. The E-box activators CLOCK and BMAL1 and RRE 

repressors (REV-ERBs) bind to the Dgat2 promotor (Tsai et al., 2010; Bhargava et al., 2015). 

Upregulation of Dgat2 in the Rev-erbα knockout mouse is therefore logical, as REV-ERBα 

repression of Dgat2 is lost. Dgat2 shows profound attenuation of expression in gWAT of 

AdipoCREBmal1flox /flox mice, likely due to the inability of the CLOCK:BMAL1 heterodimer to bind 

to the promoter of the gene. However, as there is also an upregulation of Hsl transcript in 

gWAT in Rev-erbα knockout mice it would seem that there is no bias towards lipogenesis or 

lipolysis. The promotor of the Hsl gene is associated with Bmal1 in chromatin 

immunoprecipitation assays (Koike et al., 2012; Shostak et al., 2013) suggesting it is a direct 

output gene of the local WAT clock. Given that loss of REV-ERBα results in increased Bmal1 

expression this would cause the subsequent upregulation of Hsl. This is further supported by 

the decrease in Hsl expression observed in our studies of the gWAT of adipocyte specific Bmal1 

knockout mice. Shostak et al. (2013) also showed that the circadian variation in Hsl is lost in 

ClockΔ19 mutant mice and global Bmal1 knockout mice exhibit abolished circadian variation in 

expression.  

Lpl constitutively upregulated in Rev-erbα knockout mice which confirms previous studies (Le 

Martelot et al., 2009; Delezie et al., 2012). Interestingly, it has been shown previously that 

overexpression of Lpl in either liver or skeletal muscle results in reduced glucose tolerance and 

tissue specific insulin resistance (Kim et al., 2001). However, despite upregulated Lpl in adipose 

tissue, gWAT explants remain insulin sensitive. It would be interesting to explore this further 

and determine tissue specific insulin sensitivity in the liver and muscle of the Rev-erbα 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhargava%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26576534
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knockout mice. Specific overexpression of Lpl in adipose tissue does not lead to increased 

adiposity (Hensley et al., 2003). However, there is evidence that adipocyte-derived LPL is 

required for efficient fatty acid uptake and storage and that adipocytes express their own 

source of apoCII and apoCIII for regulating extracellular LPL activity. ApoCII activates LPL 

activity whereas apoCIII inhibits LPL (Jong et al., 1998). As previously mentioned, 

overexpression of Rev-erbα specifically decreases apoC-III promotor activity whereas Rev-erbα 

deficient mice display elevated serum and liver mRNA levels of apoC-III (Raspé et  al., 2002), 

resulting in increased LPL activity. This, along with increased Lpl transcription in WAT of Rev-

erbα knockout mice reflects increased activity of LPL, leading to enhanced hydrolysis of 

circulating triglycerides and facilitated NEFA uptake and storage, resulting in increased 

adiposity in this mouse. However, it is also possible that high levels of Lpl are due to increased 

fat cell size as LPL activity has been shown to increase as a function of fat cell size (Bessesen et 

al., 1991). Lpl contains an E-box in its promotor and it has been suggested that it is a direct 

target of BMAL1 (Delezie et al., 2012). However, in gWAT explants as well as Western Blot and 

proteomic analysis, Lpl mRNA expression and LPL protein expression is not upregulated in Rev-

erbα knockout mice. 

The upregulation of the lipogenic and lipolytic genes seen in Rev-erbα knockout mice was, 

however, overcome by HFD-feeding, with downregulation of the lipogenic and lipolytic genes 

(Fasn and Atgl) observed especially in gWAT. In the Rev-erbα knockout mice maintained on 

HFD Lpl was downregulated. Taken together, this would suggest that the clock and metabolic 

feedback such as increased fatty acid release in HFD have contrasting effects. Interestingly, 

when Bmal1 was specifically knocked out in adipose tissue, which resulted in an obese 

phenotype only on HFD, the expression of Atgl, Hsl and Lpl showed no alteration (Paschos et 

al., 2012). This was an indication of no change in lipolysis in the adipocytes suggesting that the 

clock itself may have less impact on the lipolytic pathway. This, however, contrasts with our 

data, in which adipocyte specific Bmal1 deletion resulted in decreased expression of Atgl, Hsl 

and Lpl. Taken together, our work demonstrates that it may be Bmal1 which is important for 

the regulation of metabolic gene expression, with an upregulation of lipogenic and lipolytic 

genes observed in Rev-erbα knockout mice due to increased Bmal1 expression. This work also 

raises the issue of how metabolic pressures (feeding/fasting) interacts with the adipose tissue 

clock to dictate lipid balance.  

During a 24 hour fast, Rev-erbα knockout mice lost significantly less weight than control 

littermates. This may suggest that Rev-erbα knockout mice do not ‘sense’ the fast. However, 
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the synthesis of heme, the natural ligand for REV-ERBα, is linked to the nutritional status of 

mammals through the regulation of ALAS1 by the nuclear receptor coactivator PGC-1α (Wu et 

al., 2009). PGC-1α is induced by fasting and mediates the transition from glucose to fatty acid 

use as an energy source. Depletion of Rev-erbα derepresses Pgc1-α, resulting in increased 

heme levels. Rev-erbα is also responsible for heme levels in a negative feedback loop and 

therefore lack of Rev-erbα further exacerbates the increased Pgc1-α and therefore heme 

expression. Increased PGC1-α levels should therefore mean enhanced awareness of the 

nutritional status of the knockout mice.   Biochemical analysis revealed a decreased circulating 

TAG in C57BL/6 controls but not in Rev-erbα knockout mice, with circulating glycerol showing 

no difference. This raises the possibility of reduced lipolysis within knockout mice. It is also 

likely that due to excessive TAG accumulation in the liver of Rev-erbα knockout mice pre-fast 

results in it continuing to be liberated into the blood stream during the fast. No difference in 

RER values, however, were observed during the fast, with reduced RER observed in both 

genotypes, indicating that fat was the preferential energy source. Previous studies have shown 

that plasma NEFA and ketone bodies levels in unfed Rev-erbα knockout mice are lower than in 

unfed control mice, possibly reflecting acute utilisation of fatty acids (Delezie et al., 2012). 

However, interestingly, when looking at the profile of lipid-handling transcript in these 

animals, strikingly, neither 24 nor 48 hours of fasting leads to an upregulation of Atgl in 

adipose tissue or  liver, as it does in control animals. This highlights a possible defect in the 

homeostatic mechanism to upregulate lipolysis during a fast. No post-fast alteration in 

expression of Hsl was observed in either Rev-erbα knockout mice or control littermates. It has, 

however, previously been demonstrated that Hsl levels are downregulated during acute 

fasting and increase only after prolonged food deprivation of between 3-5 days (Sztarlryd and 

Kraemer, 1994). During fasting, lipolysis is promoted by the combined effects of reduced 

plasma insulin and increased release of adrenaline and noradrenaline for the adrenal medulla 

(Jensen et al., 1987). Also, it has been demonstrated that lipolysis is further promoted by a 

combination of increased β-adrenergic sensitivity and decreased insulin sensitivity of adipose 

tissue during fasting. These fasting-induced changes in hormonal sensitivity are mediated, at 

least in part, by growth hormone (GH), which is elevated significantly during prolonged fasting 

(Norrelund et al. 2001, 2003; Vendelbo et al. 2010). The transcriptional control of Atgl, the 

gene which does not display fasted induced upregulation in Rev-erbα knockout mice, is 

complex. A PPARγ-responsive element has been identified in the promotor sequence of the 

mouse Atgl gene (Kim et al., 2006). On top of this, expression of G0/G2 Switch Gene 2 (G0S2), 

an inhibitor of ATGL, was also found to be regulated by PPARγ (Choi et al., 2014) and so given 
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the strong link between PPARγ and the clock, with Pparγ being repressed by Rev-erbα, this 

may be a potential mechanism that renders Rev-erbα knockout mice unable to upregulate Atgl 

expression during  a fast.   In 3T3-L1 adipocytes Atgl mRNA expression is negatively regulated 

by insulin. In humans, ATGL protein is upregulated by fasting (Nielsen et al., 2011) and in mice, 

the mRNA is suppressed by feeding (Kershaw et al., 2006) which is again an indication that 

Rev-erbα may not sense the fast. The dysregulation of Atgl expression during fasting in Rev-

erbα knockout mice may also be attributed to the increased levels of Bmal1 present due to 

lack of Rev-erbα inhibition. Atgl expression is also regulated by CLOCK/BMAL1 expression via E-

box activation and Bmal1 expression is constitutively higher in Rev-erbα knockout mice 

(Shostak et al., 2013). Our data from AdipoCREBmal1flox/flox mice also demonstrates that loss of 

Bmal1 in adipose tissue results in decreased Atgl expression. This is interesting as from in vitro 

experiments in 3T3-L1 adipocytes it has been suggested that glucocorticoids could be 

responsible for the increase in Atgl levels in the fasted state (Villena et al., 2004) and 

CLOCK/BMAL1 represses glucocorticoid receptor-induced transcriptional activity in a HAT-

activity dependent fashion (Nader et al., 2009; Kino, 2012). Increased CLOCK/BMAL1 

expression could therefore result in more glucocorticoid receptor repression, meaning 

glucocorticoids may not be able to result in increased Atgl expression in the fasted state in 

Rev-erbα knockout mice.   

β-adrenergic receptor-stimulated lipolysis is impaired in obesity (Large et al., 1999). Adipocytes 

from obese subjects have lower levels of adenylyl cyclase activity under hormone-stimulated 

conditions when compared with adipocytes from non-obese controls (Martin et al., 1990) and 

alterations in the adrenergic signalling pathways may contribute to this effect. When  this was 

assessed directly using CL316,243, a β3 receptor agonist, to stimulate lipolysis in Rev-erbα 

knockout mice and littermate controls, a significant upregulation of Atgl was not observed in 

gWAT. This, however, may be expected due to the time-frame of tissue collection post 

CL316,243 administration. In a previous study, only a slight, but significant upregulation of Atgl 

was observed in gWAT when 1mg/kg of CL316,243 was administered once a day for 5 

consecutive days (Buzelle et al., 2015).  Interestingly, in scWAT, a pronounced upregulation of 

Atgl was observed in both genotypes after CL316,243 stimulation. In BAT, Atgl expression was 

also enhanced in littermate control mice, but not in Rev-erbα knockout mice, suggesting that 

the influence of REV-ERBα on Atgl regulation may be tissue and stimulus specific. 

 Direct stimulation of lipolysis using CL316,243 did, however, result in upregulation of Hsl in 

gWAT of  both Rev-erbα knockout mice and littermate controls which contrasts to the results 
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obtained from fasted Rev-erbα knockout mice. This may suggest that the β-adrenergic 

stimulation is a potent regulator of Hsl expression. Post-translational modifications are 

important for the function of lipase enzymes, and they need to be phosphorylated in order for 

them to be hydrolytically active. Despite upregulation of Hsl mRNA being observed with 

CL316,243 stimulation in both genotypes, Western Blot analysis showed no increase in total 

HSL protein expression. However, significant upregulation of phosphorylated HSL at serine563 

was observed in C57BL/6 control mice in response to 0.1 mg/kg CL316,243. This was also 

observed in Rev-erbα knockout mice but required a higher concentration of β-adrenergic 

agonist (1mg/kg) indicating a blunted in the response to this stimulation in these animals. This 

may relate to the increased adiposity of these animals, as obesity is associated with decreased 

lipolytic effect of catecholamines in adipose tissue (Large et al., 1999). Another possibility is 

dysfunction of the β3-adrenoceptor or the β –adrenergic signalling pathways. It has been 

shown that in almost all animal models of obesity, the β –adrenergic signalling is impaired 

resulting in decreased ability to stimulate lipolysis or thermogenesis (Collins and Surwit, 2001) 

and the lack of lipolytic response to fasting in our Rev-erbα knockout mice is in-keeping with 

this.   

We did not observe a difference in basal blood glucose levels in Rev-erbα knockout mice 

compared to control littermates. This contrasts with data obtained by Delezie et al., (2012), in 

which mild hyperglycaemia was observed. Rev-erbα knockout mice have normal whole-body 

insulin sensitivity when maintained on both NC and HFD and have an exacerbated response to 

insulin compared to C57BL/6 control animals. High levels of adiponectin and leptin in both 

chow and HFD-fed Rev-erbα knockout mice has been previously observed (Delezie et al., 2012; 

Hand et al., 2014) and it is possible that this contributes to heightened insulin sensitivity within 

these animals (Yamauchi et al., 2001). Insulin regulates energy homeostasis in a variety of 

ways, one of which is the stimulation of lipogenesis. Insulin also suppresses lipolysis through a 

signalling cascade involving, Akt, resulting in the inhibition of PKA (Choi et al., 2010). After in 

vivo insulin stimulation, Dgat2 was upregulated in gWAT of control littermates but not in that 

of Rev-erbα knockout mice suggesting that despite normal insulin sensitivity observed with 

regards to blood glucose regulation, insulin may not be able to promote lipogenesis to the 

same extent in the knockout animals. Using adipose tissue explants allowed us to specifically 

assess insulin effects on adipose tissue, removing systemic influences over adipose tissue 

response. Our studies suggest that gWAT from Rev-erbα knockout mice may have enhanced 

adipose insulin sensitivity, with profound upregulation of both Fasn and Dgat2 being observed. 

Lpl expression was reduced upon insulin stimulation of Rev-erbα explants but had no impact 
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on Atgl or Hsl expression, further supporting the influence of Rev-erbα on Atgl/Hsl regulation. 

Insulin therefore resulted in a pathway bias in Rev-erbα knockout explants, enhancing 

lipogenesis but having no effect on lipolysis. Although the expected response to insulin 

stimulation is observed in gWAT explants from AdipoCREBmal1flox /flox mice (upregulation of 

lipogenic genes, downregulation of lipolytic genes), no difference in insulin response between 

the genotypes was present. Also the in vivo differences in basal levels of gene expression 

observed in these mice was not maintained in culture. This may be indicative that systemic 

factors also play a role in the regulation of metabolic genes in adipose tissue and once these 

are removed (i.e. in an ex vivo situation) the impact of clock loss is less severe. 

In general, all insulin dependent responses were maintained in explants derived from HFD fed 

C57BL/6 control mice, but this was not the case for explant cultures derived from HFD-fed Rev-

erbα knockout animals, which showed a strongly attenuated transcriptional response to 

insulin. This may be simply due to their profound adiposity than a genotypic effect. It is 

however important to note that in obesity, adipocyte hypertrophy occurs and the Rev-erbα 

knockout mice on both NC and HFD are an obese phenotype. This may potentially affect 

comparisons between the genotypes as larger adipocytes would result in a smaller number of 

adipocytes per explant, however, this is normalised for mRNA amount. 

Global deletion of Rev-erbα has pronounced metabolic consequences. The Rev-erbα knockout 

is an obese phenotype with an increased propensity to obesity when faced with HFD-

challenge. This can be attributed to a bias towards lipogenesis, with upregulation of Fasn 

observed and an increased susceptibility to insulin-driven upregulation of lipogenic genes in 

gWAT. On top of this, a defect in lipolysis is observed, with Atgl failing to respond normally to 

negative energy balance, direct β3-adrenoceptor stimulation or insulin stimulation. 

Phosphorylation of Hsl after direct β3-adrenoceptor stimulation is also impaired. However, 

many studies have demonstrated that long term or pronounced obesity is associated with an 

upregulation in lipolytic drive (Reynisdottir et al 1995; Ryden et al., 2002; Ryden et al., 2004). 

Despite the obese phenotype and increased susceptibility to weight gain by HFD-feeding of 

Rev-erbα knockout increased lipolytic drive is not observed. This may contribute to the 

decreased inflammation observed in these mice (Hand et al., 2014). 

6.3 Adipocyte Specific loss of Bmal1 causes attenuated feeding rhythms 

and severe lipid handling gene dysregulation 
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A further understanding of the role these specific clock components play in adipose physiology 

was obtained by tissue specific deletion of Bmal1 and Rev-erbα from adipose tissue. Deletion 

of Bmal1 renders adipose tissue arrhythmic and results in the profound attenuation of Rev-

erbα expression (Bunger et al., 2000). Bmal1 null mice have a higher body weight and greater 

adipose tissue mass compared to littermate controls (Bunger et al., 2005; Lamia et al., 2008).  

Although Rev-erbα reinforces the robustness of circadian oscillations, circadian rhythm 

generation persists in its absence (Preitner et al., 2002) and therefore adipose tissue of Rev-

erbα-/- mice maintain clock functionality, but with a decreased amplitude. AdipoCREBmal1flox/flox 

mice exhibited no differences in body weight compared to control littermates with only very 

subtle changes in adiposity. This contrasts to the global Bmal1 knockout mouse, which, 

although they had normal body weight by young adulthood, they gained weight more rapidly 

than littermate controls between weeks 4-8 and have a higher body fat content (Lamia et al., 

2008). The slight increase in adiposity in AdipoCREBmal1flox/flox and global Bmal1 knockout mice 

is interesting as Bmal1 has been shown to have a positive influence on adipocyte 

differentiation  and BMAL1 in adipocytes increased lipid synthesis activity (Shimba et al., 2005) 

and therefore it may be expected that loss of Bmal1 would result in a lower body weight. 

Bunger et al. (2005) did, however, show that despite at 12 weeks there being no difference in 

body weight, past 20 weeks of age progressive weight loss was observed. Even when 

challenged with a positive energy balance AdipoCREBmal1flox/flox mice did not exhibit an 

increased propensity for weight gain. This contrasts work undertook by Paschos et al. (2012) 

who showed that Bmal1 specific deletion from adipocytes using the adipocyte protein 2 (aP2) 

driver, which is also expressed in macrophages resulted in increased body weight on both NC 

and HFD. In keeping with our work, their studies on adipocyte specific Bmal1 knockout mice 

using the adiponectin driver, the same as our studies, showed that these mice did not have a 

higher body weight on NC, but they did however on HFD and had increased adiposity. Mice in 

our study were maintained on HFD from 8 weeks of age, whereas in the experiment conducted 

by Paschos et al. (2012) they were subjected to HFD from 6 weeks of age, which may be the 

basis for the difference observed. Cell number expansion in adipose tissue does not reach a 

plateu until 6-10 weeks of age in rodents and during 3-6 weeks of age there is a dramatic 

increase in the accumulation of adipose tissue in mice (Johnson et al., 1978). Therefore, 

commencing a HFD challenge before the plateu of cell number expansion has been achieved 

may result in exacerbated fat accumulation. Strikingly, AdipoCRERev-erbαflox/flox mice also 

showed no changes in body weight, which was in stark contrast to our studies of the global 

knockout mouse (Chapter 4) and work carried out by others (Delezie et al., 2012). Even when 
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challenged with HFD no difference in body weight was observed between AdipoCRERev-

erbαflox/flox mice and littermate controls. This may highlight that the metabolic phenotype 

caused by global Rev-erbα knockout mouse is not due specifically to clock manipulation in 

adipose tissue but loss of function at other sites, for example in the brain, where feeding in 

controlled. Energy expenditure in AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox mice was 

similar to littermate controls. Global Bmal1−/− mice do not have detectable daily rhythms of 

locomotor activity or feeding behaviour in constant darkness or under a light–dark cycle and 

instead display ultradian behaviour (Lamia et al., 2008). This, along with our adipocyte specific 

Bmal1−/− mouse model displaying the same circadian rhythms in energy expenditure highlights 

the specificity of the knockouts and the importance of a functional clock in the SCN to 

coordinate locomotor and metabolic processes. However, the loss of feeding rhythms in 

AdipoCREBmal1flox/flox  mice highlights the importance of the cross-talk between adipose tissue 

and the SCN. Global Rev-erbα−/− mice have been shown to maintain physiological rhythms 

albeit with a shortened period length which is shorter than control littermates (Preitner et al., 

2002). No difference in the rhythms of energy expenditure were observed in our AdipoCRERev-

erbαflox/flox mice.  

No difference was observed in the fasting responses, with regards to temperature regulation 

and energy expenditure, of AdipoCREBmal1flox/flox and AdipoCRERev-erbαflox/flox mice. Paschos et al. 

(2012) showed that there were no differences in the expression of Ucp1 or Pgc-1α in their 

targeted Bmal1 knockouts, which encode key regulators of thermogenesis, in BAT and WAT 

both in the fed and fasted states. To further support this, there was not a differential response 

to cold challenge in our AdipoCREBmal1flox/flox mice compared to control littermate which makes 

compromised thermogenesis in BAT unlikely in these animals. However, previous work has 

demonstrated that loss of Rev-erbα in mice markedly improves cold tolerance (Gerhart-Hines 

et al., 2013) and this was said to be because of the thermogenic regulation that Rev-erbα 

elicits through the active repression of the Ucp1 gene specifically in BAT and therefore loss of 

this repression results in increased expression of Ucp1. However, in AdipoCREBmal1flox/flox mice 

Rev-erbα expression is also low and therefore in Rev-erbα knockout mice it may be high levels 

of Bmal1 expression that alter thermogenic regulation, possiblly through changes in the 

autonomic nervous system.   

Lipolysis in WAT releases energy stored in adipocytes. Through this, adipocytes are able to 

signal the amount of stored energy to the hypothalamus, which is a key input to the centres 

responsible for energy homeostasis. Alterations in feeding activity, with is a centrally mediated 
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behaviour, are observed in AdipoCREBmal1flox /flox mice, with attenuated day/night rhythms 

which indicates feedback from the peripheral clock to the central nervous system. Lipidomic 

analysis in humans has revealed that that a reduction of the amount of polyunsaturated fatty 

acids in the lipodome is associated with obesity (Pietiläinen et al., 2011) and therefore it is 

possible that the remodelling of the triglyceride pool of the adipocyte by Bmal1 deletion, leads 

to attenuated feeding rhythms. In our DIO model, attenuated feeding rhythms were also 

observed, with a decrease in night-time feeding. However, in the super obese Rev-erbα 

knockout mice on HFD, feeding rhythms were somewhat amplified.  Lipolytic enzymes such as 

Lpl, Atgl and Hsl are profoundly downregulated in gWAT from AdipoCREBmal1flox /flox mice which 

may be partially responsible for the attenuation of feeding rhythms, explaining how the 

adipocyte circadian clock can have a direct effect of hypothalamic feeding centres. This work is 

paralleled by Paschos et al. (2012) who showed that disruption of the adipocyte circadian clock 

resulted in temporal changes in polyunsaturated fatty acids in plasma which led to 

corresponding changes in the expression of neurotransmitters responsible for appetite 

regulation in the hypothalamus, e.g. Agrp and Npy. Lower levels of Atgl and Hsl expression in 

AdipoCREBmal1flox /flox mice, however, contrasts this study, in which they demonstrated normal 

levels of expression and therefore suggested there was no alteration in lipolysis within the 

adipocytes. The adiponectin driver is more adipose tissue specific as it is not expressed in 

macrophages and therefore the difference observed could be due to the specificity of our 

adipocyte knockout. Decreased expression of Atgl and Hsl is logical as reporter gene and ChIP 

assays indicate that the CLOCK/BMAL1 heterodimer binds to E-boxes in the promoters of Atgl 

and Hsl, directly regulating their transcription, and therefore loss of Bmal1 would result in 

diminished transcription (Shostak et al., 2012).  

Interestingly, although severe dysregulation of lipid handling genes is observed in gWAT from 

both global Rev-erbα knockout mice and AdipoCREBmal1flox /flox mice, this is not observed in 

AdipoCRERev-erbαflox/flox mice. This is perhaps most surprising in the case of Lpl. An E-box has 

been found in the mouse Lpl promoter (Bey et al., 1998) and therefore it is likely that instead 

of a direct repression by REV-ERBα, activation by CLOCK/BMAL1 could drive the temporal 

expression of the Lpl gene.  REV-ERBα expression is crucial for the transcriptional control 

of Clock and Bmal1. In the absence of Rev-erbα, Clock and Bmal1 mRNA are overexpressed 

which can affect the expression of CLOCK/BMAL1 target genes. It was shown by Delezie et  al. 

(2012) that Lpl expression can be elicited by CLOCK alone. Clock control requires Rev-erbα to 

bind directly to the genome at its cognate sites, where it competes with activating ROR 

transcription factors. Conversely, Rev-erbα regulates metabolic genes primarily by recruiting 
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the HDAC3 corepressor to sites which it is tethered by cell-type specific transcription factors. 

Therefore, direct competition between Rev-erbα and Ror is responsible for the control of the 

molecular clock across all tissues, but circadianly expressed Rev-erbα uses lineage 

determination factors such as hepatocyte nuclear factor 6 (HNF6) to convey a tissue specific 

rhythm, through NCoR and HDAC3, regulating the metabolic needs specific to that tissue. This 

therefore suggests that the role of Rev-erbα in adipose centres on non-DBD dependent 

actions, and therefore not via RORE elements. After completion of our studies, Zhang et al 

(2015) reported that the Rev-erbαflox model was actually a knock-in of a DBD mutation rather 

than a complete knockout of Rev-erbα and therefore full-length REV-ERBα is still produced, 

lacking its DBD domain., which may explain why many of the parameters such as body weight, 

fasting response, gene expression that we measured in these mice showed no difference to 

littermate controls, contrasting with data obtained from global Rev-erbα knockouts. Therefore, 

AdipoCREBmal1flox /flox mice and  AdipoCRERev-erbαflox/flox mice may show such a stark contrast in 

phenotype compared to global Rev-erbα knockout mice, despite both having low Rev-erbα 

expression in adipose tissue because of the differential role of Rev-erbα specifically in this 

tissue.  

 

6.4 Conclusion 
 

Our work highlights the reciprocal coupling between energy metabolism and circadian 

rhythmicity. Our studies contribute to the growing evidence that the clockwork is 

compromised during obesity. Obesity results in desynchrony and pronounced disruption of the 

circadian clockwork in visceral WAT. This was shown to be due to the increased adiposity of 

the animals and not due to altered nutritional input (i.e. acute consumption of HFD) as the 

attenuated clock gene rhythms were associated with chronic HFD feeding and dysregulation of 

PPARα/γ. Further, more in depth analysis of the temporal changes caused by nutrient excess 

may provide insight into the progression of diseases such as obesity and diabetes. This work 

shows that the nuclear receptor Rev-erbα is particularly affected by DIO. Rev-erbα has 

previously been shown to fine-tune metabolic pathways by modulating SREBP target genes 

and recruiting the HDAC3-repressive complex to genes involved in lipid metabolism, thereby 

providing rhythmic fluctuation in lipid homeostasis (Le Martelot et al., 2009; Feng et al., 2011). 

Our results demonstrate that in vivo deletion of Rev-erbα results in profound metabolic 

changes, with increased adiposity, lack of lipolysis and enhanced insulin sensitivity. Our data 
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highlight that Rev-erbα plays an important role in the regulation of lipolysis, specifically in the 

regulation of Atgl, Lpl and the activation of HSL. Interestingly, our observations suggest that 

Rev-erbα differentially modulates the expression of these genes under basal conditions as well 

as in response to metabolic challenge. For example, in the Rev-erbα-/- mice Atgl expression was 

not profoundly altered under basal condition, yet we observed a profound attenuation in the 

responsiveness of Atgl expression to altered metabolic state (e.g. fasting, HFD). In contrast, 

constitutive expression of Lpl was increased in the Rev-erbα-/- mice, yet Lpl expression 

exhibited a normal response to energy challenge.   

Mice lacking Rev-erbα, despite being an obese phenotype, maintain insulin sensitivity, which 

may be an indication of ‘safe’, i.e. not ectopic fat storage in these mice. This may be due to 

dysregulation of Atgl and HSL, resulting in less fatty acid liberation from adipose tissue.  In 

turn, this results in less accumulation of fatty acids in tissues such as liver and skeletal muscle, 

causing less lipotoxicity and insulin resistance usually associated with obesity. In vivo 

administration of synthetic REV-ERBα agonists have positive effects on lipid and glucose 

oxidation. These drugs are also effective in reducing lipogenesis and protecting mice from HFD 

(Solt et al., 2012). Rev-erbα may therefore be an attractive pharmacological target to confer 

metabolic benefit. However, loss of Rev-erbα specifically in adipocytes of mice does not result 

in metabolic dysfunction, which may suggest that Rev-erbα exerts its main control on lipid 

metabolism and physiology in tissues distinct to adipose tissue. Rev-erbα may play an 

important role in energy homeostasis by its action in the brain, as hyperphagia is observed in 

Rev-erbα-/- mice on HFD as well as a decreased response to fasting in terms of temperature 

and metabolic rate. Nutrient-sensitive hypothalamic neurons regulate energy balance and 

glucose homeostasis and these neurons may become compromised in Rev-erbα-/- mice. 

Complete ablation of the clock specifically in adipocytes of mice by Bmal1 deletion resulted in 

an attenuation in feeding rhythm. This is most likely through altered lipolysis in adipose tissue 

as energy released from lipolysis signals the amount of stored energy to the hypothalamus. 

This highlights the potential of a peripheral clock to feedback on to the central nervous system.  

Taken together, this study shows that Rev-erbα and Bmal1 shape energy homeostasis in a 

number of ways and across many organ systems (Figure 6.1).  Bmal1 and Rev-erbα have a 

strong influence over Fasn highlighting the role the circadian clock plays a pivotal role in de 

novo lipogenesis. Global loss of Rev-erbα also results in enhanced insulin sensitivity and 

insulin-induced Fasn expression, therefore increased lipogenesis. However, lipolytic pathways 

were also strongly influenced by loss of Rev-erbα and/or Bmal1. Increased action of the 
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lipolytic pathway, however, results in alterations in energy sensing and feeding in these mice. 

Rev-erbα plays a vital role in the regulation of lipolysis, and loss of Rev-erbα results in 

dysregulation of triglyceride breakdown, potentiating the increased fat storage observed in 

these mice. An intact circadian clock appears to be vital in the maintenance of energy 

homeostasis throughout the body. Our work goes to reinforce the circadian clock as a novel 

avenue which could potentially be pharmacologically targeted to achieve benefit in metabolic 

diseases.   

  

 
 
 

 
 

 

Figure 6.1 -  Summary of Bmal1 and Rev-erbα action on energy homeostasis 

Both Bmal1 and Rev-erbα are involved in the maintanence of energy balance, playing a role in 

the regulation of lipogenesis (Fasn) and lipolysis (Atgl/Hsl). Bmal1 and Rev-erbα are also 

involved in energy sensing in the brain and feeding behaviour. Disruption of either of these 

genes results in metabolic dysfunction, highlighting the importance of the circadian clock in 

energy homeostasis.  
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Appendix 1 

Chappter 3 statistics 
Figure 3.1 

   

    

Panel A 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Growth curve Interaction F (16, 1156) = 58.29 P<0.0001 

  Diet F (16, 1156) = 268.5 P<0.0001 

  Time F (1, 1156) = 2954 P<0.0001 

    

Panel A Unpaired t-test 

  P value t, df F,DFn, Dfd 

gWAT weight 0.001 t=6.325 df=58 1.873, 29, 29 

    

Panel B Unpaired t-test 

  P value t, df F,DFn, Dfd 

Activity  0.0122 t=2.947 df=12 1.916, 6, 6 

Temperature 0.0006 t=4.592 df=12 1.82, 6, 6 

    

Panel C 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Food intake (g/hr) Interaction F (11, 120) = 6.929 P<0.0001 

  Diet F (11, 120) = 24.49 P<0.0001 

  Time F (1, 120) = 111.8 P<0.0001 

Meal events Interaction F (1, 12) = 34.31 P < 0.0001 

  Diet F (1, 12) = 209.3 P < 0.0001 

  Time F (1, 12) = 40.76 P < 0.0001 

    

Panel C Unpaired t-test 

  P value t, df F,DFn, Dfd 

% feeding 0.0002 t=5.281 df=12 1.103, 6, 6 

    
Figure 3.2 

   

    

Panel A 2-way ANOVA sidak post hoc test 

Bmal1 

  F (DFn, DFd) P Value  

Hypothalamus Interaction F (5, 45) = 1.776 P=0.1372 

  Time F (5, 45) = 14.74 P<0.0001 

  Diet F (1, 45) = 0.003026 P=0.9564 

Liver Interaction F (5, 47) = 4.345 P=0.0025 
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  Time F (5, 47) = 121.4 P<0.0001 

  Diet F (1, 47) = 7.576 P=0.0084 

Muscle Interaction F (5, 46) = 2.776 P=0.0284 

  Time F (5, 46) = 42.57 P<0.0001 

  Diet F (1, 46) = 18.31 P<0.0001 

Adrenal Gland Interaction F (5, 47) = 13.53 P<0.0001 

  Time F (5, 47) = 77.84 P<0.0001 

  Diet F (1, 47) = 0.009513 P=0.9227 

Lymph node Interaction F (5, 44) = 0.7934 P=0.5602 

  Time F (5, 44) = 0.5807 P=0.7145 

  Diet F (1, 44) = 0.5838 P=0.4489 

Spleen Interaction F (5, 48) = 0.3956 P=0.8494 

  Time F (5, 48) = 2.678 P=0.0325 

  Diet F (1, 48) = 3.721 P=0.0597 

BAT Interaction F (5, 48) = 1.658 P=0.1630 

  Time F (5, 48) = 56.77 P<0.0001 

  Diet F (1, 48) = 2.057 P=0.1580 

scWAT Interaction F (5, 48) = 1.465 P=0.2189 

  Time F (5, 48) = 64.92 P<0.0001 

  Diet F (1, 48) = 2.433 P=0.1253 

gWAT  Interaction F (5, 44) = 5.801 P=0.0003 

  Time F (5, 44) = 56.18 P<0.0001 

  Diet F (1, 44) = 0.7276 P=0.3983 

Per2 

  F (DFn, DFd) P Value  

Hypothalamus Interaction F (5, 45) = 1.257 P=0.2988 

  Time F (5, 45) = 9.01 P<0.0001 

  Diet F (1, 45) = 0.005844 P=0.9394 

Liver Interaction F (5, 47) = 4.659 P=0.0016 

  Time F (5, 47) = 35.7 P<0.0001 

  Diet F (1, 47) = 2.52 P=0.1191 

Muscle Interaction F (5, 46) = 0.4431 P=0.8161 

  Time F (5, 46) = 33.24 P<0.0001 

  Diet F (1, 46) = 19.21 P<0.0001 

Adrenal Gland Interaction F (5, 47) = 1.332 P=0.2672 

  Time F (5, 47) = 25.48 P<0.0001 

  Diet F (1, 47) = 0.3783 P=0.5415 

Lymph node Interaction F (5, 44) = 0.4998 P=0.7747 

  Time F (5, 44) = 7.749 P<0.0001 

  Diet F (1, 44) = 1.291 P=0.2620 

Spleen Interaction F (5, 48) = 2.808 P=0.0265 

  Time F (5, 48) = 14.91 P<0.0001 
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  Diet F (1, 48) = 3.271 P=0.0768 

BAT Interaction F (5, 48) = 2.456 P=0.0464 

  Time F (5, 48) = 26.59 P<0.0001 

  Diet F (1, 48) = 1.561 P=0.2176 

scWAT Interaction F (5, 48) = 2.644 P=0.0344 

  Time F (5, 48) = 29.47 P<0.0001 

  Diet F (1, 48) = 0.003077 P=0.9560 

gWAT  Interaction F (5, 44) = 2.306 P=0.0605 

  Time F (5, 44) = 21.48 P<0.0001 

  Diet F (1, 44) = 30.54 P<0.0001 

Cry1 

  F (DFn, DFd) P Value  

Hypothalamus Interaction F (5, 45) = 2.689 P=0.0329 

  Time F (5, 45) = 6.863 P<0.0001 

  Diet F (1, 45) = 0.7409 P=0.3939 

Liver Interaction F (5, 47) = 1.975 P=0.0998 

  Time F (5, 47) = 60.36 P<0.0001 

  Diet F (1, 47) = 0.9906 P=0.3247 

Muscle Interaction F (5, 46) = 1.492 P=0.2108 

  Time F (5, 46) = 6.198 P=0.0002 

  Diet F (1, 46) = 15.61 P=0.0003 

Adrenal Gland Interaction F (5, 47) = 6.079 P=0.0002 

  Time F (5, 47) = 32.52 P<0.0001 

  Diet F (1, 47) = 2.919 P=0.0942 

Lymph node Interaction F (5, 44) = 0.144 P=0.9808 

  Time F (5, 44) = 0.4936 P=0.7793 

  Diet F (1, 44) = 1.055 P=0.3100 

Spleen Interaction F (5, 48) = 0.6507 P=0.6623 

  Time F (5, 48) = 1.271 P=0.2920 

  Diet F (1, 48) = 1.076 P=0.3049 

BAT Interaction F (5, 48) = 2.329 P=0.0567 

  Time F (5, 48) = 23.72 P<0.0001 

  Diet F (1, 48) = 0.3267 P=0.5703 

scWAT Interaction F (5, 48) = 1.446 P=0.2252 

  Time F (5, 48) = 51.57 P<0.0001 

  Diet F (1, 48) = 22.02 P<0.0001 

gWAT  Interaction F (5, 44) = 2.464 P=0.0472 

  Time F (5, 44) = 28.3 P<0.0001 

  Diet F (1, 44) = 9.406 P=0.0037 

Rev-erbα 

  F (DFn, DFd) P Value  
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Hypothalamus Interaction F (5, 45) = 1.331 P=0.2683 

  Time F (5, 45) = 13.51 P<0.0001 

  Diet F (1, 45) = 1.342 P=0.2527 

Liver Interaction F (5, 47) = 5.933 P=0.0002 

  Time F (5, 47) = 27.5 P<0.0001 

  Diet F (1, 47) = 0.06918 P=0.7937 

Muscle Interaction F (5, 47) = 5.933 P=0.0002 

  Time F (5, 47) = 27.5 P<0.0001 

  Diet F (1, 47) = 0.06918 P=0.7937 

Adrenal Gland Interaction F (5, 47) = 3.154 P=0.0155 

  Time F (5, 47) = 31.47 P<0.0001 

  Diet F (1, 47) = 12.43 P=0.0010 

Lymph node Interaction F (5, 43) = 5.786 P=0.0004 

  Time F (5, 43) = 31.16 P<0.0001 

  Diet F (1, 43) = 0.6486 P=0.4250 

Spleen Interaction F (5, 48) = 5.432 P=0.0005 

  Time F (5, 48) = 23.54 P<0.0001 

  Diet F (1, 48) = 0.0001042 P=0.9919 

BAT Interaction F (5, 48) = 0.2436 P=0.9410 

  Time F (5, 48) = 14.89 P<0.0001 

  Diet F (1, 48) = 1.316 P=0.2569 

scWAT Interaction F (5, 48) = 2.453 P=0.0466 

  Time F (5, 48) = 37.83 P<0.0001 

  Diet F (1, 48) = 0.04298 P=0.8366 

gWAT  Interaction F (5, 44) = 11.9 P<0.0001 

  Time F (5, 44) = 43.29 P<0.0001 

  Diet F (1, 44) = 63.07 P<0.0001 

Rev-erbβ 

  F (DFn, DFd) P Value  

Hypothalamus Interaction F (5, 45) = 0.7631 P=0.5812 

  Time F (5, 45) = 1.752 P=0.1424 

  Diet F (1, 45) = 1.641 P=0.2067 

Liver Interaction F (5, 47) = 6.903 P<0.0001 

  Time F (5, 47) = 59.07 P<0.0001 

  Diet F (1, 47) = 0.1669 P=0.6848 

Muscle Interaction F (5, 46) = 0.572 P=0.7210 

  Time F (5, 46) = 2.83 P=0.0261 

  Diet F (1, 46) = 2.538 P=0.1180 

Adrenal Gland Interaction F (5, 47) = 1.475 P=0.2160 

  Time F (5, 47) = 35.88 P<0.0001 

  Diet F (1, 47) = 2.699 P=0.1071 

Lymph node Interaction F (5, 44) = 11.9 P<0.0001 
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  Time F (5, 44) = 43.29 P<0.0001 

  Diet F (1, 44) = 63.07 P<0.0001 

Spleen Interaction F (5, 48) = 2.168 P=0.0733 

  Time F (5, 48) = 6.86 P<0.0001 

  Diet F (1, 48) = 0.2612 P=0.6116 

BAT Interaction F (5, 48) = 0.5721 P=0.7210 

  Time F (5, 48) = 17.65 P<0.0001 

  Diet F (1, 48) = 5.517 P=0.0230 

scWAT Interaction F (5, 48) = 3.053 P=0.0180 

  Time F (5, 48) = 88.75 P<0.0001 

  Diet F (1, 48) = 23.76 P<0.0001 

gWAT  Interaction F (5, 44) = 2.15 P=0.0770 

  Time F (5, 44) = 27.37 P<0.0001 

  Diet F (1, 44) = 0.08713 P=0.7692 

Dbp 

  F (DFn, DFd) P Value  

Hypothalamus Interaction F (5, 45) = 3.966 P=0.0046 

  Time F (5, 45) = 10.98 P<0.0001 

  Diet F (1, 45) = 0.3647 P=0.5489 

Liver Interaction F (5, 47) = 10.09 P<0.0001 

  Time F (5, 47) = 95.45 P<0.0001 

  Diet F (1, 47) = 2.251 P=0.1402 

Muscle Interaction F (5, 46) = 2.412 P=0.0504 

  Time F (5, 46) = 55.99 P<0.0001 

  Diet F (1, 46) = 13.8 P=0.0005 

Adrenal Gland Interaction F (5, 47) = 8.759 P<0.0001 

  Time F (5, 47) = 46.75 P<0.0001 

  Diet F (1, 47) = 0.794 P=0.3774 

Lymph node Interaction F (5, 44) = 0.9898 P=0.4349 

  Time F (5, 44) = 17.94 P<0.0001 

  Diet F (1, 44) = 0.08977 P=0.7659 

Spleen Interaction F (5, 48) = 3.022 P=0.0189 

  Time F (5, 48) = 17.4 P<0.0001 

  Diet F (1, 48) = 0.3966 P=0.5318 

BAT Interaction F (5, 44) = 2.15 P=0.0770 

  Time F (5, 44) = 27.37 P<0.0001 

  Diet F (1, 44) = 0.08713 P=0.7692 

scWAT Interaction F (5, 48) = 9.674 P<0.0001 

  Time F (5, 48) = 95.33 P<0.0001 

  Diet F (1, 48) = 5.949 P=0.0185 

gWAT  Interaction F (5, 44) = 5.939 P=0.0003 

  Time F (5, 44) = 31.34 P<0.0001 
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  Diet F (1, 44) = 16.35 P=0.0002 

    

Panel B Unpaired t-test 

  P value t, df F,DFn, Dfd 

Amplitude 0.016 t=4.011 df=4 3.316, 2, 2 

    
Figure 3.3  

   

    

Panel A 2-way ANOVA sidak post hoc test 

Dgat2 

  F (DFn, DFd) P Value  

gWAT Interaction F (5, 43) = 5.442 P=0.0006 

  Time F (5, 43) = 6.258 P=0.0002 

  Diet F (1, 43) = 59.74 P<0.0001 

scWAT Interaction F (5, 48) = 2.293 P=0.0601 

  Time F (5, 48) = 6.98 P<0.0001 

  Diet F (1, 48) = 89.67 P<0.0001 

Liver Interaction F (5, 47) = 0.4529 P=0.8091 

  Time F (5, 47) = 1.624 P=0.1721 

  Diet F (1, 47) = 1.643 P=0.2062 

Fasn 

  F (DFn, DFd) P Value  

gWAT Interaction F (5, 44) = 1.708 P=0.1528 

  Time F (5, 44) = 2.727 P=0.0313 

  Diet F (1, 44) = 127.1 P<0.0001 

scWAT Interaction F (5, 48) = 1.515 P=0.2030 

  Time F (5, 48) = 2.216 P=0.0679 

  Diet F (1, 48) = 109.3 P<0.0001 

Liver Interaction F (5, 47) = 3.519 P=0.0088 

  Time F (5, 47) = 1.485 P=0.2128 

  Diet F (1, 47) = 0.3373 P=0.5641 

Atgl 

  F (DFn, DFd) P Value  

gWAT Interaction F (5, 44) = 0.9749 P=0.4437 

  Time F (5, 44) = 1.417 P=0.2369 

  Diet F (1, 44) = 70.98 P<0.0001 

scWAT Interaction F (5, 47) = 0.9446 P=0.4612 

  Time F (5, 47) = 3.553 P=0.0083 

  Diet F (1, 47) = 0.01993 P=0.8883 

Liver Interaction F (5, 47) = 1.469 P=0.2178 

  Time F (5, 47) = 6.229 P=0.0002 
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  Diet F (1, 47) = 0.9946 P=0.3237 

Hsl 

  F (DFn, DFd) P Value  

gWAT Interaction F (5, 43) = 0.8625 P=0.5140 

  Time F (5, 43) = 2.112 P=0.0823 

  Diet F (1, 43) = 125.5 P<0.0001 

scWAT Interaction F (5, 48) = 0.4167 P=0.8348 

  Time F (5, 48) = 1.407 P=0.2388 

  Diet F (1, 48) = 46.41 P<0.0001 

Liver Interaction F (5, 47) = 5.451 P=0.0005 

  Time F (5, 47) = 8.285 P<0.0001 

  Diet F (1, 47) = 18.86 P<0.0001 

Lpl 

  F (DFn, DFd) P Value  

gWAT Interaction F (5, 43) = 1.011 P=0.4232 

  Time F (5, 43) = 1.038 P=0.4076 

  Diet F (1, 43) = 3.835 P=0.0567 

scWAT Interaction F (5, 48) = 0.8247 P=0.5383 

  Time F (5, 48) = 4.963 P=0.0010 

  Diet F (1, 48) = 95.01 P<0.0001 

Liver Interaction F (5, 47) = 0.9521 P=0.4566 

  Time F (5, 47) = 1.548 P=0.1933 

  Diet F (1, 47) = 6.764 P=0.0124 

    

Panel B 2-way ANOVA sidak post hoc test 

FASN 

  F (DFn, DFd) P Value  

gWAT protein Interaction F (1, 8) = 1.576 P=0.2448 

  Diet F (1, 8) = 24.62 P=0.0011 

  Time F (1, 8) = 1.136 P=0.3177 

    
Figure 3.4 

   

    

Panel A 2-way ANOVA sidak post hoc test 

Pparγ 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 1.103 P=0.3714 

  Time F (5, 47) = 1.477 P=0.2152 

  Diet F (1, 47) = 57.1 P<0.0001 

Muscle Interaction F (5, 46) = 0.7615 P = 0.5822 

  Time F (5, 46) = 0.6894 P = 0.6340 
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  Diet F (1, 46) = 5.802 P = 0.0201 

scWAT Interaction F (5, 46) = 1.591 P=0.1816 

  Time F (5, 46) = 4.959 P=0.0010 

  Diet F (1, 46) = 14.17 P=0.0005 

gWAT Interaction F (5, 44) = 5.177 P=0.0008 

  Time F (5, 44) = 7.876 P<0.0001 

  Diet F (1, 44) = 55.53 P<0.0001 

Pparα 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 0.8616 P=0.5139 

  Time F (5, 47) = 5.348 P=0.0006 

  Diet F (1, 47) = 40.57 P<0.0001 

Muscle Interaction F (5, 46) = 1.218 P = 0.3158 

  Time F (5, 46) = 2.336 P = 0.0569 

  Diet F (1, 46) = 0.4496 P = 0.5059 

scWAT Interaction F (5, 48) = 1.015 P=0.4195 

  Time F (5, 48) = 2.166 P=0.0735 

  Diet F (1, 48) = 5.009 P=0.0299 

gWAT Interaction F (5, 44) = 1.902 P=0.1133 

  Time F (5, 44) = 5.994 P=0.0003 

  Diet F (1, 44) = 76.63 P<0.0001 

Pgc1α 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 3.5 P=0.0090 

  Time F (5, 47) = 3.797 P=0.0057 

  Diet F (1, 47) = 2.332 P=0.1334 

Muscle Interaction F (5, 46) = 0.8315 P = 0.5341 

  Time F (5, 46) = 1.936 P = 0.1065 

  Diet F (1, 46) = 9.149 P = 0.0041 

scWAT Interaction F (5, 48) = 1.052 P=0.3985 

  Time F (5, 48) = 3.817 P=0.0054 

  Diet F (1, 48) = 15.19 P=0.0003 

gWAT Interaction F (5, 44) = 2.34 P=0.0573 

  Time F (5, 44) = 1.578 P=0.1860 

  Diet F (1, 44) = 23.77 P<0.0001 

    

Panel B 2-way ANOVA sidak post hoc test 

PPARγ2 

  F (DFn, DFd) P Value  

Liver Interaction F (1, 8) = 0.6324 P=0.4494 

  Time F (1, 8) = 2.014 P=0.1936 

  Diet F (1, 8) = 119.9 P<0.0001 
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gWAT  Interaction F (1, 20) = 0.6094 P=0.4442 

  Time F (1, 20) = 1.921 P=0.1810 

  Diet F (1, 20) = 11.95 P=0.0025 

PPARγ1 

  F (DFn, DFd) P Value  

Liver Interaction F (1, 8) = 1.264 P=0.2936 

  Time F (1, 8) = 0.6669 P=0.4378 

  Diet F (1, 8) = 3.054 P=0.1187 

gWAT  Interaction F (1, 20) = 0.07453 P=0.7877 

  Time F (1, 20) = 0.1796 P=0.6762 

  Diet F (1, 20) = 22.07 P=0.0001 

    
Figure 3.5 

   

    
Glut4 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 2.042 P = 0.0898 

  Time F (5, 47) = 8.273 P < 0.0001 

  Diet F (1, 47) = 1.924 P = 0.1720 

Muscle Interaction F (5, 46) = 0.8526 P = 0.5200 

  Time F (5, 46) = 0.2000 P = 0.9609 

  Diet F (1, 46) = 55.33 P < 0.0001 

gWAT  Interaction F (5, 44) = 1.616 P=0.1758 

  Time F (5, 44) = 1.517 P=0.2042 

  Diet F (1, 44) = 213.9 P<0.0001 

scWAT  Interaction F (5, 48) = 1.086 P=0.3803 

  Time F (5, 48) = 1.38 P=0.2487 

  Diet F (1, 48) = 31.97 P<0.0001 

Glucokinase/Hexokinase 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 5.999 P=0.0002 

  Time F (5, 47) = 5.242 P=0.0007 

  Diet F (1, 47) = 5.009 P=0.0300 

Muscle Interaction F (5, 46) = 0.8898 P = 0.4958 

  Time F (5, 46) = 1.297 P = 0.2818 

  Diet F (1, 46) = 29.86 P < 0.0001 

gWAT  Interaction F (5, 44) = 3.643 P=0.0076 

  Time F (5, 44) = 6.026 P=0.0002 

  Diet F (1, 44) = 184.4 P<0.0001 

scWAT  Interaction F (5, 48) = 3.349 P=0.0113 

  Time F (5, 48) = 5.471 P=0.0005 

  Diet F (1, 48) = 7.461 P=0.0088 
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Pepck 

  F (DFn, DFd) P Value  

Liver Interaction F (5, 47) = 1.71 P=0.1508 

  Time F (5, 47) = 5.434 P=0.0005 

  Diet F (1, 47) = 3.468 P=0.0688 

Muscle Interaction F (5, 46) = 0.7323 P = 0.6030 

  Time F (5, 46) = 0.1384 P = 0.9825 

  Diet F (1, 46) = 0.2451 P = 0.6229 

gWAT  Interaction F (5, 44) = 6.179 P=0.0002 

  Time F (5, 44) = 6.771 P<0.0001 

  Diet F (1, 44) = 117.5 P<0.0001 

scWAT  Interaction F (5, 46) = 1.937 P=0.1063 

  Time F (5, 46) = 5.163 P=0.0008 

  Diet F (1, 46) = 7.565 P=0.0085 

    
Fig 3.6 

   

    

Panel A 2-way ANOVA sidak post hoc test 

TNFα 

  F (DFn, DFd) P Value  

Interaction F (4, 278) = 79.38 P < 0.0001 

Time F (4, 278) = 92.58 P < 0.0001 

Diet F (1, 278) = 266.4 P < 0.0001 

F4/80 

  F (DFn, DFd) P Value  

Interaction F (4, 279) = 164.8 P < 0.0001 

Time F (4, 279) = 171.0 P < 0.0001 

Diet F (1, 279) = 257.5 P < 0.0001 

    

Panel B 2-way ANOVA sidak post hoc test 

TNFα 

  F (DFn, DFd) P Value  

Interaction F (2, 24) = 3.663 P=0.0409 

Time F (2, 24) = 30.51 P<0.0001 

Diet F (1, 24) = 2.156 P=0.1550 

F4/80 

  F (DFn, DFd) P Value  

Interaction F (2, 24) = 0.05908 P=0.9428 

Time F (2, 24) = 44.77 P<0.0001 

Diet F (1, 24) = 0.003009 P=0.9567 

Bmal1 
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  F (DFn, DFd) P Value  

Interaction F (2, 24) = 20.33 P<0.0001 

Time F (2, 24) = 12.59 P=0.0002 

Diet F (1, 24) = 311.4 P<0.0001 

Rev-erbα 

  F (DFn, DFd) P Value  

Interaction F (2, 24) = 33.16 P<0.0001 

Time F (2, 24) = 50.76 P<0.0001 

Diet F (1, 24) = 171.5 P<0.0001 

Pparα 

  F (DFn, DFd) P Value  

Interaction F (2, 24) = 3.359 P=0.0517 

Time F (2, 24) = 8.375 P=0.0017 

Diet F (1, 24) = 0.6534 P=0.4269 

Pparγ 

  F (DFn, DFd) P Value  

Interaction F (2, 24) = 1.308 P=0.2889 

Time F (2, 24) = 22.3 P<0.0001 

Diet F (1, 24) = 6.424 P=0.0182 
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Appendix 2 

Chapter 4 statistics 
Figure 4.1 

   

    

Panel B Unpaired t-test 

  P value t, df F,DFn, Dfd 

gWAT  <0.0001 t=24.21 df=4 1.474, 2, 2 

Liver 0.0186 t=3.83 df=4 2.333, 2, 2 

    

Panel C 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Bmal1 Interaction F (5, 34) = 7.895 P < 0.0001 

  Time F (5, 34) = 11.62 P < 0.0001 

  Genotype F (1, 34) = 38.26 P < 0.0001 

Per2 Interaction F (5, 34) = 3.165 P = 0.0188 

  Time F (5, 34) = 24.25 P < 0.0001 

  Genotype F (1, 34) = 0.7501 P = 0.3925 

Dbp Interaction F (5, 32) = 2.198 P = 0.0790 

  Time F (5, 32) = 16.07 P < 0.0001 

  Genotype F (1, 32) = 13.13 P = 0.0010 

    
Figure 4.2 

   

    

Panel A Unpaired t-test 

  P value t, df F,DFn, Dfd 

gWAT weight 0.0019 t=3.385 df=33 4.162, 14, 19 

    
Panel B 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Day/Night intake Interaction F (1, 10) = 1.547 P=0.2420 

  Time F (1, 10) = 140.2 P<0.0001 

  Genotype F (1, 10) = 1.134 P=0.3119 

    

Panel C Unpaired t-test 

  P value t, df F,DFn, Dfd 

FFA 0.0103 t=3.337 df=8 6.308, 4, 4 

Glycerol 0.01 t=3.353 df=8 1.746, 4, 4 
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Figure 4.3 

    
  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

VO2 Interaction F (1, 10) = 1.748 P=0.2155 

  Genotype  F (1, 10) = 9.549 P=0.0114 

  Time F (1, 10) = 31.53 P=0.0002 

VCO2 Interaction F (1, 10) = 1.701 P = 0.2214 

  Genotype  F (1, 10) = 60.81 P < 0.0001 

  Time F (1, 10) = 18.64 P = 0.0015 

kcal/hr Interaction F (1, 10) = 5.347 P = 0.0433 

  Genotype  F (1, 10) = 78.73 P < 0.0001 

  Time F (1, 10) = 0.06822 P = 0.7992 

RER Interaction F (1, 10) = 0.1976 P = 0.6661 

  Genotype  F (1, 10) = 22.98 P = 0.0007 

  Time F (1, 10) = 7.648 P = 0.0199 

COX Interaction F (1, 10) = 0.6192 P = 0.4496 

  Genotype  F (1, 10) = 68.71 P < 0.0001 

  Time F (1, 10) = 21.34 P = 0.0010 

FOX Interaction F (1, 10) = 0.006782 P = 0.9360 

  Genotype  F (1, 10) = 24.71 P = 0.0006 

  Time F (1, 10) = 7.825 P = 0.0189 

    
Figure 4.4 

   

    

  Unpaired t-test 

gWAT  

  P value t, df F,DFn, Dfd 

Dgat2 0.0342 t=2.246 df=24 2.048, 12, 12 

Hsl 0.0166 t=2.675 df=16 3.233, 7, 9 

Lpl 0.001 t=4.086 df=15 1.203, 8, 7 

Liver 

  P value t, df F,DFn, Dfd 

Lpl 0.0007 t=7.654 df=16 t=4.086 df=15 

    
Figure 4.5 

   

    

Panel A Unpaired t-test 

  P value t, df F,DFn, Dfd 

Body weight loss (%) 0.0002 t=5.773 df=10 1.217, 5, 5 

    

Panel B 2-way ANOVA sidak post hoc test 
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  F (DFn, DFd) P Value  

TAG Interaction F (2, 30) = 5.444 P = 0.0096 

  Genotype  F (1, 30) = 3.139 P = 0.0866 

  Diet Status F (2, 30) = 4.031 P = 0.0281 

Glycerol Interaction F (2, 30) = 0.2288 P = 0.7968 

 
Genotype  F (1, 30) = 0.6129 P = 0.4398 

 
Diet Status F (2, 30) = 3.893 P = 0.0314 

    
Fig 4.6 

   

    
  Unpaired t-test 

  P value t, df F,DFn, Dfd 

VO2 0.0325 t=2.934 df=5 8.120, 3, 2 

VCO2 0.0333 t=2.911 df=5 9.494, 3, 2 

FOX 0.0308 t=2.981 df=5 5.648, 3, 2 

    
Fig 4.7 

   

    

  2-way ANOVA sidak post hoc test 

gWAT  

  F (DFn, DFd) P Value  

Dgat2 Interaction F (2, 27) = 0.4463 P=0.6446 

  Genotype  F (2, 27) = 32.75 P<0.0001 

  Diet Status F (1, 27) = 5.266 P=0.0297 

Fasn Interaction F (2, 27) = 3.876 P = 0.0331 

  Genotype  F (2, 27) = 35.11 P < 0.0001 

  Diet Status F (1, 27) = 10.60 P = 0.0030 

Atgl Interaction F (2, 28) = 2.054 P = 0.1471 

  Genotype  F (2, 28) = 4.104 P = 0.0274 

  Diet Status F (1, 28) = 2.641 P = 0.1153 

Liver 

  F (DFn, DFd) P Value  

Dgat2 Interaction F (2, 25) = 5.924 P = 0.0078 

  Genotype  F (2, 25) = 2.590 P = 0.0950 

  Diet Status F (1, 25) = 2.566 P = 0.1218 

Fasn Interaction F (2, 28) = 1.084 P = 0.3522 

  Genotype  F (2, 28) = 18.20 P < 0.0001 

  Diet Status F (1, 28) = 1.052 P = 0.3138 

Atgl Interaction F (2, 29) = 3.529 P = 0.0425 

  Genotype  F (2, 29) = 6.494 P = 0.0047 

  Diet Status F (1, 29) = 3.152 P = 0.0863 

Lpl Interaction F (2, 30) = 3.965 P = 0.0297 
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  Genotype  F (2, 30) = 4.974 P = 0.0136 

  Diet Status F (1, 30) = 16.51 P = 0.0003 

    
Fig 4.8 

   

    
  2-way ANOVA sidak post hoc test 

gWAT  

  F (DFn, DFd) P Value  

Hsl Interaction F (1, 11) = 0.82 P=0.3846 

  Genotype  F (1, 11) = 14.82 P=0.0027 

  Treatment F (1, 11) = 6.986 P=0.0229 

Lpl Interaction F (1, 10) = 0.01101 P = 0.9185 

  Genotype  F (1, 10) = 24.05 P = 0.0006 

  Treatment F (1, 10) = 0.9130 P = 0.3618 

scWAT  

  F (DFn, DFd) P Value  

Atgl Interaction F (1, 9) = 0.6731 P = 0.4332 

  Genotype  F (1, 9) = 1.989 P = 0.1921 

  Treatment F (1, 9) = 22.10 P = 0.0011 

BAT 

  F (DFn, DFd) P Value  

Fasn Interaction F (1, 12) = 0.9405 P = 0.3513 

  Genotype  F (1, 12) = 4.488 P = 0.0557 

  Treatment F (1, 12) = 7.034 P = 0.0211 

Atgl Interaction F (1, 9) = 7.036 P = 0.0264 

  Genotype  F (1, 9) = 5.573 P = 0.0425 

  Treatment F (1, 9) = 2.644 P = 0.1384 

    
Fig 4.9 

   

    

  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

pHSL fold change Interaction F (2, 18) = 56.08 P < 0.0001 

  Genotype  F (1, 18) = 31.56 P < 0.0001 

  Treatment F (2, 18) = 193.6 P < 0.0001 

    
Fig 4.10 

   

    

Panel A 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

gWAT weight  Interaction F (1, 28) = 0.2046 P = 0.6546 

  Diet F (1, 28) = 39.85 P < 0.0001 

  Genotype  F (1, 28) = 5.819 P = 0.0227 
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scWAT weight  Interaction F (1, 28) = 23.87 P < 0.0001 

  Diet F (1, 28) = 117.7 P < 0.0001 

  Genotype  F (1, 28) = 42.95 P < 0.0001 

    

Panel B 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Daily intake Interaction F (1, 28) = 1.975 P = 0.1709 

  Genotype  F (1, 28) = 5.832 P = 0.0225 

  Diet F (1, 28) = 9.407 P = 0.0048 

Food intake - NC Interaction F (1, 12) = 1.547 P=0.2420 

  Time F (1, 12) = 140.2 P<0.0001 

  Genotype  F (1, 12) = 1.134 P=0.3119 

Food intake - HFD Interaction F (1, 12) = 28.95 P=0.0002 

  Time F (1, 12) = 66 P<0.0001 

  Genotype  F (1, 12) = 18.02 P=0.0011 

% light feeding Interaction F (1, 28) = 18.54 P = 0.0002 

  Diet  F (1, 28) = 0.5339 P = 0.4710 

  Genotype  F (1, 28) = 12.42 P = 0.0015 

    

Panel C 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

TAG Interaction F (1, 28) = 2.709 P = 0.1096 

  Genotype  F (1, 28) = 1.677 P = 0.2045 

  Diet F (1, 28) = 1.574 P = 0.2187 

FFA Interaction F (1, 28) = 0.009141 P = 0.9245 

  Genotype  F (1, 28) = 7.666 P = 0.0099 

  Diet F (1 ,28) = 24.85 P < 0.0001 

Glycerol Interaction F (1, 28) = 6.423 P = 0.0164 

  Genotype  F (1, 28) = 0.7397 P = 0.3962 

  Diet F (1, 28) = 12.59 P = 0.0012 

    
Fig 4.11  

   

    

  2-way ANOVA sidak post hoc test 

Liver 

  F (DFn, DFd) P Value  

Pparα Interaction F (1, 31) = 6.128 P = 0.0190 

  Genotype  F (1, 31) = 2.947 P = 0.0960 

  Diet F (1, 31) = 7.678 P = 0.0094 
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Fig 4.12  

    
  2-way ANOVA sidak post hoc test 

gWAT  

  F (DFn, DFd) P Value  

Fasn Interaction F (1, 19) = 2.498 P = 0.1305 

  Diet  F (1, 19) = 9.500 P = 0.0061 

  Genotype  F (1, 19) = 0.8185 P = 0.3769 

Atgl Interaction F (1, 31) = 4.485 P = 0.0423 

  Diet  F (1, 31) = 9.057 P = 0.0052 

  Genotype  F (1, 31) = 0.1585 P = 0.6933 

Liver 

  F (DFn, DFd) P Value  

Fabp4 Interaction F (1, 30) = 6.158 P = 0.0189 

  Diet  F (1, 30) = 11.62 P = 0.0019 

  Genotype  F (1, 30) = 11.38 P = 0.0021 

Muscle 

  F (DFn, DFd) P Value  

Fasn Interaction F (1, 31) = 6.099 P = 0.0192 

  Diet  F (1, 31) = 15.96 P = 0.0004 

  Genotype  F (1, 31) = 5.884 P = 0.0213 

    
Fig 4.13 

   

    
  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

FASN Interaction F (1, 20) = 0.6688 P=0.4231 

  Diet  F (1, 20) = 7.762 P=0.0114 

  Genotype  F (1, 20) = 0.3573 P=0.5567 

ATGL Interaction F (1, 20) = 0.002795 P=0.9584 

  Diet  F (1, 20) = 1.287 P=0.2700 

  Genotype  F (1, 20) = 0.5446 P=0.4691 

    
Fig 4.14 

   

    
  2-way ANOVA sidak post hoc test 

gWAT  

  F (DFn, DFd) P Value  

Gk/Hk2 Interaction F (1, 31) = 9.229 P = 0.0048 

  Diet  F (1, 31) = 4.620 P = 0.0395 

  Genotype  F (1, 31) = 1.740 P = 0.1968 

Pepck Interaction F (1, 29) = 4.308 P = 0.0469 
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  Diet  F (1, 29) = 21.45 P < 0.0001 

  Genotype  F (1, 29) = 2.813 P = 0.1043 

Liver 

  F (DFn, DFd) P Value  

Glut2 Interaction F (1, 31) = 6.916 P = 0.0132 

  Diet  F (1, 31) = 0.6021 P = 0.4437 

  Genotype  F (1, 31) = 7.401 P = 0.0106 

Pepck Interaction F (1, 31) = 0.003211 P = 0.9552 

  Diet  F (1, 31) = 0.02657 P = 0.8716 

  Genotype  F (1, 31) = 18.32 P = 0.0002 

    
Fig 4.15 

   

    

Panel B 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Blood Glucose Interaction F (1, 36) = 3.13 P=0.0853 

  Genotype  F (1, 36) = 0.4045 P=0.5288 

  Treatment F (1, 36) = 83.66 P<0.0001 

    

Panel C 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

FFA Interaction F (1, 20) = 2.368 P = 0.1395 

  Treatment F (1, 20) = 28.23 P < 0.0001 

  Genotype  F (1, 20) = 0.04752 P = 0.8296 

    
Fig 4.16 

   

    
  2-way ANOVA sidak post hoc test 

Muscle 

  F (DFn, DFd) P Value  

Atgl Interaction F (1, 13) = 7.599 P=0.0163 

  Treatment F (1, 13) = 8.069 P=0.0139 

  Genotype  F (1, 13) = 4.343 P=0.0575 

Hsl Interaction F (1, 16) = 1.791 P=0.1995 

  Treatment F (1, 16) = 16.85 P=0.0008 

  Genotype  F (1, 16) = 1.403 P=0.2536 

    
Fig 4.17 

   

    
Panel A 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

NC Interaction F (4, 50) = 0.6242 P=0.6474 
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  Time F (4, 50) = 18.08 P<0.0001 

  Treatment  F (1, 50) = 4.304 P=0.0432 

HFD Interaction F (4, 50) = 0.8961 P=0.4733 

  Time F (4, 50) = 16.74 P<0.0001 

  Treatment  F (1, 50) = 0.7932 P=0.3774 

    

Panel A Unpaired t-test 

  P value t, df F,DFn, Dfd 

NC 0.0459 t=2.279 df=10 13.72, 5, 5 

    

Panel B 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

NC Interaction F (4, 50) = 3.211 P=0.0201 

  Time F (4, 50) = 7.771 P<0.0001 

  Treatment  F (1, 50) = 7.917 P=0.0070 

HFD Interaction F (4, 50) = 0.6336 P=0.6408 

  Time F (4, 50) = 37.75 P<0.0001 

  Treatment  F (1, 50) = 4.565 P=0.0376 

    

Panel B Unpaired t-test 

  P value t, df F,DFn, Dfd 

NC 0.0333 t=2.466 df=10 4.014, 5, 5 

    
Fig 4.18 

   

    

  3-way ANOVA  

  F (DFn, DFd) P Value  

Dgat2 Treatment F (1, 1) = 51.14 P<0.0001 

 
Genoptype F (1, 1) = 1.112 P=0.2946 

 
Diet F (1, 1) = 5.776 P=0.0183 

Fasn Treatment F (1, 1) = 28.17 P<0.0001 

 
Genoptype F (1, 1) = 2.55 P=0.1138 

 
Diet F (1, 1) = 17.2 P<0.0001 

Lpl Treatment F (1, 1) = 6.949 P=0.0099 

 
Genoptype F (1, 1) = 0.002202 P=0.9627 

 
Diet F (1, 1) = 0.06347 P=0.8017 

Atgl Treatment F (1, 1) = 5.321 P=0.0234 

 
Genoptype F (1, 1) = 0.0005153 P=0.9819 

 
Diet F (1, 1) = 23.41 P<0.0001 

Hsl Treatment F (1, 1) = 31.94 P<0.0001 

 
Genoptype F (1, 1) = 1.46 P=0.2302 

 
Diet F (1, 1) = 5.511 P=0.0211 

Glut4 Treatment F (1, 1) = 5.627 P=0.0199 
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Genoptype F (1, 1) = 8.928 P=0.0036 

 
Diet F (1, 1) = 23.34 P<0.0001 

 

  



276 
 

Appendix 3 

Chapter 5 statistics 
Figure 5.1 

   

    
Panel B 2-way ANOVA sidak post hoc test 

Bmal1flox Adipocre 

  F (DFn, DFd) P Value  

Bmal1 Interaction F (4, 35) = 28.66 P<0.0001 

  Genotype F (1, 35) = 88.16 P<0.0001 

  Tissue F (4, 35) = 33.23 P<0.0001 

Rev-erbα Interaction F (4, 34) = 5.222 P=0.0022 

  Genotype F (1, 34) = 9.307 P=0.0044 

  Tissue F (4, 34) = 9.333 P<0.0001 

Rev-erbαflox Adipocre 

  F (DFn, DFd) P Value  

Bmal1 Interaction F (4, 39) = 20.08 P<0.0001 

  Genotype F (1, 39) = 60.32 P<0.0001 

  Tissue F (4, 39) = 20.67 P<0.0001 

Rev-erbα Interaction F (4, 39) = 1.4 P=0.2519 

  Genotype F (1, 39) = 24.04 P<0.0001 

  Tissue F (4, 39) = 1.246 P=0.3077 

    
Figure 5.2 

   

    
  Unpaired t-test 

Males 

  P value t, df F,DFn, Dfd 

scWAT weight 0.015 t=3.086 df=8 11.64, 3, 5 

    
Figure 5.3 

   

    
Panel B 2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Intake (g) Interaction F (1, 12) = 0.8599 P=0.3720 

  Time F (1, 12) = 10.91 P=0.0063 

  Genotype F (1, 12) = 0.7282 P=0.4102 

Intake (g/g)  Interaction F (1, 12) = 1.900 P = 0.1932 

  Time F (1, 12) = 9.608 P = 0.0092 

  Genotype F (1, 12) = 0.9717 P = 0.3437 
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Fig 5.4 

    
  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

VO2 Interaction F (1, 12) = 2.429 P = 0.1451 

  Genotype  F (1, 12) = 34.14 P < 0.0001 

  Time F (1, 12) = 2.371 P = 0.1496 

VCO2 Interaction F (1, 12) = 1.755 P=0.2100 

  Genotype  F (1, 12) = 40.45 P<0.0001 

  Time F (1, 12) = 2.256 P=0.1589 

kcal/hr Interaction F (1, 12) = 0.6634 P = 0.4312 

  Genotype  F (1, 12) = 17.95 P = 0.0012 

  Time F (1, 12) = 1.212 P = 0.2925 

RER Interaction F (1, 12) = 0.06407 P=0.8045 

  Genotype  F (1, 12) = 31.81 P=0.0001 

  Time F (1, 12) = 1.136 P=0.3074 

COX Interaction F (1, 12) = 0.9168 P = 0.3572 

  Genotype  F (1, 12) = 41.32 P < 0.0001 

  Time F (1, 12) = 1.795 P = 0.2052 

FOX Interaction F (1, 12) = 0.1266 P = 0.7282 

  Genotype  F (1, 12) = 32.39 P = 0.0001 

  Time F (1, 12) = 0.9137 P = 0.3580 

    
Fig 5.5 

   

    

  Unpaired t-test 

  P value t, df F,DFn, Dfd 

Intake (g/g) 0.0028 t=3.93 df=10 3.134, 5, 5 

    
Fig 5.8 

   

    
  Unpaired t-test 

gWAT 

  P value t, df F,DFn, Dfd 

Dgat2 0.0092 t=3.412 df=8 6.185, 4, 4 

Fasn 0.0137 t=3.145 df=8 5.533, 4, 4 

Lpl 0.0264 t=2.803 df=7 4.388, 3, 4 

Atgl 0.0323 t=2.587 df=8 97.32, 4, 4 

Hsl 0.01 t=3.358 df=8 15.34, 4, 4 
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Fig 5.9 

    
  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Dgat2 Interaction F (1, 30) = 1.296 P = 0.2639 

  Genotype  F (1, 30) = 3.881 P = 0.0581 

  Treatment F (1, 30) = 5.794 P = 0.0224 

Fasn Interaction F (1, 31) = 0.6192 P = 0.4373 

  Genotype  F (1, 31) = 0.7122 P = 0.4052 

  Treatment F (1, 31) = 12.69 P = 0.0012 

Fabp4 Interaction F (1, 28) = 1.141 P = 0.2946 

  Genotype  F (1, 28) = 0.9452 P = 0.3393 

  Treatment F (1, 28) = 9.839 P = 0.0040 

Atgl Interaction F (1, 29) = 0.2463 P = 0.6234 

  Genotype  F (1, 29) = 0.2193 P = 0.6431 

  Treatment F (1, 29) = 12.72 P = 0.0013 

Hsl Interaction F (1, 27) = 1.379e-005 P = 0.9971 

  Genotype  F (1, 27) = 0.7689 P = 0.3883 

  Treatment F (1, 27) = 21.41 P < 0.0001 

Lpl Interaction F (1, 32) = 0.1618 P = 0.6901 

  Genotype  F (1, 32) = 8.419 P = 0.0067 

  Treatment F (1, 32) = 2.820 P = 0.1028 

Glut4 Interaction F (1, 32) = 0.1984 P = 0.6590 

  Genotype  F (1, 32) = 4.949 P = 0.0333 

  Treatment F (1, 32) = 0.3016 P = 0.5867 

    
Figure 5.10 

   

    
  2-way ANOVA sidak post hoc test 

Body Weight 

  F (DFn, DFd) P Value  

Male Interaction F (1, 14) = 0.2226 P=0.6443 

  Genotype  F (1, 14) = 0.6499 P=0.4336 

  Diet F (1, 14) = 170 P<0.0001 

Female Interaction F (1, 24) = 1.172 P=0.2897 

  Genotype  F (1, 24) = 0.07108 P=0.7920 

  Diet F (1, 24) = 42.87 P<0.0001 

gWAT  

Male Interaction F (1, 14) = 0.001279 P=0.9720 

  Genotype  F (1, 14) = 0.1195 P=0.7347 

  Diet F (1, 14) = 52.87 P<0.0001 

Female Interaction F (1, 22) = 0.01806 P = 0.8943 
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  Genotype  F (1, 22) = 1.823 P = 0.1907 

  Diet F (1, 22) = 154.3 P < 0.0001 

scWAT 

Male Interaction F (1, 14) = 2.869 P=0.1124 

  Genotype  F (1, 14) = 0.3736 P=0.5508 

  Diet F (1, 14) = 152.4 P<0.0001 

Female Interaction F (1, 24) = 0.7437 P=0.3970 

  Genotype  F (1, 24) = 0.151 P=0.7010 

  Diet F (1, 24) = 116.3 P<0.0001 

    
Fig 5.11 

   

    
  Unpaired t-test 

Females 

  P value t, df F,DFn, Dfd 

Food intake (g) 0.0175 t=2.985 df=8 2.573, 4, 4 

Food intake (g/g) 0.0407 t=2.437 df=8 1.189, 4, 4 

    
Fig 5.12 

   

    
  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

Body Weight Interaction F (1, 12) = 0.1222 P = 0.7327 

  Genotype  F (1, 12) = 0.03752 P = 0.8496 

  Diet F (1, 12) = 53.56 P < 0.0001 

gWAT  Interaction F (1, 13) = 0.1023 P=0.7542 

  Genotype  F (1, 13) = 0.4683 P=0.5058 

  Diet F (1, 13) = 30.4 P<0.0001 

scWAT Interaction F (1, 13) = 0.4136 P = 0.5313 

  Genotype  F (1, 13) = 1.235 P = 0.2865 

  Diet F (1, 13) = 40.72 P < 0.0001 

    
Fig 5.13 

   

    

  2-way ANOVA sidak post hoc test 

  F (DFn, DFd) P Value  

VO2 Interaction F (1, 12) = 0.001363 P = 0.9712 

  Genotype  F (1, 12) = 49.81 P < 0.0001 

  Time F (1, 12) = 1.380 P = 0.2629 

VCO2 Interaction F (1, 12) = 0.001088 P = 0.9742 

  Genotype  F (1, 12) = 65.04 P < 0.0001 

  Time F (1, 12) = 2.139 P = 0.1693 
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kcal/hr Interaction F (1, 12) = 0.01356 P = 0.9092 

  Genotype  F (1, 12) = 33.12 P < 0.0001 

  Time F (1, 12) = 0.002110 P = 0.9641 

RER Interaction F (1, 12) = 0.004998 P=0.9448 

  Genotype  F (1, 12) = 17.76 P=0.0012 

  Time F (1, 12) = 1.255 P=0.2846 

COX Interaction F (1, 12) = 0.05240 P = 0.8228 

  Genotype  F (1, 12) = 45.33 P < 0.0001 

  Time F (1, 12) = 0.01694 P = 0.8986 

FOX Interaction F (1, 12) = 0.03158 P = 0.8619 

  Genotype  F (1, 12) = 13.43 P = 0.0032 

  Time F (1, 12) = 0.8546 P = 0.3735 

 


