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Abstract  

 

There is an increased chance of developing infertility in overweight and underweight 

individuals, which highlights the relationship between fertility and energy balance. 

Energy balance is controlled by the appetite regulating system, found in the arcuate 

nucleus (ARC) of the hypothalamus, consisting of orexigenic and anorexigenic 

neuropeptides. Neuropeptide Y (Npy), an orexigenic neuropeptide stimulates food 

intake/decreases energy expenditure, while pro-opiomelanocortin (Pomc) acts in the 

opposite manner, decreasing food intake/increasing energy expenditure. Kisspeptin 

neurons are also found in the ARC. Kisspeptin, encoded from the Kiss1 gene, is a 

neuropeptide critical for fertility – stimulating gonadotrophic releasing hormone (GnRH) 

neurons via Kiss1r, the kisspeptin receptor. Kiss1r is also expressed in additional brain 

areas and peripheral tissues indicating a non-reproductive role. Recently, the metabolic 

profile of Kiss1r knockout (KO) mice was revealed. These mice are infertile but also have 

an obese and diabetic phenotype. The mechanism behind this altered metabolism 

remained unknown. The aim of this thesis was to examine how the obese phenotype 

develops in Kiss1r KO mice. This was achieved through three in vivo studies in male and 

female WT and Kiss1r KO mice. 

Firstly, Chapter 5 investigated whether Kiss1r KO mice develop their metabolic 

phenotype via altered gene expression in the hypothalamic appetite regulating system. 

Using quantitative real time polymerase chain reaction (qRT-PCR), Npy and Pomc gene 

expression were examined. Genes were investigated at the age prior to notable changes 

in body weight in Kiss1r KO mice (8 weeks) and when the metabolic phenotype appeared 

fully established (20 weeks). To exclude sex steroid regulation on metabolism, 

gonadectomised (GNX) cohorts were included. Interestingly, gonad intact Kiss1r KO 

mice exhibited higher Pomc gene expression, which appeared to be sex steroid dependent 

because no changes were evident in GNX WT and Kiss1r KO mice. Although Kiss1r KO 

mice were hyperleptinemic, it was concluded that the obese phenotype in Kiss1r KO mice 

was not caused by alterations in hypothalamic feeding circuits.  

Chapter 6 focused on the potential origins of the obese phenotype in Kiss1r KO mice in 

peripheral tissues. The same ages from Chapter 5 were used and metabolic gene 

expression was examined in the liver, skeletal muscle, white and brown adipose tissue 

(all expressing Kiss1r). Chapter 6 showed that obesity in Kiss1r KO mice was associated 
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with significantly reduced uncoupling protein 1 gene expression in brown adipose tissue 

– responsible for non-shivering thermogenesis and energy expenditure – and significantly 

increased leptin gene expression in white adipose tissue – indicative of leptin resistance. 

Importantly, alterations in both genes were evident at 8 weeks of age potentially 

demonstrating a causative effect on altered metabolism resulting from impaired 

kisspeptin signalling (and not a consequence of obesity). 

Despite these alterations, Kiss1r KO mice exhibit reduced food intake compared to WT 

suggesting an intact hypothalamic appetite regulating system. Chapter 7 aimed to 

investigate whether (GNX) 8-9 week old Kiss1r KO mice respond normally to exogenous 

ghrelin or leptin administration. Leptin and ghrelin regulate the appetite regulating system 

to reduce and increase food intake respectively. Therefore, it was determined whether 

exogenous ghrelin or leptin administration adequately regulate energy intake and 

hypothalamic Npy and Pomc gene expression in Kiss1r KO mice. Despite no obvious 

reduction in food intake, female WT and Kiss1r KO mice responded normally to leptin 

treatment with increased Pomc gene expression. Interestingly, the food intake response 

to ghrelin was less pronounced in Kiss1r KO mice but this was paired with no change in 

Npy gene expression. Therefore, Kiss1r KO mice show no clear deficiency in responding 

to leptin or ghrelin administration again demonstrating that impaired central mechanisms 

are unlikely the cause of their metabolic phenotype.    

In this thesis, the experiments allowed further clarification of the development of obesity 

in Kiss1r KO mice. The results indicate that a peripheral mechanism altering energy 

expenditure – uncoupling protein 1 gene expression in brown adipose tissue – is the likely 

cause.  These studies also provide further understanding of the reciprocal relationship 

between reproduction and metabolism with potential for using kisspeptin as a possible 

intervention tool for treating obesity. 
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Thesis Format 
 

General 

This thesis is presented as nine chapters, the first four of which are the Introduction, 

Literature Review, Experimental Objectives and Materials and Methods. The 

Introduction provides an overall perspective of the thesis and introduces the hypotheses 

and related experimental chapters. The Literature Review and Materials and Methods 

chapters expand on the relevant background not mentioned in the Experimental Chapters 

including the rationale to choosing these methods. 

The results are presented as three experimental chapters where the first experimental 

chapter is a published paper (Chapter 5) while the last two chapters are written as 

traditional thesis chapters (Chapter 6 and 7). All experimental chapters have an 

Introduction, Materials and Methods, Results and Discussion tailored to the specific 

study. For consistency, all experimental chapters are formatted according to this thesis 

rather than using journal guidelines. A General Discussion chapter then draws all the 

findings of this thesis into one chapter and discusses the future directions of the work in 

this thesis. This is followed by all the references that have been cited in this thesis.  

 

Language 

Most this thesis is written according to Australian English. However, for chapters 

containing published manuscripts, language would be kept by means of specific Journal 

guidelines.  

 

Presentation of Data 

All data are presented in graphical presentations. Figures are generally presented on 

separate pages, and whenever possible, are placed right after the text in which they are 

cited. 

 

References  

Published work referred to the text is cited according to Harvard (UWA Science) format. 

That is, author and year of publication is cited in text; where the number of authors 

exceeds three, only the first author is mentioned followed by et al. and the year of 

publication.  
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Chapter 1 – Introduction 

 

In Western society, obesity is a major health epidemic, which leads to health problems 

such as metabolic syndrome and also altered reproduction (Pasquali, Patton & Gambineri 

2007; World Health Organisation 2000). Obesity is a consequence of a positive state of 

energy balance, involving an increase in food intake and/or decrease in energy 

expenditure leading to sustained weight gain (Hill, Wyatt & Peters 2012; World Health 

Organisation 2000). Energy balance is regulated by the appetite regulating system with 

‘first order’ neurons located in the arcuate nucleus (ARC) of the hypothalamus, consisting 

of orexigenic and anorexigenic neuropeptides (Barsh & Schwartz 2002). Orexigenic 

neuropeptides such as neuropeptide Y (Npy) and agouti-related protein (Agrp) act to 

stimulate food intake and decrease energy expenditure. Conversely, anorexigenic 

neuropeptides such as pro-opiomelanocortin (Pomc) and cocaine- and amphetamine 

related transcript (Cart) act to reduce food intake and increase energy expenditure (Barsh 

& Schwartz 2002).  

Kisspeptin neuronal populations are also found in the ARC with expression additionally 

found in the anteroventral periventricular nucleus (AVPV) and periventricular nucleus 

(PeN) (Smith et al. 2005a; Smith et al. 2005b). These neurons synthesise Kiss1 mRNA 

and in turn the neuropeptide kisspeptin, which acts via the kisspeptin receptor (Kiss1r) to 

stimulate gonadotrophin-releasing hormone (GnRH) neurons in the hypothalamus 

(Gottsch et al. 2004; Han et al. 2005). These neurons secrete GnRH to increase luteinising 

hormone (LH) and follicle stimulating hormone (FSH) secretion, stimulating gonadal sex 

steroid production to drive fertility (Irwig et al. 2004; Messager et al. 2005; Pompolo et 

al. 2006; Smith et al. 2009; Smith et al. 2011). The reproductive role of kisspeptin was 

firstly discovered by two independent research groups, which identified Kiss1r mutations 

in clinical cases of idiopathic hypogonadotropic hypogonadism leading to infertility (De 

Roux et al. 2003; Seminara et al. 2003). Furthermore, kisspeptin has been further 

examined in mice, rats and sheep studies, all strengthening evidence for the critical role 

of kisspeptin in reproduction (Han et al. 2005; Messager et al. 2005; Pompolo et al. 2006; 

Smith et al. 2005a; Smith et al. 2005b; Smith et al. 2009). 

There is a higher incidence of infertility in overweight and underweight individuals, 

identifying a relationship between fertility and energy balance (Pasquali, Patton & 

Gambineri 2007; Rogers & Mitchell Jr 1952). Moreover, this relationship indicates the 
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potential for a non-reproductive role of kisspeptin – regulating in energy balance. Initial 

evidence for this role was provided by an electrophysiological study where the treatment 

of NPY and POMC cells with kisspeptin led to the inhibition and excitation of firing of 

these cells, respectively (Fu & van den Pol 2010). Although these results conflict with 

intracerebrovascular (central) kisspeptin treatment in sheep, as treatment suppressed 

Pomc and stimulated Npy mRNA expression compared to controls (Backholer et al. 

2010). Therefore, further investigation to elucidate the exact role of kisspeptin in energy 

balance would form the basis of this thesis. The role of kisspeptin in energy balance was 

investigated in this thesis using a kisspeptin receptor knock out (Kiss1r KO) mouse 

model. Kiss1r KO mice exhibit infertility (Dungan et al. 2007; Funes et al. 2003; 

Kauffman et al. 2007; Lapatto et al. 2007; Messager et al. 2005; Seminara et al. 2003) 

and also increased body weight, adiposity, hyperleptinemia and impaired glucose 

tolerance (Tolson et al. 2016; Tolson et al. 2014) compared to wild type (WT) littermates. 

This altered metabolism develops into an obese phenotype in adulthood in these Kiss1r 

KO mice. The overall aim of this thesis is to examine how this obese phenotype develops 

in Kiss1r KO mice. It is hypothesised that kisspeptin is a vital link between energy 

balance and fertility.  

This thesis will investigate the reasons behind the obese phenotype in Kiss1r KO mice 

via three experiments. The main method used in this thesis is examining gene expression 

using quantitative real time polymerase chain reaction (qRT-PCR). The first two 

experiments examined gene expression of the hypothalamic appetite regulating system 

and key peripheral organ metabolic genes respectively. Both studies comparing gene 

expression between Kiss1r KO to wild type (WT) mice. The last experiment examined 

the effects of ghrelin and leptin treatment, two key peripheral metabolic regulators of the 

appetite regulating system and key hypothalamic genes examined in the first 

investigation. All three experiments will be outlined below. As sex steroids influence 

body weight and metabolism, and Kiss1r KO mice are hypogonadal, all experiments 

included a gonadectomised cohort to equalise circulating sex steroid levels between 

Kiss1r WT and KOs (Faulds et al. 2012; Sinchak & Wagner 2012). 

The first experimental chapter (Chapter 5) aimed to investigate whether Kiss1r KO mice 

develop their metabolic phenotype due to alterations in the expression of genes involved 

in the appetite regulating system of the hypothalamus. Genes examined included Npy and 

Pomc as well as leptin receptor (Lepr), ghrelin receptor (Ghsr), and melanocortin receptor 

3 and 4 (Mc3r, Mc4r). This was investigated at two ages – the age prior to notable changes 
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in body weight (8 weeks) and when the metabolic phenotype is fully established (20 

weeks). These ages were validated from a previous study (Tolson et al. 2014) and were 

chosen to possibly identify whether changes in hypothalamic gene expression occurs as 

a cause or a consequence of obesity. 

The changes observed in hypothalamic gene expression in Chapter 5 did not appear to 

contribute to the obesity in Kiss1r KO mice. Because Kiss1r is expressed in peripheral 

tissues such as the liver, skeletal muscle, white and brown adipose tissue (Muir et al. 

2001), the second experimental chapter (Chapter 6) examined key peripheral organ 

metabolic gene expression in Kiss1r KO mice. Metabolic genes implicated in glucose 

metabolism, energy homeostasis and fatty acid metabolism were examined in peripheral 

tissues. This was necessary to investigate whether impaired kisspeptin signalling in 

peripheral organs contributes to the obese phenotype in these Kiss1r KO mice. The same 

ages (from Chapter 5) were again used to identify whether metabolic alterations exhibited 

in Kiss1r KO mice had a causative effect from impaired kisspeptin signalling at 8 weeks 

or a consequence effect from altered metabolism and obesity at 20 weeks.  

The third experimental chapter (Chapter 7) investigated whether Kiss1r KO mice respond 

normally to exogenous ghrelin or leptin administration. Leptin and ghrelin are both potent 

peripheral regulators of food intake, which reduce (Halaas et al. 1995) and stimulate 

(Kojima et al. 1999; Sun, Ahmed & Smith 2003) food intake respectively. Leptin and 

ghrelin resistance are known to occur with obesity. Therefore, it should be clarified 

whether ghrelin or leptin can alter Npy and Pomc gene expression adequately in Kiss1r 

KO mice.  

In this thesis, the experiments allowed further investigation to determine the origin of 

obesity in Kiss1r KO mice. The studies provide understanding on how impaired 

kisspeptin signalling influences metabolism and energy balance. Overall, these studies 

provide further framework behind the reciprocal link between reproduction and 

metabolism – placing kisspeptin as a key neuropeptide for this relationship.  
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Chapter 2 – Literature Review 

 

 

 

 

Preface 

 

In this literature review, Sections 2.1 to 2.7 has been published in the following journal 

article below and has been altered for consistency:   

De Bond, J-AP & Smith, JT 2014, ‘Kisspeptin and energy balance in reproduction’. 

Reproduction. vol. 147, no. 3, pp. R53-R63 

Sections 2.8 onwards has not been submitted for publication and content is extended 

beyond the published literature review.   
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2.1 Kisspeptin governs puberty onset and reproduction 

Kisspeptin is a hypothalamic neuropeptide that drives fertility by stimulating 

gonadotropin-releasing hormone (GnRH) neurons (Gottsch et al. 2004; Han et al. 2005). 

A product of the KISS1 gene, kisspeptin, is cleaved from an initial 145 amino acid 

precursor to a 54 amino acid peptide in humans (Kotani et al. 2001; Ohtaki et al. 2001) 

and a 52 amino acid peptide in mice (Terao et al. 2004). In humans, smaller isoforms of 

14 and 13 amino acids have also been isolated, each sharing the common C-terminal 

sequence (Kotani et al. 2001; Ohtaki et al. 2001). Kisspeptin binds to the once orphaned 

G-protein-coupled receptor-54 (Kotani et al. 2001), now commonly referred to as Kiss1r 

(Gottsch, Clifton & Steiner 2009) and signals through the well defined Gq/11 protein 

pathway (Figure 2.1). 

Two independent research groups discovered the essential role of kisspeptin in 

reproduction almost simultaneously in 2003, when Kiss1r mutations were isolated in 

cases of idiopathic hypogonadotropic hypergonadism (De Roux et al. 2003; Seminara et 

al. 2003). Seminara et al. (2003) were also the first to examine Kiss1r null mice, which 

shared the infertility and had no other discernible phenotype. It is now universally 

accepted that kisspeptin is fundamental to GnRH-driven fertility and the key pieces of 

evidence for this include the following: i) the stimulatory effect of kisspeptin is blocked 

by GnRH antagonists (Gottsch et al. 2004; Irwig et al. 2004; Matsui et al. 2004; Shahab 

et al. 2005); ii) injections of kisspeptin directly in to the vicinity of GnRH neuron 

stimulate luteinizing hormone (LH) secretion (Patterson et al. 2006); iii) kisspeptin 

activates GnRH neurons in vivo (Irwig et al. 2004; Matsui et al. 2004), and in vitro (Han 

et al. 2005; Pielecka-Fortuna, Chu & Moenter 2008); iv) kisspeptin immunoreactive 

fibers appose GnRH neuron cell bodies, (Clarkson & Herbison 2006; Kinoshita et al. 

2005; Smith et al. 2008) and their terminals within the median eminence (Smith et al. 

2011); v) kisspeptin stimulates GnRH release into the portal circulation of sheep (Smith 

et al. 2011) and the isolated mediobasal hypothalamus (d'Anglemont de Tassigny et al. 

2008); and finally vi) almost all GnRH neurons express Kiss1r (Han et al. 2005; Irwig et 

al. 2004; Smith et al. 2009). Importantly, the effects of kisspeptin are absent in Kiss1r 

knockout (KO) mice, showing specificity to this receptor (Dungan et al. 2007; Kauffman 

et al. 2007; Messager et al. 2005).  

It is worthy to note that using a genetic ablation approach, the importance of the kisspeptin 

system in mice has been challenged. Mice with ablated kisspeptin neurons presented with 
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normal fertility (Mayer & Boehm 2011). However, it is questionable whether a complete 

loss of kisspeptin cells was achieved. It is likely that this result reflects redundancy in 

kisspeptin neurons and signaling as genetically targeted mice with 50 and 95% reductions 

in Kiss1 transcript still maintain, albeit impaired in females, fertility (Popa et al. 2013). 

In addition, the DBA/2J mouse strain possess less than one-tenth the level of Kiss1 mRNA 

in the brain than the C57BL/6 mice (Quennell et al. 2011), yet are fertile. Thus, these data 

may highlight the importance of kisspeptin in reproduction, in that it is synthesized in 

excess to ensure reproductive success.  

One of the primary functions of kisspeptin appears to be as an interneuronal bridge 

between systemic levels of sex steroids and GnRH neuron regulation (Smith 2013; Figure 

2.2). In rodents, kisspeptin-producing cells are found in the anteroventral periventricular 

nucleus (AVPV) and the arcuate nucleus (ARC) (Smith 2013). In sheep and primates, 

kisspeptin neurons are located in the dorsolateral region of the preoptic area (POA) 

(perhaps a homologous population to the rodent AVPV) and the ARC (Estrada et al. 2006; 

Smith et al. 2007; Smith et al. 2010), and estrogen regulation of kisspeptin has been 

extensively studied in these regions in both rodents and sheep (Smith 2013). Both 

neuronal populations are important in the generation of estrogen-positive feedback and 

sex steroid-negative feedback signals to GnRH neurons. The former, critical for the 

GnRH/LH surge and ovulation in females and the latter, involved in the tonic/pulsatile 

regulation of GnRH secretion in both sexes (Herbison 2008; Simerly 2002). Specifically, 

sex steroids robustly regulate kisspeptin neurons and those in the ARC forward signals 

applicable to negative feedback regulation of GnRH in mice (Smith et al. 2005a; Smith 

et al. 2005b). In the female rodent, AVPV kisspeptin cells are critical for positive 

feedback regulation of GnRH (Smith et al. 2005a; Smith et al. 2006b). In sheep, key 

differences are apparent in feedback regulation of GnRH compared with rodents. Thus, 

estradiol (E2)-induced positive feedback appears to be mediated by kisspeptin neurons in 

both the ARC (Estrada et al. 2006; Smith et al. 2009) and the POA (Hoffman et al. 2011; 

Smith et al. 2009).  
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Figure 2.1 – The Kiss1r mediated intracellular signalling mechanisms.  Once 

kisspeptin is bound to the intracellular portion of Kiss1r, it phosphorylates Gq/11. The α-

subunit of Gq/11 activates phospholipase C (PLC) which cleaves phosphatidylinositol 

4,5-bisphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). 

Subsequently, intracellular calcium (Ca2+) is released from the endoplasmic reticulum 

and DAG activates a signalling cascade via the phosphorylation of protein kinase C 

(PKC). Activated PKC phosphorylates extracellular signal-regulated kinase 1/2 (ERK 

1/2) by various intermediate secondary messengers, which include RAS, RAF and MEK 

1/2. In addition, Kiss1r can also activate ERK 1/2 by Arrestin β2. Conversely, in tumour 

cells, Kiss1r inhibits ERK 1/2 by Arrestin β1, which follows the inhibition of nuclear 

factor κB (NF-κB) and matrix metalloproteinase-9 (MMP-9). RAS; small GTPase, RAF; 

serine/threonine kinase, MEK 1/2; mitogen activated protein kinase/extracellular signal-

regulated kinase, p38K; p38 kinase (defined by Roberts & Der 2007). GTP; guanosine 

triphosphate, GDP; guanosine diphosphate (defined by Zachariou, Duman & Nestler 

2012) . This figure is adapted and described by Wahab et al (2016). 
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Figure 2.2 – The proposed negative and positive feedback mechanism exerted by 

ovarian steroids on the regulation of kisspeptin neurons. In rodents, Kiss1 neurons are 

located in both AVPV and ARC and stimulate (+) GnRH neurons. In the ARC, Kiss1 

neurons project directly to GnRH cell bodies and their terminals in the median eminence. 

Moreover, estradiol (E2) inhibits (-) ARC Kiss1 neurons consistent with negative 

feedback control of GnRH neurons. In the AVPV, E2 stimulates (+) Kiss1 neurons, 

facilitating positive feedback regulatory control and the preovulatory GnRH/LH surge. 

AVPV Kiss1 neurons only project directly to GnRH cell bodies. 
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2.2  Metabolic control of fertility 

The appropriate regulation of energy balance is important for fertility. Successful 

reproduction requires adequate resources within the individual organism. Thus, the ability 

to control reproduction and metabolism simultaneously ensures that offspring are born 

into an environment with sufficient energy supplies to maintain survival of both the 

mother and the offspring (Evans & Anderson 2012). As a result, there is a clear 

association of the effects of energy balance on reproduction, whereby perturbations in 

energy balance, including obesity and frequently result in fertility impairment (Pasquali, 

Patton & Gambineri 2007). In most cases, it is evident that negative energy balance, when 

less energy (food) is consumed than is expended in metabolism, inhibits the reproductive 

axis. Ewes subjected to restricted feeding exhibited a significant decrease in mean LH 

concentration, LH pulse frequency, and follicle-stimulating hormone (FSH) 

concentrations compared with normal fed ewes (Thomas et al. 1990). In male rats, food 

restriction decreased LH, FSH, and testosterone levels compared with ad libitum fed 

controls (Compagnucci et al. 2002). Similar studies are also evident in mice, showing 

reduced fertility as a consequence of undernutrition (Castellano et al. 2005; Luque, 

Kineman & Tena-Sempere 2007). Overall, these studies demonstrate that lean animals 

with a reduced food intake are often hypogonadotropic.  

At the other end of the metabolic spectrum, diet-induced obesity (DIO) also has an effect 

on reproductive status. This is especially relevant now because obesity is reaching 

epidemic proportions and is one of the most serious public health issues facing the 

developed world. In male mice with DIO, sperm motility and fertility are compromised 

compared with normal-weight controls (Ghanayem et al. 2010). In adult female DBA/2J 

mice, which are susceptible to DIO, there were decreases in pregnancy rates and GnRH 

expression compared with controls (Tortoriello, McMinn & Chua 2004). These studies 

highlight that obesity can also lead to reduced fertility.  
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2.3  The effect of energy status on fertility is mediated by kisspeptin 

As both metabolic state and energy balance are important for reproduction, it would be 

reasonable to assume that kisspeptin neurons can provide the link between energy status 

and fertility. The role of kisspeptin expression in altered energy states has been 

investigated in states of undernutrition in mice and streptozotocin-induced diabetes in 

rats. Fasting in prepubertal rats led to a significant reduction in whole hypothalamic Kiss1 

but increased Kiss1r expression compared with normal fed rats (Castellano et al. 2005). 

Using a shorter period of fasting (48 h) in adult male mice, both Kiss1 and Kiss1r mRNA 

expression was reduced compared with fed controls (Luque, Kineman & Tena-Sempere 

2007). In a different altered energy state, an induced diabetic rat model, there was a 

significant decrease in Kiss1 mRNA compared with controls (Castellano et al. 2006). In 

follow-up studies isolating the distinct populations of Kiss1, fasting reduced expression 

in the AVPV, but not the ARC, in adult female ovariectomized (OVX) rats (Kalamatianos 

et al. 2008). Alternatively, chronic calorie restriction in female rats at the age of puberty 

reduced Kiss1 expression in the ARC, but not the AVPV (Roa et al. 2009). In OVX ewes, 

the effect of body weight status was seen on Kiss1 mRNA expression in both the ARC 

and the rostral, POA region, and was reduced in ewes made lean (Backholer et al. 2010). 

Thus, both populations of kisspeptin neurons are potential targets for negative energy 

balance.  

To further support the role of kisspeptin in mediating the effects of energy status on 

fertility, there are functional data where exogenous kisspeptin administration can rescue 

the hypothalamic–pituitary axis in these conditions. Fasted prepubertal male and female 

rats showed a significant increase in LH levels when they were centrally administrated 

with kisspeptin (Castellano et al. 2005). Furthermore, in a male diabetic rat model, 

kisspeptin administration led to a significant increase in LH levels compared with a 

vehicle control (Castellano et al. 2006). Thus, in conditions of negative energy balance, 

treatment with kisspeptin may overcome the reduced endogenous expression of Kiss1 and 

rescue any deficit in reproductive function. Alternatively, such a relationship does not 

automatically preclude a role for kisspeptin in mediating the effects of energy status. 

Kisspeptin may simply bypass the neuronal pathways that exert inhibitory metabolic 

actions on GnRH secretion, thus the data above should be considered with caution.  

With regard to positive energy balance, data are relatively scarce. However, in one recent 

study, Kiss1 expression was investigated in a DIO mouse model. Here, female DBA/2J 
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mice made obese by maintenance on a high-fat diet from weaning to adulthood had 

reduced Kiss1 mRNA in the ARC and the AVPV compared with chow-fed controls. 

Consistent with this, kisspeptin neuron number (as detected by immunohistochemistry) 

was also reduced in the latter (Quennell et al. 2011).  

From the aforementioned data, it is clear that energy balance has profound effects on the 

reproductive axis and these appear to be mediated, at least in part, by kisspeptin 

expression and signaling in the hypothalamus. This immediately raises the question as to 

what metabolic signals govern this effect. Metabolic control involves multiple factors 

acting on and within the hypothalamus (Barsh & Schwartz 2002), and it is possible that 

any one or the combined effect of many signals is important for the regulation of 

kisspeptin and in turn fertility.  

2.4  Metabolic regulators of kisspeptin 

2.4.1  Leptin 

The adipose hormone leptin is a critical component for energy balance. Leptin is secreted 

in proportion to fat stores and acts within the brain to signal adequate energy stores and 

satiety (Halaas et al. 1995). Adequate leptin concentrations are also known to be essential 

for the reproductive axis, gating the onset of puberty (Chehab 2000; Cheung et al. 1997) 

again through action in the brain (de Luca et al. 2005). Despite the acceptance of leptin 

as a requisite for puberty and fertility, the neuroanatomical pathway linking leptin 

signaling to GnRH neurons is not yet fully understood. GnRH neurons do not possess the 

signaling isoform of the leptin receptor (LepRb; Quennell et al. 2009). Therefore, 

interneuronal pathways that are sensitive to leptin and converge on GnRH neurons are 

required and kisspeptin neurons are recognized as a primary candidate.  

We were the first to demonstrate leptin's regulatory control of the kisspeptin system using 

leptin-deficient ob/ob mice (Smith et al. 2006a). Owing to the lack of circulating leptin, 

these mice are obese but experience a condition of perceived negative energy balance and 

are infertile. Male ob/ob mice had significantly reduced expression of Kiss1 mRNA in 

the ARC compared with WT littermates and this was partially corrected when exogenous 

leptin was administered to the periphery. Importantly, all mice in this study were castrated 

to remove the confounding regulatory effects of endogenous gonadal steroids, which are 

reduced in ob/ob mice. The study also confirmed the presence of Lepr (LepRb) mRNA 
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on 40% of kisspeptin neurons in the ARC, indicating that leptin regulation of gene 

expression is likely to occur directly on kisspeptin neurons (Figure 2.3).  

In support of this study, female ob/ob mice were also shown to have reduced expression 

of Kiss1 mRNA in the ARC compared with WT controls (Quennell et al. 2011). 

Moreover, this reduction was again shown in OVX mice and also in OVX mice with 

baseline estrogen replacement (Quennell et al. 2011). Similar confirmation of leptin 

regulation of kisspeptin has been reported in rats using a streptozotocin-induced diabetes 

model (resulting in hypoinsulinemia and hypoleptinemia; Castellano et al. 2006). Here, 

central leptin administration was able to restore the otherwise reduced expression of Kiss1 

mRNA in the whole hypothalamus. In guinea pigs, leptin can induce depolarization of 

kisspeptin neurons in the ARC, of which 36% express Lepr (Qiu et al. 2011). Finally, 

similar data are also apparent in sheep. In OVX ewes made lean through dietary 

restriction, reduced Kiss1 expression in the ARC was again partially restored with central 

leptin administration (Backholer et al. 2010). Interestingly, in this study, a similar effect 

was also observed in the POA kisspeptin neurons and virtually all these neurons (both 

POA and ARC) expressed Lepr mRNA (Backholer et al. 2010).  

Despite the evidence for a direct effect of leptin on kisspeptin neurons, more recent 

discoveries have cast doubt as to whether this is indeed the case. Subsequent 

neuroanatomical data in female sheep show a complete absence of leptin-induced 

pSTAT3 responses (indicating the presence of functional LepR) in either POA or ARC 

kisspeptin neurons (Louis et al. 2011). This same publication also showed an absence of 

LepRb (detected using Lepr–EGFP transgenic mice) in immunoreactive kisspeptin 

neurons in the AVPV. Moreover, a very limited proportion (0–6%) of ARC kisspeptin 

neurons (visualized using Tac2–EGFP transgenic mice) coexpressed pSTAT3 

immunoreactivity (Louis et al. 2011). In this model, however, the number of ‘kisspeptin 

neurons’ visualized via Tac2–EGFP appeared limited and so it is conceivable that the 

authors may have underestimated this population and reduced their ability to detect 

LepRb colocalization. Indeed, other studies using similar techniques have shown leptin 

activation (pSTAT3) in 15% of ARC kisspeptin neurons (Cravo et al. 2011). Despite this, 

the notion of kisspeptin neurons receiving direct input from leptin signaling has certainly 

become a contentious one. This was originally brought to the fore in a paper 

demonstrating that the onset of puberty is unaltered in a female mouse model with a 

targeted disruption of LepR selectively in Kiss1 neurons (Donato et al. 2011). Of interest 

here is that functional LepR signaling (pSTAT3 immunoreactivity) was confirmed in 13–
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20% of ARC kisspeptin neurons in control (LepRflox/flox) mice. As predicted, receptor 

expression was markedly reduced, but not completely abolished, in Kiss1-Cre LepRflox/flox 

mice. So it is possible that the remaining (but severely limited) LepR expression on 

kisspeptin neurons following cre-lox recombination may still be adequate for the relay of 

leptin signaling to kisspeptin neurons and in-turn fertility. Of note here is the apparent 

redundancy in Kiss1 expression required for fertility in mice (Popa et al. 2013). Equally, 

it is noted in Kiss1-Cre LepRflox/flox mice that LepR deletion was also apparent in the ovary 

and testes (Donato et al. 2011). Kiss1 expression has been documented in the gonads 

(Gaytan et al. 2009; Tariq et al. 2013) and also other brain regions during development 

(Gottsch et al. 2011), so the specificity of LepR deletion may be compromised. This, 

paired with the possibility of developmental compensatory mechanisms in the transgenic 

model, should not be ignored. In order to overcome many of these issues, a subsequent 

study examined LepR-null mice where LepR was re-expressed selectively in kisspeptin 

cells. These mice showed no improvement to the infertile phenotype of LepR-null mice 

(Cravo et al. 2013), indicating that leptin signaling in kisspeptin neurons is not sufficient 

for fertility in mice.  

Although it remains to be clarified as to whether leptin can act directly on kisspeptin 

neurons, indirect actions remain a likely possibility (Figure 2.3). Indeed, in both studies 

refuting the direct role of leptin on kisspeptin neurons, a neuronal population expressing 

LepRb located in the ventral premammillary nucleus (PMV) was implicated (Donato et 

al. 2011; Louis et al. 2011). Notably, lesions of the PMV prevent the restoration of fertility 

following leptin treatment in ob/ob mice and ‘re-expression’ of LepRb in the PMV of 

female LepR-null mice is sufficient to induce sexual maturation (Donato et al. 2011). 

Moreover, PMV neurons appear to make close contacts with kisspeptin and GnRH 

neurons (Donato et al. 2011; Louis et al. 2011) and a yet to be characterized population 

of LepRb neurons is also present in close vicinity of Kiss1 neurons in both ARC and 

AVPV (Louis et al. 2011). So coordinated interplay between the PMV–kisspeptin–GnRH 

systems is likely. Overall, it can be concluded that PMV is a key site for leptin's 

permissive action at the onset of puberty and supports the hypothesis that leptin's role in 

controlling metabolism (via the ARC) and reproduction is anatomically dissociated 

(Coppari et al. 2005).  

In spite of wealth of evidence demonstrating the effect of leptin on promoting fertility, 

and the involvement of kisspeptin neurons in mediating this effect (direct or indirect), the 

contribution of additional modulators of metabolism should not be ignored (see below). 



Chapter 2 – Literature Review  15 
 

Data also suggest that leptin may not be the sole critical metabolic factor predicating the 

restoration of fertility in models of negative energy balance. In sheep, the restoration of 

ad libitum feeding in food-restricted ewes rescues pulsatile LH secretion but does so prior 

to any change in circulating leptin concentrations (Szymanski et al. 2007). Similarly, 

restoration of leptin to normal basal levels in caloric restricted female rats does not restore 

Kiss1 mRNA or plasma LH levels (True et al. 2011). Although it could be argued in the 

latter that a required threshold of leptin was not reached because higher ‘pharmacological’ 

levels of leptin replacement in this study did maintain LH at control values (True et al. 

2011). Nevertheless, alternative regulators of metabolism are very likely involved in 

kisspeptin regulation and should be explored.  
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Figure 2.3 – The potential role of leptin and ghrelin on Kiss1 neuron regulation. 

Leptin stimulates (+) Kiss1 expression in both AVPV and ARC, but direct or indirect 

action on Kiss1 neurons is currently debated (?). Data suggest a role on ARC Kiss1 

neurons, but not those in the AVPV. Equally, data show an interneuronal pathway linking 

leptin signaling to Kiss1 neurons. Alternatively, ghrelin inhibits (-) Kiss1 neurons and 

does so in the AVPV via a yet to be determined indirect mechanism (?). There is currently 

no evidence to claim a direct action of ghrelin on ARC Kiss1 neurons (?), but this remains 

a possibility.   
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2.4.2  Insulin 

Insulin, the product of the pancreatic β cells, is vital for the control of carbohydrate and 

fat metabolism and also plays a role in the hypothalamus to regulate energy balance 

(Schwartz et al. 1992). Moreover, central insulin signaling promotes fertility (Bruning et 

al. 2000) and, like leptin, appears to regulate GnRH neurons through an interneuronal 

mechanism (Divall et al. 2010). In food-restricted ewes, the rescue of pulsatile LH 

secretion via restoration of ad libitum feeding (which occurs prior to any change in 

circulating leptin, see above) is preceded by an increase in circulating insulin 

concentrations (Szymanski et al. 2007), leading to the hypothesis that LH pulses are 

reinitiated by changes in availability of metabolic fuels and insulin.  

Further, mice that are lacking insulin receptors selectively in kisspeptin neurons (IRKiss 

mice) experience a delay in puberty (Qiu et al. 2013). Specifically, female IRKiss mice had 

delayed vaginal opening and first estrous, while males had reduced testis mass at postnatal 

day 31. These data indicate that kisspeptin neurons are likely mediators for the effects of 

insulin on reproduction. However, this phenotype appears to be limited to puberty onset 

because measures of adult fertility in these mice (levels of LH, FSH, sex steroids, as well 

as fertility) appeared unperturbed (Qiu et al. 2013). Consistent with the latter, insulin 

treatment does not appear to restore Kiss1 mRNA expression in the whole hypothalamus 

of diabetic rats (Castellano et al. 2006). Thus, the role of kisspeptin neurons in mediating 

the effect of insulin on the reproductive axis still requires further clarification.  

2.4.3  Ghrelin 

Ghrelin is a stomach hormone commonly associated with the neural control of appetite 

and metabolism (Andrews 2011; Briggs & Andrews 2011). However, unlike leptin or 

insulin, ghrelin operates as an orexigenic factor. Ghrelin also affects the reproductive 

system. For example, central ghrelin injection to OVX rats, or OVX rats treated with E2, 

suppressed LH concentration and pulse frequency (Furuta, Funabashi & Kimura 2001; 

Ogata et al. 2009). Similar inhibitory effects on LH secretion were observed throughout 

the estrus cycle (Fernández-Fernández et al. 2005). Here, ghrelin significantly inhibits 

GnRH release from hypothalamic explants and ghrelin suppressed GnRH-induced LH 

release in vitro (Fernández-Fernández et al. 2005). The central inhibitory effects of 

ghrelin on LH secretion also occurs in sheep (Iqbal et al. 2006). Thus, it appears that 

conditions of negative energy balance increase plasma ghrelin concentrations and in turn 

suppress the reproductive axis.  
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The mechanisms through which central ghrelin inhibits the reproductive system remain 

unresolved, although kisspeptin neurons in the hypothalamus may be a primary target. 

Previous studies highlight that ghrelin could inhibit LH secretion by directly suppressing 

the effects of kisspeptin on the reproductive axis. Ghrelin significantly reduced the 

duration of the LH secretory response to kisspeptin-10 (Martini et al. 2006). Moreover, 

during fasting, exogenous ghrelin treatment, or the combination of both, expression of 

Kiss1 mRNA in the AVPV is reduced (Forbes et al. 2009), without affecting Kiss1 mRNA 

in the ARC, indicating that ghrelin may target these kisspeptin neurons to suppress LH 

secretion.  

Ghrelin acts on the growth hormone secretagogue receptor (GHSR) in the brain to elicit 

changes in physiological functions. Although ghrelin suppresses LH secretion and 

regulates Kiss1 mRNA, there is no clear neuroanatomical evidence linking GHSR neural 

circuits to reproductive neural circuits. We first examined direct coexpression of the 

GHSR and GnRH or kisspeptin neurons using a GHSR–eGFP reporter mouse line, which 

is currently the best model available to visualize GHSR expressing neurons. We showed 

for the first time that neither GnRH nor kisspeptin neurons in the AVPV express GHSR–

eGFP, so any effect of ghrelin on these kisspeptin neurons must be indirect (Smith et al. 

2013; Figure 2.3). Importantly, we realize that these findings are reliant on the validity of 

the GHSR–eGFP model. In our study, we observed that only half of the GHSR–eGFP 

cells in the AVPV coexpressed Ghsr mRNA (as determined by in situ hybridization) and 

we remain cautious with the GHSR–eGFP mouse model and the interpretation of our 

data. Moreover, far fewer eGFP cells were localized to the ARC than expected. Given 

this, we can make no claim to the degree of GHSR–eGFP coexpression in kisspeptin 

neurons of the ARC. It remains likely that ARC kisspeptin neurons could coexpress 

GHSR and receive direct ghrelin input (Figure 2.3) because expression of mRNA for both 

genes is prominent in this area (Gottsch et al. 2004; Zigman et al. 2006).  
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2.5  Hypothalamic regulators of kisspeptin 

If leptin, insulin, or ghrelin do not directly act on kisspeptin neurons, what are the possible 

indirect mechanisms? A realistic possibility may be the neuronal systems within the ARC 

responsible for integrating these peripheral metabolic signals and relaying effects on food 

intake and energy expenditure to higher brain centers. These neurons, termed ‘first-order 

neurons’ consist of neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons and 

pro-opiomelanocortin (POMC)/cocaine and amphetamine-regulated transcript (CART) 

neurons (Barsh & Schwartz 2002). The majority of NPY/AgRP and POMC/CART 

neurons in the ARC contain LepRb, insulin receptor, and GHSR (Barsh & Schwartz 2002; 

Perello et al. 2012; Willesen, Kristensen & Romer 1999). Whether they are actively 

involved in the metabolic control of kisspeptin neurons is yet to shown.  

2.5.1  NPY/AgRP neurons 

A recent study suggests that NPY/AgRP neurons are involved in an important link 

between reproduction and metabolism (Wu, Whiddon & Palmiter 2012). These neurons 

are orexigenic and critical to initiate food intake (Aponte, Atasoy & Sternson 2011; 

Atasoy et al. 2012) and genetic ablation of AgRP neurons in adulthood results in 

starvation (Luquet et al. 2005). In order to examine the mechanisms underpinning 

hyperphagia in genetically obese and infertile ob/ob mice, Wu et al. (2012) discovered 

that ablating NPY/AgRP neurons in these mice caused a prolonged period of reduced 

food intake and remarkably restored fertility in both males and females. Consistent with 

this is the inhibitory effect of NPY on GnRH/LH secretion (Barker-Gibb et al. 1995; Xu 

et al. 2009). Interestingly, NPY may inhibit or stimulate LH secretion according to the 

steroid milieu in rats, inhibiting in OVX models, but stimulating in intact (Kalra & 

Crowley 1984). In sheep, NPY only appears to have an inhibitory role on gonadotropin 

release (Barker-Gibb et al. 1995).  

Despite the association, the effect of NPY on kisspeptin neurons is far from clear. In 

sheep, kisspeptin neurons receive neuroanatomically defined inputs from NPY/AgRP 

neurons (Backholer et al. 2010). However, in NPY KO mice, the expression of Kiss1 

mRNA appears to be reduced to levels similar to that during a fasted state (Luque, 

Kineman & Tena-Sempere 2007). This is somewhat counterintuitive given that fasting, 

which reduces kisspeptin expression, stimulates the hypothalamic expression of NPY 

(Hahn et al. 1998). Leptin also appears to suppress NPY expression (Ahima 2000) but 

increases the expression of Kiss1 (Smith et al. 2006a). Nevertheless, the stimulatory role 
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of NPY on Kiss1 has also been shown in a hypothalamic cell line in vitro (Luque, 

Kineman & Tena-Sempere 2007). Thus, the relationship between NPY and kisspeptin 

appears highly complex and one wonders what specific role AgRP may be playing (Figure 

2.4), particularly in regard to data obtained from NPY KO mice. Specific actions of AgRP 

on kisspeptin neurons are yet to be shown.  

2.5.2  POMC/CART neurons 

Juxtaposed to the NPY/AgRP neurons in the ARC are the POMC/CART neurons. These 

represent the major anorexigenic pathway in the control of food intake and energy 

expenditure (Barsh & Schwartz 2002). Like their counterparts, POMC/CART neurons 

also send projections to kisspeptin neurons in sheep (Backholer et al. 2010) and mice 

(Cravo et al. 2011; True et al. 2013). In mice, subsets of kisspeptin neurons also express 

melanocortin receptor type 4 (Cravo et al. 2011) and melanocortin (one of the 

neuropeptides produced from these neurons) agonist (MTII) stimulates LH release in 

luteal phase ewes and increases Kiss1 mRNA expression in the POA (Backholer, Smith 

& Clarke 2009). Of note, Kiss1 mRNA in the ARC was reduced in response to MTII 

(Backholer, Smith & Clarke 2009). The latter, while counterintuitive, could be explained 

due to a downstream effect of the possible reinstatement of E2 levels following treatment 

as the experiment was performed in ovary intact seasonally anestrous ewes.  

Very recent data have demonstrated that CART may also play a specific role in the 

regulation of kisspeptin. Using electrophysiological recordings from Kiss1–GFP mice, 

CART has been shown to postsynaptically depolarize kisspeptin neurons in the ARC 

(True et al. 2013). Thus, the stimulatory role of positive energy balance mediators on 

kisspeptin and fertility may also involve this neuropeptide (Figure 2.4). Importantly, the 

authors here noted that CART could also directly activate GnRH neurons, using GnRH–

GFP rats (True et al. 2013). This relationship was previously noted in mice for both 

products of POMC/CART neurons but also with NPY, showing Y1 receptor-mediated 

suppression of GnRH neuron activity (Roa & Herbison 2012). Thus, although evidence 

shows that first-order neuron regulation of kisspeptin is possible, these neurons can also 

provide a kisspeptin-independent route through which neuropeptide metabolic cues can 

directly regulate GnRH and fertility.  
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Figure 2.4 – The potential involvement of NPY/AgRP and POMC/CART neurons in 

Kiss1 neuron regulation. Regulators of metabolic function (leptin and ghrelin) regulate 

NPY/AgRP and POMC/CART neurons, which are neuroanatomically and functionally 

connected to Kiss1 neurons. At this stage, NPY/AgRP regulation of Kiss1 neurons is 

unclear (?). On the other hand, products of POMC/CART neurons appear to stimulate (+) 

Kiss1 neurons.    
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2.6  Kisspeptin-mediated control of energy balance? 

While most of the focus of current research has been on the role of kisspeptin in relaying 

metabolic signals to the reproductive axis, little attention has been paid to the potential 

role for kisspeptin as a regulator of energy balance. It is not uncommon for 

neuroendocrine systems to possess reciprocal control of feeding behavior and 

reproduction (Small, Stanley & Bloom 2002; Tena-Sempere 2007). Moreover, Kiss1r is 

expressed in a number of brain areas that do not contain GnRH (Herbison et al. 2010), as 

well as in several peripheral tissues (Kotani et al. 2001), including metabolic tissues such 

as pancreas and adipose tissue (Brown et al. 2008). Thus, it is possible that kisspeptin 

signaling may have additional roles beyond the control of reproduction. However, this 

has not yet been fully characterised.  

Kiss1 and Kiss1r KO mice do not appear to have any difference in body weights compared 

with WT littermates (Lapatto et al. 2007), and initial studies on rats found no effects of 

central kisspeptin administration on food intake, bodyweight, or the hypothalamic 

expression of NPY, AgRP, POMC, or CART (Castellano et al. 2005). Similarly, 

kisspeptin treatment had no effect on food intake in sheep (Clarke et al. 2012), so any 

contribution of kisspeptin in the control of energy balance seemed unlikely. However, it 

is worth noting here that DBA/2J mice, which are much more susceptible to high-fat DIO 

and infertility, have substantially less Kiss1 mRNA in the AVPV and ARC (Quennell et 

al. 2011). Moreover, body weights in Kiss1 and Kiss1r KO mice have only been reported 

before full maturity, and the examination of the entire metabolic characteristics of these 

mice has not yet been fully characterised.  

In opposition to this precedent, kisspeptin neurons send afferents to first-order 

NPY/AgRP and POMC/CART neurons (Backholer et al. 2010). These neurons may 

possess Kiss1r because the receptor is expressed in cells within the ARC (Lee et al. 1999), 

which are not kisspeptin neurons (Smith et al. 2011). Moreover, electrophysiological 

recordings in mice show that kisspeptin can directly excite POMC/CART neurons and 

indirectly inhibit NPY/AgRP neurons, via a mechanism based on enhancing GABA-

mediated inhibitory synaptic tone (Fu & van den Pol 2010). The net effect of such 

kisspeptin regulation would be to decrease food intake and increase metabolism. 

Consistent with this, central administration of kisspeptin was recently shown to increase 

meal intervals, reducing nocturnal food intake in mice (Stengel et al. 2011). Alternatively, 

central administration of kisspeptin in sheep was reported to inhibit POMC and increase 
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NPY mRNA expression in the ARC (Backholer et al. 2010). Although counterintuitive, 

this effect may relate to possible antagonistic properties of the continuous kisspeptin 

infusion (which lasted for 20 h). Such treatment has been previously shown to desensitize 

Kiss1r-induced GnRH release (Seminara et al. 2006) and reduced Kiss1r mRNA 

expression on GnRH neurons (Li et al. 2012). Nevertheless, similar data (kisspeptin 

treatment stimulating NPY secretion) are also apparent using a cell line (Kim, Dhillon & 

Belsham 2010). So the precise role of kisspeptin in regulating the POMC/CART and/or 

NPY/AgRP systems is clouded and awaits closer inspection.  

In another layer of complexity, recent data have shown that saporin ablation of kisspeptin 

neurons in the ARC prevents the known effects of OVX and E2 replacement on 

bodyweight in rats (Mittelman-Smith et al. 2012a). Apart from their role in reproduction, 

E2 is known to act in the brain via ERα to alter body composition by decreasing food 

intake and increasing energy expenditure (Xu et al. 2011). Thus, it appears that ARC 

kisspeptin neurons are required for the orexigenic effect of OVX. In addition, a follow-

up study with kisspeptin neurons ablation demonstrated that E2 and kisspeptin appear to 

have apposing actions on skin temperature (Mittelman-Smith et al. 2012b), perhaps 

predicating a role for kisspeptin in thermogenesis and energy expenditure. While 

encouraging, these data are at odds with the proposed role for kisspeptin, which (like E2) 

is to decrease food intake and increase energy expenditure. Of significance here is that 

the ablation of kisspeptin neurons would also eliminate NKB and dynorphin signaling (as 

these are coexpressed in these neurons (Goodman et al. 2007)). The roles that these other 

neuropeptides have on energy balance and their potential role in the above phenomenon 

need to be confirmed.  

Finally, a role for kisspeptin on energy balance may occur outside the hypothalamus. As 

stated above, Kiss1r is expressed in the pancreas (Kotani et al. 2001) and adipose tissue 

(Brown et al. 2008). In the former, kisspeptin has been shown to play a physiological role. 

Kisspeptin appears to be capable of stimulating insulin release in vitro in mice and in vivo 

in rats (Bowe et al. 2009). These data, however, have been challenged by similar studies 

displaying an inhibitory effect of kisspeptin on insulin secretion in isolated mouse islets 

(Vikman & Ahrén 2009). Though the possible regulation of insulin secretion by 

kisspeptin was further examined by Song and colleagues (2014) who demonstrated that 

kisspeptin can stimulate insulin secretion in vivo in mice via kisspeptin signalling and 

inhibit insulin secretion via indirect signalling pathway. Clearly, more work is necessary 



Chapter 2 – Literature Review  24 
 

to decipher the role that kisspeptin signaling is playing here and in other potential 

peripheral tissues.  

2.7  Summary Statement  

Kisspeptin is a vital component for the neuroendocrine regulation of GnRH secretion. As 

such, it has been a focus for the central pathway responsible for conveying key 

homeostatic information to GnRH neurons (Figure 2.5). Multiple studies have implicated 

kisspeptin signaling as a conduit for the well-established link between energy balance and 

reproductive function. While the precise metabolic pathway is yet to be fully understood, 

the peripheral signals leptin, insulin, and ghrelin are likely to play a role, as are 

POMC/CART and NPY/AgRP neurons in the ARC. Finally, a direct role for kisspeptin 

in mediating energy balance is now gathering momentum. Future studies are required to 

confirm this possibility and determine its physiological relevance. 
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Figure 2.5 –  The relationship between energy balance and reproduction. We propose 

that kisspeptin neurons in the arcuate nucleus are central to this integrated regulatory loop, 

forming a link between energy balance and reproduction. Concerning reproduction, 

kisspeptin neurons stimulate (+) GnRH secretion and ultimately gonadal steroid 

production. These hormones then feed back (-) and regulate kisspeptin output. 

Concerning energy balance, metabolic signals such as leptin and ghrelin modulate fertility 

via kisspeptin regulation. Kisspeptin may potentially regulate energy balance circuits 

(stimulating POMC and inhibiting NPY) in a feedback mechanism similar to that of 

reproduction. But whether kisspeptin has clear effects on energy balance is yet to be 

shown (?).   
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2.8  Kisspeptin-mediated control of energy balance? - An update 

The evidence behind kisspeptin-mediated control of energy balance has been recently 

updated by the characterisation of the metabolic profile in the Kiss1r KO mouse (Tolson 

et al. 2014). Kiss1r KO mice develop an obese phenotype including increased body 

weight and adiposity, glucose intolerance, hyperleptinemia, reduced food intake and 

energy expenditure compared to WT. Increased body weight in female Kiss1r KO mice 

first emerges at 8 weeks. This obese phenotype becomes more apparent by 20 weeks and 

is more predominant in female Kiss1r KO mice. Though, male Kiss1r KO mice do still 

exhibit increased adiposity, higher plasma leptin levels and decreased lean mass 

compared to WT littermates. Because kisspeptin can be regulated by sex steroids (Smith 

et al. 2005a; Smith et al. 2005b), gonadectomies (GNX) were performed at 2 weeks of 

age in a cohort of Kiss1r KO mice. Female GNX Kiss1r KO mice still exhibited higher 

adiposity compared to GNX WT littermates, demonstrating that this obese phenotype in 

Kiss1r KO mice is not completely dependent on the effect of sex steroids (being absent 

in the Kiss1r KO).  

A recent follow up study focused on female Kiss1r KO mice to examine what age the 

obese phenotype first starts to emerge (Tolson et al. 2016). This was examined at three 

ages - 6, 10 and 18-20 weeks of age, with a 18-20 week GNX cohort also added to account 

for sex steroids. In Kiss1r KO mice, higher adiposity and leptin levels with reduced 

energy expenditure was evident as early as 6 weeks, while at 10 weeks these mice had 

higher body weight and impaired glucose tolerance compared to WT littermates. The 

reduction in food intake was evident in 18-20 week Kiss1r KO mice compared to WT. 

All previous alterations in metabolic parameters at earlier ages examined in Kiss1r KO 

mice were also evident at 18-20 weeks, which was consistent with 18-20 week GNX 

Kiss1r KO mice. The high plasma leptin levels, increased adiposity and reduced energy 

expenditure at 6 weeks in these Kiss1r KO mice, indicates a causative effect of impaired 

kisspeptin signaling on energy balance. These two studies enhanced the reciprocal 

relationship of reproduction on metabolism via kisspeptin signaling (Tolson et al. 2016; 

Tolson et al. 2014).   

The cause of this obese phenotype is unknown, warranting further investigation of this 

Kiss1r KO mouse model. The major role of kisspeptin on regulating energy balance has 

been heavily focused towards its actions via the appetite regulating system of the 

hypothalamus. Though as previously mentioned, kisspeptin signaling in energy balance 
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may extend to peripheral tissues. Kiss1r is expressed in liver, skeletal muscle and brown 

adipose tissue (Muir et al. 2001).  A previous study identified that kisspeptin in the liver 

is involved in inhibiting insulin secretion in humans in vitro and mice in vivo (Song et al. 

2014). This implicates kisspeptin in regulating glucose metabolism. Furthermore, 

kisspeptin signaling may also be implicated in fatty acid metabolism and energy 

homeostasis in the liver, skeletal muscle, white and brown adipose tissue; all these 

metabolic pathways will be further outlined.  

2.8.1 Glucose metabolism in the liver  

The liver is a key tissue involved in glucose metabolism. Under normal conditions, an 

adequate source of glucose is necessary for essential functions in many tissues, 

particularly brain and red blood cells (Wallace & Barritt 2001). From carbohydrate 

precursors in the diet, the liver receives glucose and stores it as glycogen (Pilkis & 

Granner 1992). Between meals or during fasting, glycogen is quickly broken down to 

glucose in a process called glycogenolysis (Wallace & Barritt 2001). This process 

involves three enzymes, glycogen phosphorylase to break down glycogen to glucose-1-

phosphate, phosphomutase to break down glucose-1-phosphate to glucose-6-phosphate 

and glucose-6-phosphorylase to convert the previous precursor to glucose (Nordlie, 

Foster & Lange 1999). This glucose is then released into the circulation via glucose 

transporter isoform 2 (GLUT 2).   

Glucose can also be obtained from non-carbohydrate sources such as pyruvate, alanine 

and lactate via gluconeogenesis (Pilkis & Granner 1992). Gluconeogenesis involves 

multiple rate limiting enzymes such as phosphoenolpyruvate (PEP) carboxykinase, 

fructose-1,6-bisphosphatase and glucose-6-phosphatase to convert pyruvate to glucose 

(Nordlie, Foster & Lange 1999; Pilkis & Granner 1992; Wallace & Barritt 2001; Figure 

2.6).  Most of these reactions take place in the cytosol, however initial reactions occur in 

the mitochondria (Figure 2.6). Compared to glycogenolysis, gluconeogenesis is a slower 

and costly process but is a vital metabolic pathway in preventing hypoglycemia. 

Subsequently, hypoglycemia can be triggered by exercise and also altered energy states 

like starvation and diabetes which both stimulate gluconeogenesis to combat 

hyperglycemia (Wallace & Barritt 2001).  

 

 



Chapter 2 – Literature Review  28 
 

  

 

Figure 2.6 – A simple representation of liver gluconeogenesis. Gluconeogenesis 

involves reactions with four rate limiting enzymes – 1) pyruvate carboxykinase (PC), 2) 

phosphoenolpyruvate (PEP) carboxykinase, 3) fructose-1,6-bisphosphatase and 4) 

glucose-6-phosphate all identified with thick red arrows. The last three rate limiting 

enzymes are shown in bold red. Gluconeogenesis involves the conversion of lactate or 

alanine to pyruvate which is shuttled into the mitochondria. Pyruvate is then converted to 

oxaloacetate (OAA) via PC. For OAA to leave the mitochondria, OAA is converted to 

malate which in the cytosol, malate is converted back to OAA. PEP carboxykinase 

converts OAA to PEP which is then converted to fructose-1,6-phosphate (F-1,6-BP).  

Next, F-1,6-BP is converted to fructose-6-phosphate (F-6-P) by fructose-1-6-

biphosphatase. Lastly, F-6-P is converted to glucose-6-phosphate (G-6-P) which enters 

the endoplasmic reticulum to convert to glucose via glucose-6-phosphatase. Glucose exits 

the hepatocyte via glucose transporter isoform 2 (GLUT 2). Figure adapted from Wallace 

and Barrett (2001).  
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2.8.1.1 Dysfunctional gluconeogenesis in diabetes. 

Four key rate limiting enzymes can indicate the rate of gluconeogenesis (Figure 2.6). 

Overexpression of PEP carboxykinase in transgenic mice develop non-insulin dependent 

diabetes (NIDDM) (Valera et al. 1994). However, PEP carboxykinase is also implicated 

in additional pathways such as cataplerosis, which removes intermediates from the citric 

acid cycle (Beale, Harvey & Forest 2007). Hence, multiple rate limiting enzymes should 

be investigated to indicate the gluconeogenic rate.   

DIO via a high fat diet induces gluconeogenesis via utilizing abundant fatty acids as a 

precursor to this pathway (Song et al. 2001). DIO mice have higher PEP carboxykinase 

and glucose 6 phosphatase mRNA levels compared to chow fed controls (Lee et al. 2016). 

A study which crossbred diabetes susceptible (BTBR) or diabetes resistant (B6) mice 

with ob/ob mice, showed that 14 week old BTBR-ob/ob mice at diabetes onset, had lower 

insulin levels and higher PEP carboxykinase gene expression compared to B6-ob/ob mice 

(Lan et al. 2003). This indicates increased hepatic gluconeogenesis may occur at the onset 

of diabetes in these BTBR-ob/ob mice (Lan et al. 2003). At 6 weeks, these BTBR-ob/ob 

mice were pre-diabetic and had lower rates of gluconeogenesis but elevated insulin levels 

compared to B6-ob/ob mice suggesting a compensatory mechanism against NIDDM. 

This supports that in NIDDM, excessive glucose production mainly originates from 

uncontrolled gluconeogenesis (Andrikopoulos & Proietto 1995; Consoli et al. 1990; 

Magnusson et al. 1992; Perriello et al. 1997). In regards to impaired kisspeptin signaling, 

a previous study discovered that female Kiss1r KO mice (after the onset of obesity) have 

impaired glucose tolerance and higher basal glucose levels (Tolson et al. 2014). This 

suggests that this impaired glucose tolerance may indicate dysregulated endogenous 

glucose production via gluconeogenesis. Gluconeogenesis has been shown to drive 

kisspeptin production and kisspeptin in-turn prevents β cell insulin production, both 

appear to be mediated by a cAMP dependent processes (Song et al. 2014). This identifies 

a potential link between kisspeptin, the liver and glucose/insulin regulation. 
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2.8.2 Hepatic steatosis and liver function   

Hepatic steatosis involves excessive lipid accumulation that may alter liver function via 

the insulin signaling pathway (Boström et al. 2007; Söllner 2007; Yu et al. 2002). Insulin 

resistance following obesity leads to the increased influx of free fatty acids (FFAs) from 

adipocytes. This influx increases adipocyte mass and break down of triglycerides to 

increase hormone-sensitive lipase (HSL) activity (Lewis et al. 2002). Hepatic FFA uptake 

is unregulated hence plasma FFA levels are proportional to hepatic levels (Wahren, Sato 

& Ostman 1984). The elevated HSL activity increases plasma FFAs which are taken up 

in the liver to be metabolized via either β oxidation or esterification which produces 

triglycerides (Browning & Horton 2004). Defects in either pathway can lead to the 

development of hepatic steatosis. Hepatic steatosis is histologically classified under two 

forms – microvesicular or macrovascular steatosis, dependent on the size of the lipid 

vacuole (Levene et al. 2012).  

Hepatic steatosis is the prerequisite towards the development of nonalcoholic fatty liver 

disease (NAFLD) which is a part of a spectrum of disorders where further development 

involves inflammation and oxidative damage leading to irreversible cirrhosis (Day & 

James 1998; Neuschwander-Tetri & Caldwell 2003). A common genetic obesity model 

used are ob/ob mice to study hepatic steatosis (Neuschwander-Tetri & Caldwell 2003). 

These mice are insulin resistant and exhibit macrovesicular hepatic steatosis (Chu et al. 

2014; Ge et al. 2010; Mehlem et al. 2013). These results are similar to those in db/db mice 

(Ge et al. 2010; Mehlem et al. 2013). Because obese Kiss1r KO mice exhibit higher 

adiposity compared to WT controls (Tolson et al. 2016; Tolson et al. 2014), this suggests 

that increase in adiposity via lipid deposits in the liver may also occur. 
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2.8.3 Skeletal muscle energy homeostasis mediated by AMP-protein activated 
kinase 

AMP (adenosine monophosphate) activated kinase (AMPK) is a major regulator of whole 

body energy homeostasis, by detecting changes in the ratios of ATP:ADP (adenosine 

triphosphate: adenosine diphosphate) and AMP: ATP throughout multiple tissues (Hardie 

& Hawley 2001; Hardie, Ross & Hawley 2012; Ramaiah, Hathaway & Atkinson 1964).  

AMPK is αβγ heterotrimer that has two differentially expressed α isoforms (Steinberg & 

Kemp 2009). In rat tissue, the heterotrimer containing the α1 isoform is uniformly 

expressed in the heart, liver, kidney, brain, spleen, lung and skeletal muscle (Stapleton et 

al. 1996). Subsequently, the α2 isoform was the most abundant in skeletal muscle 

(Stapleton et al. 1996; Verhoeven et al. 1995). In regards to these α isoforms, similar 

tissues expression profiles are also evident in the mouse. The α1 isoform is evenly 

expressed in liver, kidney, lung, heart, red vastus and brain while the α2 isoform is 

expressed highly in the red vastus then white vastus followed by the kidney and liver (N. 

Dzamko, unpublished data; Steinberg & Kemp 2009). The vastus is a part of the 

quadricep muscle which contain red and white skeletal muscle fibers (Staron et al. 2000; 

Vihko, Salminen & Rantamäki 1978).   

Liver kinase B1 (LKB1) is a serine/threonine kinase and main upstream regulator of 

AMPK  (Koh, Brandauer & Goodyear 2008; Shaw et al. 2004). LKB1 activates AMPK 

via the phosphorylation of Thr172 of the α subunit (Hawley et al. 1996; Stein et al. 2000).  

For this phosphorylation to occur, liver kinase B1 forms a complex with two accessory 

subunits, STE20-related kinase adapter protein (STRAD) and calcium-binding protein 39 

(MO25) (Hawley et al. 2003; Shaw et al. 2004; Woods et al. 2003). AMPK activation can 

also be LKB1 independent as alterations in Ca2+ stimulates calmodulin-activated protein 

kinase (CaMKKβ) to activate AMPK (Hawley et al. 2005; Hurley et al. 2005; Woods et 

al. 2005). Overall, AMPK activation switches anabolic to catabolic pathways (Hardie, 

Ross & Hawley 2012). AMPK has an important role in skeletal muscle (Figure 2.7) where 

activation via AMPK α2 stimulates glucose uptake (Koh, Brandauer & Goodyear 2008) 

and fatty acid oxidation (Kahn et al. 2005). 

 

  



Chapter 2 – Literature Review  32 
 

 

 

 

Figure 2.7– A schematic diagram outlining AMP-activated protein kinase (AMPK) 

signalling on glucose uptake and fatty acid oxidation in skeletal muscle. AMPK is a 

heterotrimer containing three subunits – alpha (α), beta (β) and gamma (γ) stimulated by 

upstream mediators, liver kinase B1 (LKB1) or changes in Ca2+ stimulated calmodulin-

activated protein kinase (CaMKKβ), These activate AMPK by phosphorylation (P) of the 

AMPKα subunit. LKB1 has two accessory subunits, STE20-related kinase adapter 

protein (STRAD) and calcium-binding protein 39 (MO25). Physiological stresses such as 

high ADP and AMP levels, exercise and low nutrients such as glucose and oxygen (O2) 

can also stimulate AMPK activation. Activated AMPK stimulates glucose uptake via 

Rab-activating proteins AS160 or TBC1D1 to translocate glucose transporter 4 (GLUT4) 

to the plasma membrane (Sakamoto & Holman 2008). Subsequently, AMPK stimulates 

fatty acid oxidation by inhibiting acetyl CoA carboxylase (ACC2). This inhibition allows 

β oxidation via the carnitine-O-palmitoyltransferase (CPT1) system in the mitochondria. 

Adapted from Khan et al (2005) and Mihaylova and Shaw (2011). 
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2.8.3.1 Glucose uptake via GLUT4 (insulin dependent) 

AMPK stimulates glucose uptake via the phosphorylation of Rab-GTPase-activating 

proteins, TBC1D1 (Akt substrate) or AS160 (Akt substrate of 160) which convert Rab-

GDP to a more active GTP (Kane et al. 2002; Roach et al. 2007; Sakamoto & Holman 

2008). This enables translocation of glucose transporter isoform 4 (GLUT4) vesicles from 

the cytosol to the plasma membrane (Hardie, Ross & Hawley 2012). This translocation 

can be stimulated by muscle/exercise contraction or insulin (Hansen et al. 1998; Witczak, 

Sharoff & Goodyear 2008) allowing increased glucose transport into skeletal muscle 

(Goodyear & Kahn 1998; Hayashi, Wojtaszewski & Goodyear 1997). GLUT4 is not only 

expressed in skeletal muscle but also in adipose tissue (Zhao & Keating 2007). As global 

GLUT4 KO mice have reduced life span and growth retardation (Katz et al. 1995), 

skeletal muscle specific GLUT4 KO mice developed insulin resistance and are glucose 

intolerant (Zisman et al. 2000). Therefore, in insulin resistance, dysfunction of this 

glucose transport mechanism would reduce glucose uptake (Goodyear & Kahn 1998), 

leaving excess glucose in circulation. Hence AMPK not being activated would indicate 

reduced glucose uptake. 

2.8.3.2 Fatty acid oxidation  

AMPK also allows fatty acid uptake into the cell via fatty acid translocase (FAT/CD36) 

(Bonen et al. 1999; Steinberg & Kemp 2009). Once transported, AMPK activation 

stimulates fatty acid oxidation by the inactivation of acetyl CoA carboxylase 2 (ACC2), 

an isoform of acetyl CoA carboxykinase (ACC) (Rasmussen & Winder 1997; Winder & 

Hardie 1996). This inhibits fatty acid synthesis by reducing malonyl CoA levels (an ACC 

product) which allows fatty acid entry into the mitochondria via the carnitine-O-

palmitoyltransferase (CPT1) system (Carling, Zammit & Hardie 1987; Merrill et al. 

1997). CPT1 is a vital rate limiting enzyme for β oxidation by enabling the conversion of 

long chain acyl-COA to long-chain acyl- carnitine for transport into the inner 

mitochondrial membrane via translocase (McGarry & Brown 1997; Murthy & Pande 

1987; Price et al. 2003). This system leads to β oxidation which downstream pathways - 

the tricarboxylic acid cycle and the electron transport chain, generate ATP (Steinberg & 

Kemp 2009; Vockley & Whiteman 2002).   
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2.8.3.3 Impaired AMPK signalling in obesity 

In obesity, AMPK signaling would be suppressed via reduced AMPK activity which is 

supported by rodent genetic obesity models (Barnes et al. 2002; Liu et al. 2006; 

Sriwijitkamol et al. 2006; Steinberg et al. 2006). However, with rodents fed a HFD to 

induce DIO, AMPK activity exhibited modest changes or remains unaltered (Martin et 

al. 2006; Watt et al. 2006). DIO rodents tends to mimic human obesity and insulin 

resistance (Steinberg & Kemp 2009) as human obese subjects exhibit unaltered AMPK 

activity (Steinberg et al. 2004). Similar results have been evident from human skeletal 

muscle in NIDDM patients (Højlund et al. 2004; Musi et al. 2001). Overall, these results 

support that severe and not moderate obesity alters AMPK activity to exacerbate 

particular aspects of the metabolic syndrome (Steinberg & Kemp 2009). The metabolic 

syndrome identifies a range of health issues  associated with obesity such as NIDDM, 

cardiovascular disease, hypertension, dyslipidemia and insulin resistance (Steinberg & 

Kemp 2009). It has been suggested that AMPK activation could be used as a beneficial 

effect against obesity (Ruderman et al. 1999; Winder & Hardie 1999). Perhaps impaired 

AMPK signaling, that seen in genetic obesity models, may be behind the reduced energy 

expenditure, lean mass and oxygen consumption especially in female Kiss1r KO mice 

(Tolson et al. 2016; Tolson et al. 2014). It has been shown that Kiss1r when stimulated 

by Kiss1, increases intracellular calcium (Figure 2.1) possibly contributing to AMPK and 

skeletal muscle function (Min et al. 2014; Wahab et al. 2016). This may suggest that 

impaired kisspeptin signaling may impair this increase in intracellular calcium hence may 

affect skeletal muscle and AMPK.   
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2.8.4 Alternative mechanisms of glucose uptake (insulin independent) via GLUT1  

In skeletal muscle and adipose tissue, glucose transporter 1 (GLUT1) is also implicated 

in glucose uptake, independent of insulin but not necessarily AMPK (Abbud et al. 2000). 

Glucose binds to the binding site of GLUT1 on the cell membrane leading to the 

phosphorylation of protein kinase C (PKC) (Deziel et al. 1989).  GLUT1 is widely 

expressed in most tissues and has an important function in basal glucose uptake and 

transport across blood tissue barriers (Takata et al. 1990; Zhao, Glimm & Kennelly 1993; 

Zhao & Keating 2007). GLUT1 KO mice appear to be embryonically lethal during 

gestation due to hyperglycaemia of maternal diabetes leading to embryonic 

malformations (Heilig et al. 2003) highlighting the critical importance of GLUT1.  

2.8.4.1 White adipose tissue browning induces GLUT1 expression  

It has recently been shown that white adipose tissue (WAT) also contains beige 

adipocytes, which contain characteristics of brown adipose tissue (BAT), such as the 

presence of uncoupling protein 1 (Harms & Seale 2013; Wiedmann, Stefanidis & Oldfield 

2017). Leptin and insulin input via POMC neurons has been demonstrated to induce WAT 

browning, showing a possible central control mechanism of WAT browning (Dodd et al. 

2015). This browning in WAT has been shown to induce GLUT1 expression in adipocytes 

and inguinal WAT (Mössenböck et al. 2014). Conversely, this demonstrates that lack of 

insulin signalling does not impair glucose uptake in white and beige adipocytes for 

GLUT1 transport. 
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2.8.5 The regulation of glucose and lipid metabolism by adiponectin  

WAT is not only a site for energy storage (Spiegelman & Flier 1996) but is actively 

involved in energy homeostasis through the regulation of endocrine, paracrine and 

autocrine signals (Mohamed-Ali, Pinkney & Coppack 1998). This tissue synthesizes and 

secretes adiponectin, a 244-amino acid peptide (Arita et al. 1999; Maeda et al. 1996; 

Nakano et al. 1996; Scherer et al. 1995) which undergoes proteolytic cleavage forming 

either globular or full length adiponectin (Yamauchi et al. 2002). In mice and rats, 

globular adiponectin (gAd) stimulates glucose uptake and β oxidation in skeletal muscle 

(Tomas et al. 2002; Yamauchi et al. 2002). In mice, full length adiponectin can act to 

reduce hepatic glucose production (Berg et al. 2001) and inhibit gluconeogenic genes 

encoding PEP carboxykinase and glucose-6-phosphatase (Combs et al. 2001). 

Adiponectin acts on either adiponectin receptor 1 (AdipoR1) and receptor 2 (AdipoR2) 

expressed in skeletal muscle and the liver respectively (Yamauchi et al. 2003a). These 

receptors act on downstream pathways which  stimulate AMPK (Tomas et al. 2002; 

Yamauchi et al. 2002) and peroxisome-activated receptor PPAR-α, a ligand-dependent 

transcription factor isotype involved in lipid transport and metabolism (Kersten, 

Desvergne & Wahli 2000; Yamauchi et al. 2003a; Yamauchi et al. 2003b).  

Adiponectin levels are indirectly proportional to adiposity as plasma adiponectin levels 

are lower in obese subjects compared to lean subjects (Arita et al. 1999; Hu, Liang & 

Spiegelman 1996). Furthermore, low adiponectin levels can also be associated with 

higher triglyceride levels in skeletal muscle and liver (Fruebis et al. 2001; Yamauchi et 

al. 2001). Adiponectin levels are lower in severely obese db/db mice that have high 

triglyceride content (Yamauchi et al. 2001). When gAd was administered to db/db mice, 

it reduced insulin resistance by decreasing triglyceride content in skeletal muscle and 

liver. Combined AdipoR1 and AdipoR2 KO mice exhibited increased tissue triglyceride 

content, inflammation and oxidative stress compared to WT (Yamauchi et al. 2007). This 

all highlights the importance of adiponectin levels and signaling in the regulation of fatty 

acid oxidation and insulin sensitivity (Yamauchi et al. 2001).  

Adiponectin has been previously associated with reproduction.  In adult female mice, 

GnRH neuronal explants express AdipoR2 - demonstrating links between energy balance 

to neuroendocrine regulation in vitro (Klenke, Taylor-Burds & Wray 2014). Peripheral 

administration of kisspeptin in fed rhesus monkeys increased mean adiponectin levels 

compared to pre-treatment or vehicle (Wahab et al. 2010). As adiponectin has important 

roles in insulin sensitivity and fatty acid oxidation via its demonstrated effects on AMPK 
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signaling, altered adiponectin levels may contribute to Kiss1r KO mice having higher 

adiposity and altered glucose tolerance compared to WT littermates (Tolson et al. 2016; 

Tolson et al. 2014). If identified, adiponectin may further enhance the understanding of 

how lack of kisspeptin signaling affects energy homeostasis via glucose and lipid 

metabolism.   



Chapter 2 – Literature Review  38 
 

2.8.6 Uncoupling proteins – mitochondrial transporters in energy homeostasis.  

Mitochondria are an essential organelle in ATP synthesis and respiration, composed of 

an outer and inner mitochondrial membrane. In the inner mitochondrial membrane, there 

are three forms of uncoupling proteins – uncoupling protein 1, 2  and 3 - classified as 

mitochondrial transporters (Rousset et al. 2004). Despite being under the same family of 

mitochondrial transporters, each uncoupling protein has their own distinct distribution 

and function.  

2.8.6.1 Uncoupling proteins and their general metabolic functions 

Uncoupling protein 1 is predominantly expressed in BAT (Enerbäck et al. 1997). 

Uncoupling protein 1 facilitates protein reentry into the mitochondrial matrix bypassing 

ATP synthase, uncoupling oxygen consumption from ATP synthesis (Klingenberg 1999; 

Schrauwen & Hesselink 2002). Uncoupling protein 1 deficient mice are unable to regulate 

body temperature at 4°C and are not hyperphagic and not obese (Enerbäck et al. 1997). 

Though this study suggested that this obesity may be due to uncoupling protein 2 being 

upregulated by fivefold (Schrauwen & Hesselink 2002). Nevertheless, removing thermal 

stress can alter this outcome as uncoupling protein 1 deficient mice under 

thermoneutrality (~30°C) exhibited obesity and increased metabolic efficiency 

(Feldmann et al. 2009). This was further exacerbated when fed a HFD. Furthermore, these 

mice showed no effect on diet induced thermogenesis when injected with norepinephrine. 

ob/ob mice that exhibit severe obesity have reduced uncoupling protein 1 levels compared 

to lean controls (Commins et al. 1999). However, this can contrast with mice on a HFD 

which can have elevated uncoupling protein 1 mRNA levels potential defending a ‘set 

point’ of body weight (Surwit et al. 1998). All these studies highlight uncoupling protein 

1 as a possible molecular target in obesity management (Feldmann et al. 2009; Li et al. 

2000; Surwit et al. 1998).  

Like uncoupling protein 1, uncoupling protein 2 expression can also be altered by diet, 

however it is not regulated by the sympathetic nervous system (Fleury et al. 1997). 

Uncoupling protein 2 is widely expressed in the spleen, thymus, pancreatic beta cells, 

heart, lung, WAT, BAT, stomach, testis, macrophage, brain, kidney, liver and skeletal 

muscle (Boss et al. 1997; Fleury et al. 1997). Therefore, uncoupling protein 2 has been 

implicated in various functions such as reducing the production of reactive oxygen 

species (ROS), modulating pancreatic insulin secretion and regulating the [ATP]: [ADP] 

ratio (Arsenijevic et al. 2000; Chan et al. 2001; Nègre-Salvayre et al. 1997; Schrauwen 
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& Hesselink 2002; Zhang et al. 2001). However, all these functions have not been firmly 

established (Nedergaard & Cannon 2003). Obesity and diabetic prone (B6) mice have 

higher WAT uncoupling protein 2 levels when fed a HFD compared to the same strain 

fed a low fat diet (Fleury et al. 1997). This is similar to ob/ob and db/db mice, which have 

higher WAT uncoupling protein 2 mRNA levels compared to their WT controls (Gimeno 

et al. 1997; Masaki et al. 2000). However, these all contrast with human obese subjects, 

which exhibit reduced uncoupling protein 2 mRNA levels in WAT (Oberkofler et al. 

1998) and skeletal muscle (Nordfors et al. 1998). Though these differences may be due 

to different obesity states.  

Both uncoupling proteins 2 and 3 are implicated in fatty acid metabolism (Rousset et al. 

2004). Their suggested function is for export of fatty acid out of the mitochondrial matrix 

in the presence of excess fatty acid hence preventing fatty acid accumulation (Harper et 

al. 2002; Rousset et al. 2004). Uncoupling protein 3 is predominantly expressed in 

skeletal muscle and BAT (Boss et al. 1997). Athletes on a 4 week HFD have higher 

uncoupling protein 3 mRNA compared to athletes on a low fat diet (Schrauwen et al. 

2001b), consistent with rodent studies (Gong, He & Reitman 1999; Matsuda et al. 1997). 

A suggestion behind this increase could be that HFD fed humans or rodents would exhibit 

resistance against the obesity. Conversely, diabetic patients have lower skeletal muscle 

uncoupling protein 3 mRNA compared to non-diabetic patients (Krook et al. 1998; 

Schrauwen et al. 2001a). Despite both patient groups being defined overweight by BMI, 

uncoupling protein 3 may be altered in states of insulin resistance due to altered fatty acid 

metabolism (Schrauwen et al. 2001a).  

2.8.6.2  Uncoupling proteins and their direct or indirect roles in energy expenditure    

For the overall regulation of BAT function, uncoupling proteins (mainly uncoupling 

protein 1) appear to be critical for thermogenesis, a major input into energy expenditure 

(Lockie et al. 2013). Unlike uncoupling protein 1, which has a major role in 

thermogenesis (Enerbäck et al. 1997), uncoupling proteins 2 and 3 differ as their main 

function is towards resting metabolic rate, with both thermogenesis and resting metabolic 

rate contributing to energy expenditure (Schrauwen & Hesselink 2002).  

Uncoupling protein 1 activity is dependent on central control via the sympathetic nervous 

system (Cannon & Nedergaard 2004; Lockie et al. 2013). BAT sympathetic denervation 

can block the thermogenic response, hence the brain and an intact sympathetic nervous 

system are vital for thermogenesis (Verty, Allen & Oldfield 2009). The release of 
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catecholamines, such as noradrenaline, triggers the activation of β3 adrenoreceptors 

expressed in BAT increasing thermogenesis and stimulating WAT lipolysis (Bartelt et al. 

2011; Cannon & Nedergaard 2004; Cao et al. 2001; Hsieh & Carlson 1957). In peripheral 

tissues, catecholamines originate from sympathetic postganglionic neurons or the adrenal 

medulla (Fischer et al. 2017). Physiological stimuli such as cold and overfeeding can 

influence BAT thermogenesis increasing sympathetic outflow to BAT via uncoupling 

protein 1(McAllen et al. 2010; Nedergaard et al. 2001; Rothwell & Stock 1979). Leptin 

and insulin can regulate sympathetic activity by acting on neuropeptide intermediates in 

the hypothalamus (Elmquist, Elias & Saper 1999).  The primary drive for increased 

BAT/UCP activity is central control via the sympathetic nervous system, though local 

actions are possible.  

Local actions of BAT via macrophages has been previously investigated (Nguyen et al. 

2011; Qiu et al. 2014). A study in mice by Nguyen and colleagues (2011), demonstrated 

that cold exposure (4°C) increased alternatively activated adipose tissue macrophages 

(which secreted catecholamines) and also that IL-4 increased BAT thermogenic and 

WAT lipolytic genes. IL-4 induces tyrosine hydroxylase (TH), important in 

catecholamine synthesis pathway which subsequently produces and secretes 

noradrenaline (Zhou, Quaife & Palmiter 1995). Similar results which alterative activation 

of macrophages by cold exposure induced tyrosine hydroxylase (TH) production and 

catecholamine production while stimulation of interleukin-4 (IL-4) in thermoneutral mice 

increased beige mass and thermogenic capacity (Qiu et al. 2014). Based from these 

outcomes, the possible local action of BAT via adipose tissue resident macrophages in 

mice via specific peripheral TH KOs in hematopoietic cells was examined (Fischer et al. 

2017). These KO mice exhibited no alterations in energy expenditure, did not induce 

WAT browning and release catecholamines even with IL-4 stimulation. This highlights 

the controversy behind the central control of BAT versus the local control of BAT. 

Despite these results of local action in BAT, the other possibility of other local actions 

should not be ruled out and warrants further investigation.  

On the other hand, the roles of uncoupling proteins 2 and 3 has been highly debated in 

whether it has a direct or indirect role in energy expenditure (Nedergaard & Cannon 

2003). It has been suggested that uncoupling protein 2 may be involved in mitochondrial 

calcium homeostasis, which would subsequently influence fuel utilization (Waldeck-

Weiermair et al. 2010; Wu, Zhang & Zhao 2009) though the mechanisms behind this 

warrant further investigation (Diano & Horvath 2012). The lack of uncoupling protein 2 
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via genetic deletion leads to reduced mitochondrial fatty acid oxidation and increased 

glucose metabolism (Pecqueur et al. 2008). This supports the notion that uncoupling 

protein 2 plays a role in the switch from carbohydrate to lipid based metabolism during a 

fasted state (Andrews et al. 2008). This same study also identified the role uncoupling 

protein 2 plays in regulating Npy and Agrp neurons, part of the appetite regulating system 

via ghrelin and regulating ROS.  

Uncoupling protein 3 was initially implicated in thermoregulation due to its close 

homology with uncoupling protein 1 (Boss et al. 1997). However, uncoupling protein 3 

does not have a consistent association with increased mitochondrial coupling (Cadenas et 

al. 1999). Uncoupling protein 3 may be involved in mild uncoupling for protection from 

ROS and/or lipid hydroperoxide (LOOH)-induced oxidation stress (Goodpaster et al. 

2001; Patti & Corvera 2010). It has also been shown that overexpression (transgenic) of 

uncoupling protein 3 causes lower metabolic efficiency despite no changes in food intake 

or fatty acid oxidation (indirect calorimetry) and reduced triglyceride accumulation in 

skeletal muscle when fed a HFD (45% fat) compared to WT controls (Costford et al. 

2006). This study also showed these transgenic mice to have smaller lipid droplets 

compared to WT. This study suggests that uncoupling protein 3 may have protective 

effects against lipid accumulation in skeletal muscle and BAT (Costford et al. 2006). 

While uncoupling protein 1 shows a clear thermogenic role, it appears that uncoupling 

protein 2 and 3 may carry indirect roles in energy expenditure. Further investigations of 

uncoupling proteins 2 and 3 are warranted to further clarify their role in energy 

expenditure. With impaired kisspeptin signaling, female Kiss1r KO mice have higher 

adiposity with lower energy expenditure compared to WT controls (Tolson et al. 2016; 

Tolson et al. 2014). This may imply dysfunctional uncoupling protein function to 

contribute to altered energy expenditure and fatty acid metabolism in obesity.   
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2.9 Summary and Conclusions 

All these metabolic pathways are important in regulating energy balance. As previously 

mentioned, Kiss1r KO mice develop an obese phenotype with increased adiposity 

compared to WT (Tolson et al. 2016; Tolson et al. 2014). While few studies have 

investigated the role of kisspeptin in regulating hypothalamic NPY/AGRP and 

POMC/CART neurons (Backholer et al. 2010), more studies are essential for the 

emerging roles of kisspeptin signaling in liver, skeletal muscle, white and brown adipose 

tissue. This would further elucidate the role of kisspeptin in whole body metabolism and 

energy balance.  
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Chapter 3 – Experimental Objectives 

 

The overall aim of the experiments presented in this thesis is to identify and examine the 

mechanism behind the obese phenotype in Kiss1r KO mice. As explained in the review 

of the literature, kisspeptin signalling has been examined for its main role in fertility and 

reproduction. However, the emerging role of kisspeptin signalling in energy balance and 

metabolism warrants further investigation.  

In this thesis, the mouse model was used as mice are a good animal model to study energy 

balance and also allow for genetic manipulation – knocking out Kiss1r. Furthermore, 

mice have a short gestation period (~19-21 days) with a large litter size (~ 6-10 pups). 

Kiss1r KO mice have previously exhibited higher adiposity, reduced food intake and 

energy expenditure compared to WT controls. Hence it is hypothesised that kisspeptin is 

a vital link between energy balance and fertility. To investigate the origins behind the 

obese phenotype in Kiss1r KO mice, three experiments were conducted and outlined 

below with experimental objectives.  

Study 1 (Chapter 5): Unaltered Hypothalamic Gene Expression in Kiss1r Knockout 

Mice Despite Obesity and Reduced Energy Expenditure 

The objective of this study was to investigate whether the obese phenotype in Kiss1r KO 

mice was associated with alterations in the appetite regulating genes in the hypothalamus. 

This was investigated at two ages – the age prior to notable changes in body weight (8 

weeks) and when the metabolic phenotype is fully established (20 weeks). In the 

hypothalamus, gene expression of Npy and Pomc as well as leptin receptor (Lepr), ghrelin 

receptor (Ghsr), and melanocortin receptor 3 and 4 (Mc3r, Mc4r) were examined. Plasma 

leptin concentrations and body weight were also recorded. To rule out effects of 

circulating sex steroids on metabolism, a gonadectomised (GNX) cohort of WT and 

Kiss1r KO mice at 8 and 20 weeks was included.  
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Study 2 (Chapter 6): Altered Uncoupling Protein 1 and Leptin Gene Expression in 

Brown and White Adipose Tissue Respective of Kisspeptin Receptor Knockout 

Mice.  

As no significant changes were evident in Study 1 that could adequately explain the obese 

phenotype in Kiss1r KO mice, the focus switched to examining key metabolic genes in 

peripheral organs. This study aimed to investigate whether impaired kisspeptin signalling 

in peripheral organs contributed to the obesity Kiss1r KO mice. The same time points 

were examined from Study 1, however only an 8 week GNX cohort was included in this 

study.  

Kiss1r is expressed in liver, skeletal muscle, pancreatic islets, white and brown adipose 

tissue. In these tissues except for pancreatic islets, metabolic genes responsible for 

glucose metabolism, energy homeostasis and fatty acid metabolism were examined. 

Conversely, metabolic markers in plasma such as insulin and c-peptide were examined in 

8 week GNX and 20 week gonad intact Kiss1r KO mice to identify possible changes 

related to glucose metabolism.   

Study 3 (Chapter 7): Altered Response to Exogenous Leptin or Ghrelin 

Administration in Gonadectomised Kisspeptin Receptor Knockout Mice. 

As ghrelin and leptin are both potent peripheral regulators responsible for increasing and 

decreasing food intake respectively, this study investigated whether Kiss1r KO mice 

respond as expected to exogenous ghrelin or leptin administration. Hypothalami and 

plasma was collected from 8-9 week Kiss1r KO mice. Only Npy and Pomc gene 

expression was examined in these mice to investigate whether this varies appropriately 

following leptin or ghrelin administration. Body weight and energy intake were also 

measured. Plasma metabolic markers (as in Study 2) were measured to identify whether 

leptin or ghrelin administration alters these plasma metabolic markers effectively. This 

provides evidence to whether leptin or ghrelin can alter Npy and Pomc gene expression 

in these Kiss1r KO mice, which in turn may affect their metabolic phenotype.  
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Chapter 4 – Materials and Methods 

4.1  Animals 

4.1.1  Mouse breeding and maintenance  

Mouse breeding took place in the Biomedical Research Facility, Shenton Park, WA. This 

Kiss1r KO mouse line has a C57B1x129S1/SVImJ background generated by Omeros 

Corporation (Seattle, WA) via retroviral mutagenesis (Tolson et al. 2014).  Mice tails 

were collected at 3-4 weeks of age from the Biomedical Research Facility and sent to the 

Pre-Clinical Facility (PCF) in the School of Human Sciences for genotyping. From 6 

weeks of age, mice can then be sent to the PCF. The age of these mice sent to PCF would 

vary depending on experimental design.  

In the PCF, mice are maintained in an environmentally controlled room (mean 

temperature 21°C, average humidity 55%) under a specified 12-hour light, 12-hour dark 

cycle (lights on 0700 h). These mice are provided with ad libitum standard chow diet (Rat 

and mouse cubes, 4.8% fat, 4.8% crude fibre and 19.4% protein, Speciality Feeds, Glen 

Forrest, WA, Australia) and acidified tap water (0.008% HCl, pH 2.5-3). All studies 

involving the use of animals were previously approved by the Animal Ethics Committee 

from the University of Western Australia. 

4.1.2  Genotyping  

4.1.2.1 Genomic DNA isolation  

Genotyping firstly involves the tail being placed in a 1.5ml micro tube and 500μl tail 

digestion buffer (50mM Tris/HCl pH 8.0, 100mM EDTA, 100m NaCl and 1% SDS made 

up to 200 ml) and 25μl Proteinase K (10ng/ml) (Promega, Madison, WI, USA) is added. 

Afterwards, the tube is vortexed with the tail being flicked to the bottom of the tube and 

incubated at 55°C overnight. The next day, the tube was vortexed for 30 seconds and 

180μl of saturated NaCl (>5M) was added, and again vortexed for 5 minutes. The tubes 

are placed in a centrifuge (Eppendorf Centrifuge 5417R, Hamburg, Germany) for 5 

minutes at maximum speed. The supernatant (approximately 600μl) was removed and 

placed into a new tube. Then, 380μl isopropanol (Fisher Scientific, Leicestershire, LE11, 

SRG, UK) was added and mixed for 2-3 minutes. The tube was next centrifuged at 

maximum speed for 5 minutes. Afterwards, all isopropanol was pipetted off and DNA 

pellet retained. The DNA pellet was washed using 70% ethanol, then vortexed and 
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centrifuged for 2 minutes at maximum speed. The 70% ethanol is removed carefully to 

retain the DNA pellet. The DNA pellet was air dried in a fume cupboard for 20-30 

minutes. Subsequently, the DNA pellet was resuspended in 30μl milliQ water. DNA 

concentration is then measured using a Nanodrop ND-1000 UV Spectrometer (Thermo 

Scientific, Wilmington, DE, USA). For genotyping, 10-50ng genomic DNA was needed.   

4.1.2.2 Kiss1r Genotyping  

A mastermix of Red Taq polymerase (Sigma Life Science, St. Louis, MO, USA), GPR54 

(Kiss1r) primers (Invitrogen, Life Technologies, Scoresby, Victoria, Australia), DNA 

sample and water was made up to 12.5μl reaction volume. These samples also included 

positive controls for wild type and Kiss1r KO. A negative control (using water only) was 

used to identify any cross contamination. These samples are placed in a thermal cycler 

(PTC100 Programmable Thermal Cycler, Bresatec Pty Ltd, Thebarton, SA, Australia) 

under this program as follows: 95°C for 4 minutes, 95°C for 30 seconds, 58°C for 30 

seconds, 72°C for 60 seconds, step 2 is then repeated 34 times (35 cycles total), 72°C for 

10 minutes and then 4°C until storage. Afterwards, samples may be stored at -20°C before 

running the gel. The agarose gel procedure involves 1% agarose (4g agarose gel in 400 

mL of 1x TAE) at 80V where we also added 100bp ladder. A wild type and KO genotype 

had bands at 250 and 450bp respectively where a heterozygote would have both bands. 

This thesis uses only wild type and KO mice for genotype comparisons.  

  



Chapter 4 – Materials and Methods   47 

4.2  Surgical Procedures 

4.2.1  Preparation and Anaesthesia  

All surfaces and surgical instruments (Fine Surgical Tools, Vancouver, Canada) were 

thoroughly cleaned with 70% ethanol. Mice were anaesthetised with isoflurane (induction 

5%, maintenance 2.5%; Bayer, Pymble, NSW, Australia) in oxygen (1.5L/min). For 

gonadectomies, mice are acclimatized for a week prior to surgery at 6 weeks of age. After 

gonadectomy, mice recovered for a week until experimental procedures commenced.  

4.2.2  Gonadectomies 

4.2.2.1 Ovariectomy 

Skin surrounding the lower back was shaved and washed with 70% ethanol. A 1.5cm 

midline dorsal incision was made through the skin and the peritoneal muscle subsequently 

cut on the left side of the abdominal cavity. One ovary and uterine horn were exposed and 

ligatures were made around the oviduct, ovarian artery and vein. The ovary was removed 

and uterine horn placed back into the abdominal cavity. This surgical procedure was 

repeated with the remaining ovary on the right side. Peritoneal muscle incisions were 

sutured (Coated Vicryl, J304, Ethicon, NJ, USA), and the skin stapled. Mice were then 

subcutaneously injected with buprenorphine (1 mg/g) for pain relief. While recovering 

from anaesthetic, mice were kept warm and later placed back into their cage. 

4.2.2.2 Male castration 

A midline ventral incision made through the scrotum. The testis was exposed and 

removed from the tunica. Ligatures were tied around the blood vessels to the testis 

allowing removal and the testis and attached epidermis were gently removed via incision 

This procedure was repeated with remaining testis. The surgical site was sutured, stapled 

and then mice were subcutaneously injected with buprenorphine (1 mg/g) for pain relief. 

While recovering from anaesthetic, mice were kept warm and later placed back into their 

cage.  
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4.2.3 Blood sampling 

Under anaesthesia, a midline incision in the abdominal region is made above the 

diaphragm. Skin and muscle is incised and moved to the side. A 1ml syringe with a 26G 

needle (both from Terumo Corporation, Tokyo, Japan) coated with EDTA and protease 

inhibitor (Complete; Roche Applied Science, Mannheim, Germany) was pierced into the 

right ventricle of the heart. Blood was collected, transferred into a 1.5ml micro tube and 

placed immediately in ice. The samples are then centrifuged (Eppendorf Centrifuge 

5417R, Hamburg, Germany) for 10 minutes at 13 000 rpm. Afterwards, plasma was 

collected and stored at -80°C.  

4.2.4  Tissue collection 

Prior to tissue collection, mice were euthanized by decapitation. Brain, liver, skeletal 

muscle, subcutaneous white adipose tissue and subscapular brown adipose tissue were 

collected, placed in 1.5ml micro tubes and immediately snap frozen in liquid nitrogen. 

Brain was placed immediately on aluminium foil followed by quickly being placed in dry 

ice. All samples were stored at -80°C until use. Tissue collection for 8-week gonad intact 

and 20 week GNX Kiss1r KO mice was performed by Dr Jeremy Smith.  

4.2.5 Isolation of the hypothalamus 

The hypothalamus was isolated from the frozen whole brain using the method described 

by Quennell et al (2011). Using dry ice to prevent the brain from thawing, this method 

involved the hypothalamus being dissected along the following boundaries – laterally at 

2mm from the optic chiasm to the posterior border of the mammillary bodies and dorsally 

along the thalamus. Once isolated, the hypothalamus was placed in a 2ml microfuge tube 

and stored in -80°C until use for RNA Extraction.  
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4.3 Reverse Transcription Polymerase Chain Reaction (PCR) 

4.3.1 Reagents 

Qiazol Lysis Reagent was obtained from Qiagen (Sydney, Australia). RNA zap was 

obtained from Molecular BioProducts Inc. (San Diego, CA, USA) while autoclaved 

DMDC water (Sigma Life Science, St Louis, MO, USA) was made with MilliQ water 

(Millipore, Australia). DMDC water was made using 3ml of DMDC added to 3L of 

MilliQ water. Random primers (hexamers), dNTP, Moloney Murine Leukaemia virus 

(MMLV) 5x reaction buffer and MMLV were all purchased from Promega Corporation 

(Madison, WI, USA).   

4.3.2  RNA Extraction for hypothalamus, liver and skeletal muscle.   

Before use, the Qiagen homogenizer (Sydney, Australia) was cleaned with RNA zap 

followed by DMDC water. Tissues were homogenized in 800μl (600μl for hypothalamus) 

Qiazol Lysis Reagent and then kept on ice. Samples were incubated at room temperature 

for 5 minutes. Then 200μl chloroform (BioLab, Clayton, Victoria, Australia) was added 

and the tube was vigorously shaken for 15 seconds. The tube was incubated at room 

temperature for 2-3 minutes and placed in a cooled centrifuge (Eppendorf Centrifuge 

5415R, Hamburg, Germany) for 15 minutes at 12 000 x g at 4°C. The upper aqueous 

phase was transferred to a new tube and 500μl (400μl for hypothalamus) isopropanol was 

added. The sample was vortexed and incubated at room temperature for 10 minutes. 

The sample was centrifuged again at 12000 x g at 4°C for 10 minutes. The supernatant 

was removed keeping the intact RNA pellet. Next, 200μl 75% ethanol was added and 

placed in the centrifuge at 12000 x g at 4°C for 5 minutes. The 75% ethanol was removed 

leaving the RNA pellet to air dry for 3-5 minutes. The RNA pellet was resuspended in 

40μl DMDC water. For RNA quantification, a UV spectrometer (Nanodrop ND-1000 

Spectrometer, Thermo Scientific, Wilmington, DE, USA) was used to record 

concentration and purity by absorbance at 260nm and 280nm. Samples were stored at -

80°C until use. 
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4.3.2.1 Modified RNA extraction protocol for brown and white adipose tissue.  

A Qiagen RNeasy Lipid Tissue Mini Kit (Cat no. 78404; Qiagen, Melbourne, Australia) 

was used to extract RNA from brown and white adipose tissue. The RNeasy spin column 

in a 2ml collection tube, 1.5ml tubes, Buffer RW1, Buffer RPE were provided by this 

Lipid Tissue Mini Kit.  This RNA Extraction protocol was the same from previous section 

4.3.2 (except for using 1000μl Qiazol) until the isopropanol and 75% ethanol steps. These 

steps are not included in this modified RNA Extraction protocol.  

From section 4.3.2, the upper aqueous phase was transferred to a new tube. In this tube, 

600μl 70% ethanol was added to the tube and vortexed. Afterwards, up to 700μl of the 

sample was added to the RNeasy spin column in a 2ml collection tube. After this step, 

centrifugations were done at room temperature. Next, this RNeasy column was 

centrifuged for 15 seconds at ≥ 8000 x g. Afterwards, the flow-through was discarded. 

Using the same collection tube, the remaining sample (up to 700 μl) was added and 

centrifuged again for 15 seconds at ≥ 8000 x g. The flow-through was again discarded. 

Then 700μl Buffer RW1 was added to RNeasy column followed by centrifugation for 15 

seconds at ≥ 8000 x g where flow-through was then discarded. Next, 500μl Buffer RPE 

was added to the RNeasy column followed by centrifugation for 2 minutes at ≥ 8000 x g 

where flow-through was then discarded. To further dry the membrane in the RNeasy 

column, the RNeasy column was placed in a new 2ml tube and centrifuged at ≥ 8000 x g 

for 1 minute. Lastly, the RNeasy column was placed in a new 1.5 ml tube where 30μl 

DMDC water was added and centrifuged for 1 minute at ≥ 8000 x g. The RNeasy column 

was then discarded.  For RNA quantification, a UV spectrometer (Nanodrop ND-1000 

Spectrometer, Thermo Scientific, Wilmington, DE, USA) was used to record 

concentration and purity by absorbance at 260nm and 280nm. Samples are stored at -

80°C until use. 

4.3.3 DNase treatment 

DNase treatment occurred prior to the reverse transcription reaction. For this treatment, 

we used 2µg total RNA, added 1µl DNase 10x buffer and 2µl DNase, all incubated at 

37°C for 30 minutes. To cease DNase treatment, 1µl of DNase Stop Solution was added. 

Samples were then incubated at 65°C for 10 minutes. For the RT reaction, 5.5µl RNA 

was used.   
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4.3.4  Reverse transcription 

For reverse transcription, 0.5µl (500ng/μl) random primers was added to 1µg of total 

RNA and was incubated at 70°C for 5 minutes. The remaining reagents -1.3µl dNTPs 

(10mM), 1.0µl M-MLV (200 units), 5µl M-MLV buffer and 3.7µl DMDC water was 

added making up the total 25µl reaction volume. RT incubations were performed in a 

thermal cycler (PTC100 Programmable Thermal Cycler, Bresatec Pty Ltd, Thebarton, 

SA, Australia) under these conditions: 25°C for 10 minutes, 55°C for 50 minutes and 70°C 

for 15 minutes. Samples were stored at 4°C until cDNA clean up.  

4.3.5  Sample preparation – cDNA clean up 

The cDNA was cleaned up using a PCR Clean Up Kit (Mo Bio Laboratories, Carlsbad, 

CA, USA). To the tube, 125μl of Spinbind was added and mixed well by pipetting. The 

mixture was transferred to the spin unit and centrifuged at maximum speed for 30 

seconds. This mixture was discarded from the spin unit and the spin basket was replaced. 

Next, 300μl Spinclean was added to the spin filter and centrifuged for 30 seconds at 

maximum speed. The flowthrough was discarded and replaced. The empty tube was 

centrifuged at maximum speed for 30 seconds to dry the filter membrane. Afterwards, the 

spin basket was transferred to a new and clean tube and 50μl of milliQ water was added 

to the centre of the filter membrane. Before centrifugation, the tube stands for one minute 

to allow water to absorb the filter membrane. The tube was centrifuged at 60 seconds at 

maximum speed. The filter basket was discarded and cDNA is stored at -20°C until use 

for quantitative real time PCR polymerase chain reaction (qRT-PCR). A different PCR 

Clean Up Kit was used for the last Experimental Chapter (Chapter 7, Section 7.2.5). 
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4.4 Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)  

4.4.1  Background 

qRT-PCR is a sensitive and reliable method for the detection and quantification of nucleic 

acids such as cDNA (from mRNA) and based on the detection and quantification of 

fluorescence (Section 4.4.1.1) emitted from a reporter molecule at real time. In the PCR 

reaction, there are three steps - denaturation, annealing and elongation, further described 

in Section 4.4.1.1. Multiple PCR reaction cycles occur leading to amplification of the 

specific gene of interest, quantified by qRT-PCR (Section 4.4.1.2). With each cycle of 

amplification, further accumulation of the PCR product occurs until the fluorescent signal 

drops to 50%, leading to the plateau phase. The principles behind qRT-PCR is further 

discussed in the subsequent sections.  

4.4.1.1  Fluorescence acquisition 

The fluorescence process involves SYBR Green I, a double stranded DNA binding dye 

contained in either BioRad or Qiagen IQ Supermix (Sydney, Australia) depending on the 

primer used. SYBR Green I bind to the minor groove of the double stranded DNA and 

sonly fluoresce when bound. In the denaturation phase, heat (>90°C) separates double 

stranded DNA. As SYBR Green I was released, little to no fluorescence occurs. Next, the 

annealing phase (between 40°C to 65°C) involves primers marking the ends of the target 

sequence of interest yielding small amounts of double stranded DNA. Once annealed to 

the complementary DNA sequence, the temperature is raised to 72°C to activate Taq 

polymerase allowing replication of DNA strands. After extension of primers, all the DNA 

is double stranded and maximum fluorescence is reached. After completion of each 

elongation phase, the fluorescence was recorded allowing more production of PCR 

product, which is monitored continuously with every cycle.  

4.4.1.2 Quantification  

Quantification occurs by choosing a threshold on the log-linear phase of PCR product 

amplification against a standard curve (Figure 4.1A). The threshold was adjusted above 

the background noise of fluorescence intensity and at log phase of amplification. This 

threshold allows the determination of the concentration of unknown sample via a standard 

curve of known concentrations. The quality of the standard curve (Figure 4.1B) is 
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determined by the R2 coefficient which should be ≥ 0.99 and the PCR efficiency as close 

to 100% as possible. 

4.4.1.3  Melt curve analysis 

Generating a melt curve involves heating the PCR product slowly to 95°C where 

fluorescence is continuously measured. The melting temperature was determined 

allowing the amplification of a single product to be confirmed. As cDNA should be at 

equal size and denatures at the same temperature, the resulting melting peaks would be 

produced by plotting the negative derivative of the fluorescence against temperature 

(Figure 4.1C). Therefore, each PCR product produces a precise melting peak which if 

multiple PCR products exist, will be evident on the melt curve analysis.  
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Figure 4.1 – Representative (A) amplification profile of six leptin standards with (B) 

standard curve and (C) melt curve analysis and showing leptin real time quantitative 

real time PCR products.  (A) Amplification of leptin standards (10-fold dilutions) was 

displayed against the number of PCR cycles. The threshold (red horizontal line) is 

adjusted above the background noise of fluorescence intensity and at log phase of 

amplification. (B) The standard curve was plotted against the threshold CT value to 

enable determination of unknown sample concentrations. For melt curve analysis (C), a 

negative derivative plot shows a single peak of the amplified product for each sample.  

This negative control (purple line) shows no amplification identifying no contamination 

in this qRT-PCR run.  

A) 

B) 

C) 
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4.4.2 Primer design for housekeeping and target genes 

The housekeeping genes used were amplified from Geneworks primers - peptidylprolyl 

isomerase A (Ppia), succinate hydrogenase (Sdha) and TATA box binding protein (Tbp) 

(Table 4.1). For skeletal muscle gene expression, hypoxanthine guanine phosphoribosyl 

transferase (Hprt) replaced Sdha. These housekeeping gene primers were obtained from 

Dr Peter Mark and Professor Brendan Waddell except for Hprt. Geneworks (Thebarton, 

SA, Australia) primers were designed using Primer BLAST software 

(http://www.ncbi.nlm.nih.gov). Qiagen QuantiTect Primers (Sydney, Australia) were 

used for most target genes in the hypothalamus and peripheral tissues. The exception was 

leptin receptor (ObRb), with target gene primers designed by Dr Jeremy Smith (Table 

4.1).  

4.4.3 Quantitative real-time PCR set up 

Quantitative real-time PCR was made in 10µl reaction volume and 1μl cDNA samples 

were tested in duplicates (Rotorgene 3000, Corbett Life Science, US). This was by using 

BioRad IQ SYBR Green Supermix or Qiagen SYBR Green PCR Kit (both from Sydney, 

Australia). The master mix used depended on whether a mouse Qiagen QuantiTect primer 

or a Geneworks (ObRb) primer was used (Table 4.1 and 4.2). Samples were compared to 

a standard curve (10-fold dilution) of best fit. A negative control with no RT sample was 

added to eliminate DNA contamination.  Relative gene expression was normalised using 

Ppia, Sdha (or Hprt for skeletal muscle tissue) and Tbp and then calculated using GE 

Norm algorithm (Vandesompele et al. 2002) 
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Table 4.1 – Primer design of Geneworks Primers for mouse Leptin Receptor (ObRb), rat peptidylprolyl isomerase A (Ppia), mouse succinate 

hydrogenase (Sdha), TATA box binding protein (Tbp) and Hypoxanthine guanine phosphoribosyl transferase (Hprt).  

Gene Product size Forward Reverse Annealing temperature 

mObRb # 132bp GGGACGATGTTCCAAACCCC CAGGCTCCAGAAGAAGAGGAC 54°C for 10 seconds 

rPpia * 127bp AGCATACAGGTCCTGGCATC 
 

TTCACCTTCCCAAAGACCAC 60°C for 10 seconds 

mSdha 149bp TGGGGAGTGCCGTGGTGTCA 
 

CTGTGCCGTCCCCTGTGCTG 60°C for 10 seconds 

mTbp 113bp GGGAGAATCATGGACCAGAA CCGTAAGGCATCATTGGACT 62°C for 10 seconds  
mHprt ^ 80bp GCAGTACAGCCCCAAAATGG 

 
AGTCTGGCCTGTATCCAACAC 60°C for 10 seconds 

 

* - is analogous with the mouse Ppia primer.   

#- ObRb is also known as Leptin Receptor (Lepr) 

^ - used for skeletal muscle housekeeping genes in place of mSdha
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4.5 Milliplex Assay 

4.5.1 Background 

Plasma samples from 8 week gonadectomised and 20 week gonad intact male and 

female WT and Kiss1r KO mice were stored at -20°C prior to use (see Section 4.2.3 

for plasma collection). To measure multiple plasma analytes, a Milliplex Map Mouse 

Metabolic Hormone Magnetic Bead Panel – Metabolism Milliplex Assay Kit 

(Millipore, Missouri, USA, cat no. MMHMAG-44K) was used. This assay uses 

internally color-coded microspheres with two fluorescent dyes to allow many bead 

sets hence analytes to be created. After an analyte from the test sample is captured by 

the bead, a biotinylated detection antibody is introduced. This reaction mixture was 

incubated with a conjugate, the reporter molecule which enables to complete the 

reaction on the surface of each microsphere. These microspheres can pass rapidly 

though a laser exciting the internal dyes hence marking the microsphere set. The 

second laser excites the PE (phycoerythrin), the fluorescent dye on the reporter 

molecule. Both signals were identified by using high-speed digital-signal processors 

and allows quantification of the bioassay based on the fluorescent reporter signals. 

Hence this assay, allows detection of multiple analytes such as insulin, c-peptide 2 

(also referred as c-peptide), leptin, resistin, peptide YY (PYY), gastric inhibitory 

peptide (GIP) and glucagon on one plate.  

4.5.2 Reagents 

All reagents except MAGPIX Drive Fluid (Merck Millipore, Billerica, Massachusetts, 

USA; Cat #MPXDF-4PK), plate shaker (Yellow Mag H54, Fisher Biotec Australia, 

Wembley, WA, Australia) and deionised water were provided in the Milliplex Map 

Mouse Metabolic Hormone Magnetic Bead Panel – Metabolism Milliplex Assay Kit. 

The antibody-immobilized beads, quality controls, wash buffer, serum matrix and 

mouse metabolic hormone standard was prepared according to the manufacturer’s 

instructions (Millipore, Missouri, USA, cat no. MMHMAG-44K). 
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4.5.3 Standard curve 

All standards contained 200µl of Assay Buffer where standard 0 had only assay buffer.  

Standard 7 was made by adding 250µl of deionised water, vortexed and then 100µl of 

Standard 7 was added to Standard 6. Standard 6 was then vortexed and 100µl of 

Standard 6 was added to Standard 5. These serial dilution series of standards continued 

until Standard 1 was made.  

4.5.4 Protocol 

This protocol was based on the manufacturer’s instructions (Millipore, Missouri, 

USA, cat no. MMHMAG-44K). Before use, all reagents were warmed to room 

temperature and samples were thawed on ice. On each well, 200µl assay buffer was 

added to each plate, sealed and mixed on a plate shaker for 10 minutes. Afterwards, 

assay buffer was decanted and the plate inverted by tapping it gently onto absorbent 

towel to remove residual amounts. To background, standard and control wells, 10µl 

matrix solution was added followed by adding 10µl Assay Buffer was to only 

background and sample wells. Next, 10µl of each standard or control was added to the 

appropriate wells. The mixing bottle must be vortexed to make sure the mixed beads 

are shaken intermittently to avoid settling. 25µl of the mixed beads was added to each 

well. The plate was sealed via a plate sealer, wrapped in foil and incubated with 

agitation on a plate shaker overnight (18-20 hours) at 4°C.  

The next day, the well contents were gently removed and the plate washed three times. 

The plate washing protocol firstly removes the plate from the magnet and then 200µl 

Wash Buffer was added. The plate was reattached to magnet and rested for 60 seconds 

to allow magnetic beads to settle. The well contents are removed by gently decanting 

the plate and gently tapping on the absorbent pads to remove residual fluid. This was 

repeated two more times.  Next, 50µl of Detection Antibodies was added to each well, 

sealed, covered with foil and incubated with agitation on a plate shaker for 30 minutes 

at room temperature (20-25°C). The well should not be aspirated after incubation. 

Next, 50µl Streptaridin-Phycoerythin was added to each well containing the Detection 

Antibodies. The plate is sealed, covered with foil and incubated with agitation on a 

plate shaker for 30 minutes at room temperature. Plate washing step was repeated.  
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4.5.5 Analysis  

For analysis, 100µl Drive Fluid was added to all wells. The beads are resuspended on 

a plate shaker for 5 minutes. Next, the plate was run on MAGPIX equipment with 

xPONENT software (Millipore, Missouri, USA). This data was saved and analysed 

using the Median Fluorescent Intensity (MFI) data option using a 5 parameter logistic 

or spline curve fitting methods for calculating analyte concentrations (Figure 4.2). R2 

values, intra-assay coefficient of variation (CV) and minimum detectable 

concentration were noted for all experiments which measure metabolic hormones via 

Milliplex Assay (Table 4.3).  
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4.6 Oil Red O Staining  

4.6.1 Tissue preparation 

WT and Kiss1r KO mouse livers were collected at two ages – 8 weeks (prior to notable 

body weight changes) and at 20 weeks (when the metabolic phenotype is fully 

established) in Chapter 6. These ages, in regards to their adiposity, were validated from a 

previous study (Tolson et al. 2014). 8 week WT and Kiss1r KO mice were fed a standard 

chow diet. 20 week WT and Kiss1r KO mice had a standard chow diet up until 8 weeks 

of age, then were fed a high fat diet for 12 weeks. Liver tissue was collected by putting 

mice under isoflurane anaesthesia (Section 4.2.1), euthanizing the mice and then 

collecting tissues. Livers were immediately snap frozen in liquid nitrogen and then stored 

at -80°C.    

4.6.2 Staining protocol 

A small liver sample was obtained using a sterile scalpel blade and placed into a block 

containing an OCT (VMR Chemicals, Leuven, Belgium) compound. The OCT block was 

then frozen and stored at -20°C. Sectioning was performed on a cryostat (Leica 

CM3050S). When sectioning, two to three 10µm liver sections were immediately 

mounted on SuperFrost Plus slides (Menzel-Glӓser, Lomb Scientific Pty Ltd, Taren Point, 

NSW, Australia).  The slides were air dried until staining.  

Sections were rinsed in water for a few minutes to remove OCT. Using a 10ml syringe 

and 0.22μm filter (both by Terumo Corporation, Tokyo, Japan), filtered 0.5% Certstain 

Oil Red O (Gurr Microscopy Materials) in Dextrin or ddH2O (3:2 ratio) was placed onto 

slides and left for 20 minutes. Once completed, slides were rinsed in running water for 

around 3-5 minutes. Then, slides were cover slipped (Menzel-Glӓser, Lomb Scientific Pty 

Ltd, Taren Point, NSW, Australia) using a glycerol mounting medium (Jones 2008). Liver 

sections were captured using a Nikon (Eclipse 90i) Upright microscope at 20x and 40x 

magnifications. 40x images were analysed using ImageJ software (ImageJ 1.50i, Wayne 

Rasband, National Institute of Health, USA) by measuring Integrated Density (Mehlem 

et al. 2013).  
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4.7 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 6 statistical software 

(GraphPad Software Inc., La Jolla, CA, USA). In most studies, two way ANOVAs with 

Tukey post hoc test were performed to assess if there were any interactions based on 

gender and genotype. If an interaction existed, an unpaired student t test was used between 

WT and KO mice. If data did not appear to follow normal distribution, log 

transformations were performed. For simplicity of graphical presentation of data, 

untransformed data are shown. Any variation from this approach will be mentioned in the 

procedure of each study. Statistical significance was reached when p<0.05. 
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Chapter 5 - Unaltered Hypothalamic Gene Expression in 

Kiss1r Knockout Mice Despite Obesity and Reduced Energy 

Expenditure. 

 

Preface 

 

The objective of this chapter was to investigate whether the obese phenotype in Kiss1r 

KO mice was associated with alterations in appetite regulating genes in the hypothalamus. 

This was examined at two ages– the age prior to notable changes in body weight gain (8 

weeks) and when the metabolic phenotype is more apparent (20 weeks). This was vital to 

pinpoint to propose why this obese phenotype emerges in these Kiss1r KO mice.  

This was published in the Journal of Neuroendocrinology in September 2016: 

De Bond, J-AP, Tolson, KP, Nasamran, C, Kauffman, AS. and Smith, JT 2016, 

‘Unaltered Hypothalamic Metabolic Gene Expression in Kiss1r Knockout Mice Despite 

Obesity and Reduced Energy Expenditure’. Journal of Neuroendocrinology, vol 28, doi: 

10.1111/jne.12430 

From the publication above, Dr Alexander Kauffman, Dr Kristin Tolson and Mr Chanond 

Nasamran provided the body weight and plasma leptin data of 8 week gonad intact Kiss1r 

KO and WT mice (male and female) and in situ hybridisation data. Ms Julie-Ann De 

Bond generated the qRT-PCR and Milliplex Assay data of the remaining Kiss1r KO and 

WT mice and was involved in writing the manuscript in conjunction with Dr Kristin 

Tolson, Dr Alexander Kauffman and Dr Jeremy Smith. 
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5.1 Abstract 

Kisspeptin controls reproduction by stimulating GnRH neurons via its receptor Kiss1r. 

Kiss1r is also expressed in other brain areas and in peripheral tissues, suggesting 

additional non-reproductive roles. We recently determined that Kiss1r knockout (KO) 

mice develop an obese and diabetic phenotype. Here, we investigated whether Kiss1r 

KOs develop this metabolic phenotype was associated with alterations in the expression 

of metabolic genes involved in the appetite regulating system of the hypothalamus, 

including neuropeptide Y (Npy) and pro-opiomelanocortin (Pomc), as well as leptin 

receptor (Lepr), ghrelin receptor (Ghsr), and melanocortin receptor 3 and 4 (Mc3r, Mc4r). 

Body weights, leptin levels, and hypothalamic gene expression were measured in both 

gonad-intact and gonadectomised (GNX) mice at 8 and 20 weeks of age, fed either normal 

chow or a high-fat diet. We detected significant increases in Pomc expression in gonad-

intact Kiss1r KOs at 8 weeks and 20 weeks, but no alterations in the other metabolic-

related genes. However, the Pomc increases appeared to reflect genotype differences in 

circulating sex steroids, because GNX wildtype (WT) and Kiss1r KOs exhibited similar 

Pomc levels, along with similar Npy levels. The altered Pomc gene expression in gonad-

intact Kiss1r KOs is consistent with previous reports of reduced food intake in these mice 

and may serve to increase the anorexigenic drive, perhaps compensating for the obese 

state. However, the surprising overall lack of changes in any of the hypothalamic 

metabolic genes in GNX KOs suggests that the aetiology of obesity in the absence of 

kisspeptin signalling may reflect peripheral rather than central metabolic impairments.  
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5.2 Introduction 

Kisspeptin (encoded by the Kiss1 gene) is a neuropeptide made in the hypothalamus that 

acts via the kisspeptin receptor, Kiss1r (originally known as Gpr54), to drive reproduction 

(De Roux et al. 2003). Hypothalamic kisspeptin activates the reproductive axis by 

potently and directly stimulating gonadotropin releasing hormone (GnRH) neurons, 

which express Kiss1r (Han et al. 2005; Irwig et al. 2004; Messager et al. 2005; Pompolo 

et al. 2006; Smith et al. 2009; Smith et al. 2011). In humans and mice, both Kiss1 and 

Kiss1r mutations lead to hypogonadotrophic hypogonadism (De Roux et al. 2003; 

Dungan et al. 2007; Funes et al. 2003; Kauffman et al. 2007; Lapatto et al. 2007; Messager 

et al. 2005; Seminara et al. 2003), highlighting the vital role for kisspeptin signalling in 

puberty and the maintenance of fertility.  

 

In addition to being expressed in reproductive brain regions such as the anteroventral 

periventricular nucleus (AVPV) and the arcuate nucleus (ARC), Kiss1 and Kiss1r mRNA 

are both also expressed in ‘non-GnRH related’ areas of the brain (Kotani et al. 2001; 

Lehman, Hileman & Goodman 2013; Muir et al. 2001; Ohtaki et al. 2001). Moreover, in 

the periphery, Kiss1r is expressed in the liver, pancreas, and brown and white adipose 

tissue (Muir et al. 2001). This suggests kisspeptin may have roles outside of reproduction, 

perhaps pertaining to metabolic function or energy balance. Indeed, we recently identified 

a metabolic role of kisspeptin signalling (Tolson et al. 2014). We demonstrated that adult 

Kiss1r knockout (KO) females have robustly greater body weights, increased adiposity, 

and elevated leptin levels compared to wildtype (WT) littermates. This obesity in Kiss1r 

KOs appears to reflect, at least in part, reduced basal metabolic rate and energy 

expenditure (Tolson et al. 2014). Interestingly, despite their obese phenotype, Kiss1r KO 

mice exhibit significantly lower food intake, perhaps reflecting the actions of the elevated 

leptin in these mice. Importantly, the obese phenotype in Kiss1r KOs is maintained even 

after WTs and KOs are both gonadectomised [to equate circulating sex steroid levels, 

which are known to influence body weight and metabolism (Faulds et al. 2012; Sinchak 

& Wagner 2012)], indicating that the phenotype is not simply due to absent sex steroids 

in the KO’s hypogonadal state. Thus, kisspeptin signalling has a previously unappreciated 

metabolic role, but the underlying mechanisms causing the altered body weight, food 

intake, and energy expenditure in Kiss1r KO mice are currently unknown and remain to 

be determined.  

  



Chapter 5 – Hypothalamic genes in Kiss1r KO mice 68 

It is possible that some aspects of the body weight or feeding phenotype in Kiss1r KO 

mice are due to altered hypothalamic regulation of food intake or energy expenditure. 

Interestingly, kisspeptin treatment has been shown to regulate both Npy and Pomc 

neuronal activity (Fu & van den Pol 2010). Specifically, electrophysiological recordings 

in mouse brain slices demonstrated that kisspeptin administration reduced Npy neuronal 

firing (by indirect means) and increased Pomc neuronal firing (by direct actions). 

Alternatively, kisspeptin treatment increased Npy gene expression and decreased Pomc 

expression in ewes (Backholer et al. 2010), though similar examinations have not yet been 

reported for rodents or other species. Therefore, it appears that kisspeptin is sufficient to 

alter the appetite regulating systems in the hypothalamus, but whether this actually occurs 

in vivo is unknown. Furthermore, whether the hypothalamic Pomc and Npy systems are 

perturbed in Kiss1r KO mice, perhaps contributing to their metabolic or feeding 

phenotype, is similarly not known.  

 

In the present study, we hypothesised that hypothalamic metabolic gene expression in 

Kiss1r KO mice would be altered compared to WT mice, consistent with the former’s 

obese phenotype. We examined key neuropeptide genes in the appetite regulating system 

of the arcuate nucleus of the hypothalamus, including the primary orexigenic 

neuropeptide neuropeptide Y (Npy) and the main anorexigenic neuropeptide pro-

opiomelanocortin (Pomc) (Barsh & Schwartz 2002). We also examined the hypothalamic 

expression of several key metabolic-related receptors present in Npy and/or Pomc 

neurons, including leptin receptor (Lepr), ghrelin receptor (Ghsr) and melanocortin 3 and 

melanocortin 4 receptors (Mc3r and Mc4r). All these genes were examined in mice at 

both 8 and 20 weeks of age, the former representing an age just prior to the emergence of 

the elevated body weight and the latter representing an age when the KOs are fully 

overweight. 
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5.3 Materials and Methods 

5.3.1 Animals 

Kiss1r KO mice were generated by Omeros Corporation (Seattle, WA) via retroviral 

mutagenesis (Tolson et al. 2014). WT and KO littermates were generated from 

heterozygote breeder pairs. For our experiments, only WT and KO littermate offspring 

were used; heterozygous offspring were not studied. Experiments were performed based 

on the National Health and Medical Research Council/Commonwealth Scientific and 

Industrial Research Organisation/Australian Animal Commission Code of Practice of 

Care and the Use of Animals for Experimental Purposes. This study was approved by the 

Animal Ethics Committee from the University of Western Australia and by the 

Institutional Animal Care and Use Committee from the University of California San 

Diego. 

5.3.2 Experimental Design 

Mice were examined at two ages: 8 weeks, just prior to when the increased body weight 

is first starting to emerge in female Kiss1r KO mice (Tolson et al. 2014), and 20 weeks 

old, when the obese phenotype is fully present. For each age group, both WTs and KOs 

were examined either gonad-intact or gonadectomised (GNX), the latter cohort to control 

for the effects of absent circulating gonadal sex steroids in Kiss1r KOs (which are 

hypogonadal). All GNXs occurred at 6 weeks of age, with mice anesthetised under 

isoflurane inhalation, as previously described (Smith et al. 2006b). A subset of mice 

examined at 20 weeks were also challenged with a high fat diet (HFD) (23% fat, 4.7% 

crude fibre and 18.4% protein; 46% total energy from lipids; SFO4-027; Speciality Feeds, 

Perth, Australia. Standard chow was 4.8% fat, 4.8% crude fibre and 19.4% protein) 

administered for a duration of 12 weeks, from 8 to 20 weeks of age.  

 

For tissue collection, 8 week or 20 week old mice were deeply anesthetised under 

isoflurane inhalation, body weight was recorded, and blood collected via cardiac 

puncture. Mice were then euthanised by rapid decapitation and brains were subsequently 

removed and frozen on dry ice. Brains and blood were stored at -80°C until further 

analysis.   
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5.3.3 Plasma leptin measurements 

Plasma leptin levels were measured in GNX mice of both genotypes at 8 and 20 weeks. 

Blood samples were collected in ethylenediaminetertracetic acid (EDTA) and a protease 

inhibitor cocktail (Complete, Roche Applied Science, Mannheim, Germany), and the 

plasma immediately harvested and stored at –20°C. For the 8 week GNX mice, leptin 

concentrations were measured using the Milliplex Map Mouse Metabolic Hormone 

Magnetic Bead Panel (Millipore, Missouri, USA, cat no. MMHMAG-44K) using 

Luminex technology and Exponent software in accordance with manufacturer’s 

instructions. The minimum detectable concentration of leptin was 19 pg/mL and the intra-

assay CV% was 5%. For 20 week GNX mice, leptin concentrations were determined with 

a mouse leptin ELISA kit (#90030; Crystal Chem Inc.) in accordance with the 

manufacturer’s instructions. The minimum detectable concentration of leptin was 2 

pg/mL and the intra-assay CV% was <10%. 

 

5.3.4 Quantitative real time PCR (qRT-PCR) for metabolic hypothalamic gene 

expression in the hypothalamus  

For qRT-PCR analyses of metabolic genes, medial basal hypothalami were dissected 

from whole hypothalamic samples as described in (Quennell et al. 2011). Total RNA was 

isolated using the phenol/chloroform method and converted to cDNA via reverse 

transcription (Promega, Sydney, Australia), followed by clean up using the PCR Clean 

Up Kit (Mio Bio Laboratories, Carlsbad, CA, USA). qRT- PCR was performed in 10µl 

reaction volumes and samples were tested in duplicate using a Rotorgene 3000 (Corbett 

Life Science, US). Reactions used either BioRad IQ SYBR Green Supermix (Biorad, 

Australia) or Qiagen SYBR Green PCR Kit (Qiagen, Australia). The master mix varied 

dependant on whether mouse Qiagen QuantiTect primers (Npy, Pomc, Ghsr, Mc3r and 

Mc4r) or Geneworks (leptin receptor, ObRb) primers were used (Table 4.1 and 4.2). 

Samples were compared to a standard curve (10 fold dilution) and relative gene 

expression was normalised using a GE Norm algorithm (Vandesompele et al. 2002) of 

housekeeping genes peptidylpropyl isomerase A (Ppia), succinate hydrogenase (Sdha) 

and TATA box binding protein (Tbp). No significant variability was noted in each 

housekeeping gene. 
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5.3.5 In situ hybridisation 

A subset of brains from chow-fed GNX 20 week female mice were analysed for Npy or 

Pomc mRNA expression in the arcuate nucleus (ARC) by in situ hybridisation (ISH). 

Briefly, brains were cut into 5 alternating sets of 20 µm sections. For both Npy and Pomc, 

each group consisted of 6 brains, with one full set of slide-mounted brain sections 

encompassing the entire ARC region assayed using radiolabeled (33P) antisense Npy or 

Pomc riboprobes (0.04 pmol/mL), as previously described (Poling et al. 2014). Pomc was 

cloned from mouse hypothalamic RNA into pBluescript SK-plasmid and transcribed 

using T7 polymerase. The Pomc probe corresponds to bases 58-926 of the murine mRNA 

(NM_008895.4), and the Npy probe was previously described (Poling et al. 2014). ISH 

slides were analysed blindly with an automated grains imaging processing system (Dr 

Don Clifton, University of Washington, Seattle, Washington) that counted the number of 

silver grain clusters representing Npy or Pomc cells and the number of silver grains in 

each cell (a semiquantitative index of Pomc or Npy mRNA content per cell) (Chowen et 

al. 1990). 

5.3.6 Statistical analysis 

All data are presented as mean ± SEM. For 20 week gonad intact and 8 week GNX mice, 

gene expression was examined in each sex separately by an unpaired t test (due to 

different standard curves for qRT-PCR analysis). For 8 week gonad intact and 20 week 

GDX mice, males and females were analysed under the same standard curve and a two-

way ANOVA with a Tukey post hoc test was used, followed by student t tests. Unpaired 

t tests were also used to examine ISH data. For plasma leptin measurements, two-way 

ANOVAs with a Tukey post hoc test were performed. Body weight in 20 week GNX 

Kiss1r KO mice was re-examined using data in our past study (Tolson et al. 2014). All 

statistical tests were performed with Graph Pad Prism 5 and significance was set at p < 

0.05. 
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5.4  Results 

5.4.1  Normal body weights but elevated plasma leptin levels in 8 week GNX 
Kiss1r KO mice. 

As previously reported (Tolson et al. 2014), no significant difference in body weight was 

seen in 8 week Kiss1r KO mice of either sex compared to WTs (Figure 5.1A and B). 

However, at this age, the concentration of circulating leptin was already significantly 

elevated in GNX Kiss1r KO mice of both sexes: leptin levels were 120% greater in KO 

males and 37% greater in KO females compared to WT controls (both p<0.01, Figure 

5.1C). When corrected for body weight, the elevated leptin levels in Kiss1r KO mice 

remained. Specifically, leptin per gram bodyweight was 123% higher in male KOs and 

39% higher in female KOs compared to their WT counterparts (both p<0.01, Figure 

5.1D). 

5.4.2  Increased Pomc, but not Npy, gene expression in gonad intact, but not GNX, 
8 week Kiss1r KO mice.  

Hypothalamic Npy gene expression did not differ in 8 week old Kiss1r KO mice 

compared to WTs in either gonad intact (Figure 5.2A) or GNX conditions (Figure 5.2C). 

Hypothalamic Pomc gene expression was 31% (males) and 78% (females) higher in 

gonad intact Kiss1r KOs (both p<0.05) compared to WTs at 8 weeks of age (Figure 2B). 

However, in mice that were GNX to equate sex steroid levels, there was no longer a 

genotype difference in Pomc gene expression in either sex (Figure 5.2D).  

5.4.3 No changes in hypothalamic metabolic receptor gene expression in 8 week 
Kiss1r KO mice. 

Hypothalamic expression of metabolic receptor genes was also investigated in 8 week old 

mice (Figure 5.3). There were no genotype differences in hypothalamic gene expression 

in leptin receptor (Lepr, Figure 5.3A and 5.3E), ghrelin receptor (Ghsr, Figure 5.3B and 

5.3F), melanocortin 3 receptor (Mc3r, Figure 5.3C and 5.3G), or melanocortin 4 receptor 

(Mc4r, Figure 5.3D and 5.3H) in either gonad intact or GNX mice of either sex.  
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Figure 5.1 - The effect of impaired kisspeptin signalling on body weight (BW) in 8 

week (wk) intact (A) or gonadectomised (GNX) mice (B). (C, D) Leptin 

concentration and BW corrected leptin concentration in GNX Kiss1r KO mice. As 

indicated, ** p<0.01 compared to wild type (WT – shown as white bars, Kiss1r KO – 

black bars). Values are the mean ± SEM. n=7-9 per group. 
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Figure 5.2 - The effect of impaired kisspeptin signalling on neuropeptide Y (Npy) 

and pro-opiomelanocortin (Pomc) hypothalamic gene expression in 8 week (wk) 

gonad intact (A, B) and gonadectomised (GNX) (C, D) mice. As indicated, * p<0.05 

compared to wild type (WT – shown as white bars, Kiss1r KO – black bars). Values are 

the mean ± SEM. n=3-9 per group (n=3 in the intact female KO group only). 
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Figure 5.3 - The effect of impaired kisspeptin signalling on metabolic receptor 

expression in 8 week (wk) gonad intact and gonadectomised (GNX) mice. Leptin 

receptor (Lepr) (A, E) ghrelin receptor (Ghsr) (B, F), melanocortin 3 receptor (Mc3r) (C, 

G) and melanocortin 4 receptor (Mc4r) (D, H) hypothalamic gene expression in males 

and females (WT – shown as white bars, Kiss1r KO – black bars). Values are the mean ± 

SEM. n=3-9 per group (n=3 in the intact female KO group only). 
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5.4.4 Elevated body weights and higher leptin levels in 20 week Kiss1r KO mice. 

At 20 weeks of age, HFD fed gonad intact Kiss1r KO females were 13% heavier 

compared to WTs (p<0.05, Figure 5.4A). As previously reported, no difference in body 

weight was seen in 20week old gonad intact males (Figure 5.4A). At this 20 week age, 

plasma leptin was 166% higher (p<0.05) in gonad intact Kiss1r KO females compared to 

WTs (Figure 5.4B), and this genotype difference remained even when correcting for 

bodyweight: leptin per gram bodyweight was significantly greater in gonad-intact Kiss1r 

KOs for both sexes (60% in males and 145% in females, P<0.05, Figure 5.4C). Following 

gonadectomy, the elevated body weight in female Kiss1r KOs remained (17% p<0.05, 

Figure 5.4D), as previously reported. While no genotype differences in overall leptin 

levels were seen in GNX Kiss1r KO mice of either sex at 20 weeks of age (Figure 5.4E), 

when corrected for body weight, leptin per gram bodyweight was 31% higher in Kiss1r 

KO males and 30% higher in Kiss1r KO females (p<0.05) compared to their WT controls 

(Figure 5.4F).  

 

5.4.5 Increased Pomc gene expression in gonad intact, but not GNX, Kiss1r KO 
mice at 20 weeks of age. 

At 20 weeks of age, hypothalamic Pomc gene expression was 72% higher in gonad intact 

Kiss1r KO males (p<0.01) and 73% higher in gonad intact Kiss1r KO females (p<0.001, 

Figure 5.5B) compared to gonad intact WT counterparts. As with 8 week old mice, no 

genotype differences were evident in hypothalamic Npy gene expression at 20 weeks of 

age in gonad intact mice (Figure 5.5A). Following gonadectomy, no genotype difference 

was present in hypothalamic Pomc or Npy gene expression in mice of either sex (Figures 

5.5C, 5D). 

 

5.4.6 Normal ARC Npy or Pomc gene expression in GNX Kiss1r KO mice at 20 
weeks of age. 

Consistent with our hypothalamic qRT-PCR data, in situ hybridisation analyses 

determined that Npy and Pomc gene expression in the ARC was similar between chow 

fed GNX female Kiss1r KOs and WTs at 20 weeks of age (Figure 5.6). No genotype 

differences were seen in either total Pomc or Npy cell number (Figure 5.7A and B), Pomc 

or Npy mRNA content per cell (Figure 5.7C and D), or the total Pomc or Npy mRNA 

content in the ARC region (Figure 5.7E and F). 
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5.4.7 Normal hypothalamic metabolic receptor gene expression in GNX Kiss1r 
KO mice at 20 weeks of age.  

In 20 week gonad intact and GNX Kiss1r KO mice, no significant genotype differences 

were evident in the hypothalamic expression of Lepr (Figure 5.8A and 5.8E) and Mc3r 

(Figure 5.8C and 5.8G). However, in gonad intact Kiss1r KO females, hypothalamic Ghsr 

gene expression was 28% lower compared to WT (p<0.05, Figure 5.8B). Alternatively, 

hypothalamic Mc4r gene expression was 25% lower in gonad intact Kiss1r KO males 

compared to WT (p< 0.05, Figure 5.8D). However, as with Pomc expression, these Ghsr 

and Mc4r genotype differences at 20 weeks of age were no longer present following 

gonadectomy of both WTs and KOs (Figure 5.8F and H).  
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Figure 5.4 -  The effect of impaired kisspeptin signalling on body weight (BW) in 20 

week (wk) HFD fed intact (A) or gonadectomised (GNX) mice (D). (B, C) Leptin 

concentration and BW corrected leptin concentration in intact Kiss1r KO mice. (E, 

F) Leptin concentration and BW corrected leptin concentration in GNX Kiss1r KO 

mice. As indicated, * p<0.05 compared to wild type (WT – shown as white bars, Kiss1r 

KO – black bars). Values are the mean ± SEM. n=5-11 per group. Body weight in 20 

week GNX Kiss1r KO mice was re-examined using data in our past study (Tolson et al. 

2014). 
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Figure 5.5 - The effect of impaired kisspeptin signalling on neuropeptide Y (Npy) 

and pro-opiomelanocortin (Pomc) hypothalamic gene expression in 20 week (wk) 

HFD fed gonad intact and gonadectomised (GNX) mice. As indicated, ** p<0.01 and 

*** p<0.001 compared to wild-type (WT – shown as white bars, Kiss1r KO – black bars). 

Values are the mean ± SEM. n=5-11 per group. 
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Figure 5.6 - Representative dark-field photomicrographs showing Npy and Pomc 

mRNA-expressing cells (as reflected by the presence of white clusters of silver 

grains) in the Arc from 20 week old gonadectomised (GNX) chow fed female WT 

and Kiss1r KO mice. 3V, Third ventricle. Scale bars, 100 µm. 
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Figure 5.7 -The effect of impaired kisspeptin signalling on Npy and Pomc expression 

in the arcuate nucleus of 20 week old gonadectomised (GNX) chow fed female mice. 

No significant change was evident (WT – shown as white bars, Kiss1r KO – black bars) 

in either number of cells (A, B) mRNA per cell content (grains per cell, C, D) or total 

(combined) expression (E, F). Values are the mean ± SEM. n=6 per group. 
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Figure 5.8 – The effect of impaired kisspeptin signalling on metabolic receptor 

expression in 20 week (wk) gonad intact and gonadectomised (GNX) HFD fed mice. 

Leptin receptor (Lepr) (A, E) ghrelin receptor (Ghsr) (B, F), melanocortin 3 receptor 

(Mc3r) (C, G) and melanocortin 4 receptor (Mc4r) (D, H) hypothalamic gene expression 

in males and females. As indicated, * p<0.05 compared to wild type (WT – shown as 

white bars, Kiss1r KO – black bars). Values are the mean ± SEM. n=5-11 per group. 
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5.5  Discussion 

We previously reported that female, but not male, mice lacking kisspeptin signalling start 

to become obese between 8-10 weeks of age and subsequently show significantly elevated 

body weight, adiposity, leptin levels, and impaired glucose homeostasis and metabolic 

rates (Tolson et al. 2014). However, given that kisspeptin and its receptor are present in 

multiple parts of the brain and periphery, the reason(s) why Kiss1r KO mice develop this 

metabolic phenotype remain unknown. Here, we examined key gene expression in the 

hypothalamic appetite regulating system to assess if alteration in neural feeding circuits 

may underlie, fully or in part, the elevated body weight and adiposity that develops in the 

absence of kisspeptin signalling. We first examined Kiss1r KO mice at 8 weeks of age, 

just before the point where the metabolic and body weight phenotype first appears, and 

again at 20 weeks of age, when there is a more pronounced metabolic phenotype. At both 

8 and 20 weeks of age, gonad intact Kiss1r KO mice showed higher Pomc gene 

expression compared to WTs though few other changes in hypothalamic gene expression 

were evident. This genotype difference in hypothalamic Pomc gene expression appears 

to be sex steroid dependent, as Pomc levels were equivalent in GNX WT and KO mice at 

both and 8 and 20 weeks. Likewise, minor genotype differences in Ghsr and Mc4r gene 

expression observed in 20 week gonad intact Kiss1r KOs also appeared to be sex steroid 

dependent, as no genotype differences were present in these genes when mice from both 

genotypes were GNX. Because the hypothalamic metabolic genes were normal in GNX 

KOs, yet these GNX KOs still display elevated body weights, adiposity, and leptin levels 

(Tolson et al. 2014), these data suggest that the metabolic phenotype of Kiss1r KO mice 

is more likely driven by peripheral metabolic mechanisms rather than major changes in 

central feeding circuits (albeit we did not test all possible metabolic genes). 

In this study, we confirm our previous report of the sexually dimorphic metabolic 

phenotype of Kiss1r KO mice. Consistent with our previous data, at 20 weeks of age only 

female mice have increased body weight compared to WT controls (Tolson et al. 2014), 

though we did note in the original paper greater adiposity and leptin levels in KO males 

(Tolson et al. 2014). Despite the obese phenotype, Pomc gene expression appeared to be 

elevated in gonad intact Kiss1r KO mice of both sexes, which is surprising because Pomc 

is anorexigenic. However, this increase in Pomc gene expression in both 8 week and 20 

week gonad intact Kiss1r KOs is consistent with sheep data showing reduced Pomc gene 

expression after treatment with kisspeptin (Backholer et al. 2010), which would thereby 

predict an increase in Pomc gene expression in the absence of kisspeptin signalling. 
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Clearly, higher Pomc expression does not predicate the increased body weight and 

adiposity observed in Kiss1r KO mice, but it may comprise part of the mechanism 

underling the significantly reduced food intake in gonad intact Kiss1r KO mice (Tolson 

et al. 2014). Moreover, it is also possible that higher Pomc might indicate a compensatory 

mechanism in these overweight mice, reducing food intake in an attempt to defend 

bodyweight.  

 

Being hypogonadal, Kiss1r KO mice have much lower circulating sex steroids compared 

to their WT counterparts. Because sex steroids can influence metabolic status (Faulds et 

al. 2012; Sinchak & Wagner 2012), we also analysed WTs and KOs that were both GNX, 

thereby equating the sex steroid status between genotypes. Interestingly, we found that 

the elevations in Pomc gene expression observed in gonad intact Kiss1r KOs were no 

longer apparent when mice of both genotypes were GNX to eliminate genotype 

differences in sex steroid levels. This suggests that the increased Pomc levels in gonad 

intake KOs reflects the absence of gonadal sex steroids, in particular estradiol, compared 

to normal sex steroid concentrations in WTs (Gao, He & Kapcala 1997). The lack of any 

genotype differences in Pomc in GNX animals, despite these GNX animals still 

presenting an overweight, hyperleptinemic phenotype, suggests that this metabolic 

phenotype is more likely driven by peripheral metabolic factors/mechanisms rather than 

simple changes in central appetite neural circuitry. 

 

Our present data suggest that the obesity and metabolic impairments in the absence of 

kisspeptin signalling likely arise from peripheral alterations rather than marked changes 

in primary hypothalamic metabolic genes. Supporting this possibility, both kisspeptin and 

its receptor are expressed in several peripheral tissues. Kiss1r is expressed in the liver, 

fat, and pancreas (Muir et al. 2001). Kiss1 is expressed in liver and adipose tissue and has 

been reported to be upregulated by fasting and down-regulated by either HFD or a 

diabetic state (Brown et al. 2008). Alternatively, Dudek and colleagues (Dudek et al. 

2016) reported an increase in both Kiss1 and Kiss1r mRNA in gonadal fat, pancreas, and 

liver of streptozotocin-induced type 1 diabetes in rats. Kisspeptin levels are also 

reportedly increased in both the liver and serum from humans and mice with diabetes 

(Song et al. 2014). This study clarified a dual function of Kiss1 which inhibit and 

stimulate insulin secretion via Kiss1r dependent and independent pathways respectively.  

In vitro, kisspeptin has been shown to stimulate basal insulin secretion from isolated 

human and mouse islets (Bowe et al. 2012; Hauge-Evans et al. 2006) whereas another 
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study reported that kisspeptin suppresses glucose-stimulated insulin secretion both in 

vitro and in vivo in mice (Song et al. 2014) indicative of kisspeptin as a possible regulator 

of beta cell function. Further exploration of the peripheral activity of kisspeptin signalling 

and its effects on metabolism is warranted in future studies, possibly through the 

experimental use of novel Kiss1r flox mouse models (Novaira et al. 2014). 

 

Our 20 week old gonad intact and GNX mice examined by qRT-PCR were challenged 

with a HFD for 12 weeks. This cohort was used initially to investigate whether a HFD 

would exacerbate the obese phenotype in our previous study (Tolson et al. 2014). HFD 

has been used in other studies to exacerbate the phenotypic difference in KO models, 

including Npy KO mice, which show increased Pomc gene expression and reduced body 

fat compared to controls only when challenged with a HFD (Patel et al. 2006). In both 

our previous report and the present study, the body weight and adiposity differences are 

still present, though less robust, when mice were on a HFD versus normal chow, reflecting 

elevated body weight gain in the WTs on the former diet. Even so, body weights and 

leptin levels are still significantly higher in the KOs on HFD. Despite this, we did not 

detect any change in metabolic gene expression in GNX Kiss1r KO mice on a HFD. We 

further examined this age group on a chow diet using in situ hybridisation. This allowed 

us to both examine any change in Pomc or Npy gene expression in Kiss1r KO mice fed 

with normal chow, and also observe their neuroanatomical expression specifically in the 

ARC nucleus (Npy, for example, is expressed primarily in the ARC but also to a lesser 

degree in other hypothalamic areas, such as the DMN). Our findings again indicated that 

Npy and Pomc levels in the ARC are similar in adult GNX WT and KO mice, despite an 

overweight phenotype in the latter. 

 

Unlike Pomc, there were no changes in Npy gene expression in gonad intact Kiss1r KO 

mice. Npy neurons receive peripheral signals from ghrelin via its receptor, Ghsr (also 

known as the growth hormone secretagogue receptor)(Kojima et al. 1999). Ghrelin is a 

peptide released from the stomach that stimulates food intake by acting directly on NPY 

neurons (Andrews 2011; Briggs & Andrews 2011; Kojima et al. 1999; Willesen, 

Kristensen & Romer 1999). Our data demonstrate that 20 week gonad intact Kiss1r KO 

females had mildly reduced Ghsr gene expression, potentially suggestive for a reduction 

in orexigenic ghrelin drive to Npy neurons. Reduced ghrelin input may then subsequently 

have a potential additive effect towards driving the higher Pomc gene expression 

observed in these gonad intact mice.  
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GNX Kiss1r KO mice exhibited higher leptin levels compared to their WT controls at 

both 8 and 20 weeks. It should be noted that different assays were employed to examine 

plasma leptin at 8 and 20 weeks, so direct comparison between ages were avoided. The 

higher leptin in KO mice at 8 weeks occurs prior to any detectable elevation in body 

weight phenotype (though we have found that underlying adiposity is already moderately 

elevated by this age, matching the elevated leptin observed here [Tolson and Kauffman, 

unpublished observation]). The higher leptin levels were particularly evident when leptin 

concentration was corrected for body weight, indicative of the potential for partial leptin 

resistance (Asterholm et al. 2014) are consistent with an obese phenotype. Alternatively, 

we speculate that the high leptin from the periphery may be signalling in the ARC to 

induce the lower food intake previously observed in gonad intact Kiss1r KO mice, 

perhaps via increasing Pomc. 

 

In conclusion, we have shown that the overweight, hyperleptinemic phenotype in Kiss1r 

KO mice is associated with increased hypothalamic Pomc gene expression, though this 

alteration in Pomc expression is no longer present when both genotypes are equalised for 

their sex steroid levels as also summarised in Table 5.1. Our previous study demonstrated 

that gonad intact Kiss1r KO females eat less (Tolson et al. 2014), and increased Pomc 

synthesis may be at least one causative factor for that phenotype. However, our current 

study was unable to directly identify the cause of the elevated body weight and adiposity 

in Kiss1r KO mice, because no metabolic gene changes in the hypothalamus were evident 

in GNX mice, despite their elevated body weight and high leptin levels. Thus, these 

results suggest that this body weight phenotype may not simply be caused by alterations 

in hypothalamic feeding circuits. Rather, our findings suggest that non-central metabolic 

mechanisms, perhaps at the level of the liver, fat, or pancreas, all tissues where Kiss1r is 

also expressed, may be key causative factors for the obesity that emerges in the absence 

of kisspeptin signalling. Further studies are necessary to investigate impaired kisspeptin 

signalling outside the appetite regulating system, potentially looking to the periphery 

where kisspeptin and Kiss1r are both expressed.  
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Appendix 5.1 - No alterations in hypothalamic Agrp and Cart gene 

expression in Kiss1r KO mice than in WT littermates.  

This data for agouti-related protein (Agrp) and cocaine-amphetamine related transcript 

(Cart) has been shown due to their co-expression with Npy and Pomc neurons 

respectively (Barsh & Schwartz 2002). These results are not included as part of the 

published manuscript. In 8 and 20 week gonad intact and GNX Kiss1r KO mice, there 

was no significant differences in Agrp and Cart gene expression compared to WT 

littermates (Figure 5.9 and 5.10).  

No changes in Agrp gene expression was consistent with Npy gene expression (Figure 

5.2A and 5.5A). Despite no alterations in Cart gene expression (Figure 5.9 and 5.10), 

higher Pomc gene expression was evident in 8 and 20 week gonad intact Kiss1r KO mice 

compared to WT. These results are not consistent with Pomc and Cart gene expression 

profiles in genetic models (Duan et al. 2007; Vrang et al. 2002). 15 week ob/ob female 

mice had lower Pomc and Cart mRNA expression compared to lean controls in vivo 

(Duan et al. 2007). In this chapter, the reasons behind this inconsistency in Pomc and Cart 

gene expression in Kiss1r KO mice is unknown.  
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Figure 5.9 - The effect of impaired kisspeptin signalling on agouti-related protein 

(Agrp) and cocaine- and amphetamine related transcript (Cart) hypothalamic gene 

expression in 8 week (wk) gonad intact (A, B) and gonadectomised (GNX) (C, D) 

mice. WT – shown as white bars, Kiss1r KO – black bars. Values are the mean ± SEM. 

n=3-9 per group (n=2 in the intact female KO group only for 8 wk gonad intact).  
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Figure 5.10 - The effect of impaired kisspeptin signalling on agouti-related protein 

(Agrp) and cocaine- and amphetamine related transcript (Cart) hypothalamic gene 

expression in 20 week (wk) gonad intact (A, B) and gonadectomised (GNX) (C, D) 

mice. WT – shown as white bars, Kiss1r KO – black bars. Values are the mean ± SEM. 

n=4-11 per group (n=2 in the intact female KO group only for 8 wk gonad intact mice). 
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Chapter 6 – Altered Uncoupling Protein 1 and Leptin Gene 

Expression in Brown and White Adipose Tissue Respective of 

Kisspeptin Receptor Knockout Mice.  

 

 

 

Preface 

 

The objective of this chapter was to examine whether the obese phenotype in Kiss1r KO 

mice was due to alterations in key metabolic genes expressed in peripheral tissues. This 

investigation focuses towards peripheral metabolic gene expression as no significant 

changes were evident in hypothalamic genes involved in the appetite regulating system 

at 8 and 20 weeks (Chapter 5). Metabolic genes implicated in glucose metabolism, fatty 

acid oxidation and energy expenditure was examined in the liver, skeletal muscle, white 

and brown adipose tissue. Subsequently, metabolic markers like insulin and c-peptide 

was measured in plasma samples to identify possible changes in glucose metabolism.  

In this thesis chapter, the white and brown adipose tissue qRT-PCR data generated by Ms 

Julie-Ann De Bond has been used for a manuscript in preparation collaborated and co-

authored with Dr Jeremy Smith and Dr Alexander Kauffmann, currently titled “Metabolic 

and Energetic Effects of Conditional Ablation of Kisspeptin Signalling in Brown Adipose 

Tissue”. 

The remaining data has not been used for the above manuscript in preparation. This 

chapter will be displayed as a traditional thesis chapter. 
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6.1 Introduction 

 

From this thesis (Chapter 5), the obese phenotype in Kiss1r KO mice was not caused by 

alterations in hypothalamic feeding circuits. Therefore, the previous chapter suggests the 

cause of the obesity to be at the level of the periphery. The examination of peripheral 

metabolic gene expression has been investigated in animal models of obesity (Koh, 

Brandauer & Goodyear 2008; Lan et al. 2003; Masaki et al. 2000; Matsuda et al. 1998) 

such as the genetic model - db/db (leptin receptor deficient) mice (Gimeno et al. 1997; 

Masaki et al. 2000) or WT animals fed a high fat diet (HFD) which induces obesity (Lee 

et al. 2016; Mei et al. 2014; Song et al. 2001).  

Kiss1r is expressed in non-brain areas such as the liver, skeletal muscle, white adipose 

tissue, brown adipose tissue and pancreas (Muir et al. 2001). Kisspeptin has been shown 

to inhibit insulin secretion in human liver samples in vitro and mice in vivo (Song et al. 

2014). Additionally, insulin secretion was also inhibited in mouse pancreatic islets by 

kisspeptin in vitro. In liver and white adipose tissue, Kiss1 and Kiss1r mRNA were 

upregulated in streptozotocin-induced type 1 diabetic rats (Dudek et al. 2016). Despite 

initial studies in the liver (Song et al. 2014), pancreas (Bowe et al. 2012; Hauge-Evans et 

al. 2006) and white adipose tissue (Dudek et al. 2016), the role of kisspeptin signalling in 

peripheral tissues warrants further investigation.   

This chapter examined key peripheral tissue metabolic genes in Kiss1r KO mice. This 

was performed in the liver, skeletal muscle, white and brown adipose tissue using qRT-

PCR. In the liver, we examined rate limiting enzymes in gluconeogenesis and 

glycogenolysis, which are both involved in glucose production. In gluconeogenesis, we 

examined genes encoding PEP carboxykinase, fructose-1,6-bisphosphatase and glucose-

6-phosphatase (Yoon et al. 2001); while in glycogenolysis, the gene encoding glycogen 

phosphorylase was tested (Nordlie, Foster & Lange 1999). Using Oil Red O staining, liver 

histology was investigated in identifying possible lipid accumulation in Kiss1r KO mice 

(Mehlem et al. 2013). Livers from ob/ob (leptin deficient) mice exhibit higher lipid 

accumulation than controls (Chu et al. 2014). Therefore, excessive lipid accumulation in 

organs decreases glucose uptake from the blood stream and also interfere with leptin 

signalling (Boström et al. 2007; Söllner 2007; Yu et al. 2002). In skeletal muscle, we 

examined genes encoding AMP activated protein kinase (AMPK) which stimulates 
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glucose transport and fatty acid oxidation (Kahn et al. 2005; Koh, Brandauer & Goodyear 

2008). In white adipose tissue (WAT), we investigated leptin and adiponectin gene 

expression (Frederich et al. 1995; Weyer et al. 2001) while we investigated uncoupling 

protein 1 mRNA (involved in thermogenesis) in brown adipose tissue (Commins et al. 

1999). In skeletal muscle, WAT and BAT, we also examined uncoupling proteins 2 and 

3 gene expression, implicated in fatty acid metabolism (Rousset et al. 2004). Furthermore, 

plasma metabolic markers were measured such as insulin and c-peptide, a marker of 

insulin production (Jones & Hattersley 2013).   

In this chapter, it was hypothesised that there will be altered metabolic peripheral gene 

expression in both male and female Kiss1r KO mice. These alterations are anticipated at 

20 weeks and would manifest by increased liver gluconeogenic genes and reduced 

uncoupling protein 1 in BAT – indicative of impaired energy expenditure. As these Kiss1r 

KO mice have high leptin levels (Tolson et al. 2016; Tolson et al. 2014, Chapter 5), higher 

WAT leptin gene expression at 8 and 20 weeks would be expected. Kiss1r KO mice will 

also be examined at 8 weeks prior to notable changes in body weight gain and at 20 weeks, 

where the metabolic phenotype is more apparent (Tolson et al. 2016; Tolson et al. 2014, 

Chapter 5). An 8 week GNX Kiss1r KO mice cohort will be added to account for 

metabolic regulation by sex steroids, which are virtually absent in the Kiss1r KO mouse 

(Tolson et al. 2014). This chapter aimed to examine these two time points to give an 

indication to whether any change in peripheral gene expression occurs as a primary effect 

of impaired kisspeptin signalling (at 8 weeks) or as a consequence of the shift in obesity 

and metabolism observed at 20 weeks (Tolson et al. 2016). 
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6.2 Materials and Methods 

6.2.1 Animals 

8 and 20 week gonad intact male and female Kiss1r KO mice were used. 8 week Kiss1r 

KO and WT gonad intact mice were fed a standard chow diet (4.8% fat, 4.8% crude fibre 

and 19.4% protein; Speciality Feeds, Perth, Australia) while 20 week Kiss1r KO and WT 

gonad intact mice were fed a 12 week HFD challenge (23% fat, 4.7% crude fibre and 

18.4% protein; 46% total energy from lipids; SFO4-027; Speciality Feeds, Perth, 

Australia) from 8 weeks of age. To investigate whether changes in peripheral gene 

expression was sex steroid dependent, an 8 week gonadectomised (described in Section 

4.2.1 and 4.2.2) male and female Kiss1r KO and WT cohort were included. These mice 

were fed a standard chow diet like the 8 week gonad intact group.  

6.2.2 Quantitative real time PCR  

Liver, skeletal muscle, white and brown adipose tissue was snap frozen in liquid nitrogen 

(see Section 4.2.4) and later underwent qRT-PCR analysis (see Section 4.3 and 4.4). For 

white and brown adipose tissue, a Qiagen RNeasy Lipid Tissue Kit (Qiagen, Australia) 

was used where initially samples were homogenized in 1ml Qiazol (see Section 4.3.2.1). 

6.2.3 Oil Red O staining  

At tissue collection, whole liver samples were dissected from the mouse and snap frozen 

in liquid nitrogen. Using a small blade, a small section of liver was dissected and stored 

in dry ice before being mounted in OCT (see Section 4.6). These livers were sectioned, 

stained with Oil Red O and coverslipped. These slides were analysed for integrated 

density using Image J software to quantify fatty lipid droplets.   

6.2.4 Milliplex Assay 

Collected plasma was stored at -80°C. The protocol was based on the manufacturer’s 

instructions (Millipore, Missouri, USA, cat no. MMHMAG-44K) as outlined in Section 

4.5.  
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6.2.5 Statistical analysis 

For all procedures, a two-way ANOVA with a Tukey’s post hoc test was used to identify 

genotype and gender differences, unless otherwise stated. If an interaction was identified, 

then unpaired student t tests were used. All statistical tests were performed with Graph 

Pad Prism 5 and significance was set at p < 0.05. If data did not appear to follow normal 

distribution, log transformations were performed. For simplicity of graphical presentation 

of data, untransformed data are shown. 
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6.3  Results 

6.3.1  Liver gene expression  

In 8 week mice, liver PEP carboxykinase gene expression was 33% (males) and 42% 

(females) lower in Kiss1r KOs compared to WT (p<0.05; Figure 6.1A). This was 

consistent with 8 week GNX Kiss1r KO mice as PEP carboxykinase gene expression was 

27% (males) and 29% (females) lower compared to WT controls (p<0.05; Figure 6.1E). 

These 8 week Kiss1r KO mice had no differences in fructose-1,6-bisphosphatase, 

glucose-6-phosphatase and glycogen phosphorylase gene expression to WT (Figure 

6.1B-D). Interestingly, male GNX Kiss1r KO mice had 13% higher fructose-1,6-

bisphosphatase compared to WT (Figure 6.1F). Though female Kiss1r KO mice had no 

change in fructose-1,6-bisphosphatase gene expression to WT (Figure 6.1F).  

In 20 week mice, PEP carboxykinase gene expression was 93% higher in female Kiss1r 

KOs compared to WT (p<0.05; Figure 6.2A). In male Kiss1r KOs, fructose-1,6-

bisphosphatase gene expression was 38% higher (p<0.05) compared to WT (Figure 

6.2B). No significant changes in glucose-6-phosphatase and glycogen phosphorylase 

gene expression in Kiss1r KO mice was evident compared to WT regardless of gender 

(Figure 6.2C-D).  
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Figure 6.1 – The effects of impaired kisspeptin signalling on (A, E) liver PEP 

carboxykinase 1, (B, F) fructose-1,6-biphosphatase, (C) glucose-6-phosphatase and 

(D) glycogen phosphorylase in 8 week (wk) gonad intact (A-D) and gonadectomised 

(GNX) (E, F) mice. As indicated, *p<0.05 compared to wild type (WT- shown as white 

bars, Kiss1r KO – black bars). (A, E) PEP carboxykinase 1 gene expression (both 8 wk 

gonad intact and GNX Kiss1r KO and WT mice) showed a genotype effect (*p<0.05, 

two-way ANOVA). Values are the mean ± SEM, n=4-8 per group  
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6.3.2 Liver Oil Red O (ORO) staining 

8 week Kiss1r KO livers had higher (85% males and 21% females) lipid droplet density 

compared to WT (both p<0.05; Figure 6.3B). Though in GNX mice, only male Kiss1r 

KO livers had significantly higher lipid droplet density (25%) than WT (p<0.05; Figure 

6.4B). Only 20 week male Kiss1r KO livers had 37% more lipid droplet density compared 

to WT controls (p<0.05; Figure 6.5B). No significant changes in lipid droplets were 

evident in female Kiss1r KO livers to WT controls (Figure 6.5B).  
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6.3.3 Skeletal muscle gene expression  

In skeletal muscle, male 8 week Kiss1r KO mice had 96% higher AMPK α2 (p<0.05) and 

75% higher liver kinase B1 (p<0.01) gene expression compared to WT (Figure 6.6A and 

B). In female Kiss1r KOs, there were no differences in AMPK α2 and liver kinase B1 

gene expression compared to WT (Figure 6.6A and B). No changes in uncoupling protein 

2 and 3 was evident in Kiss1r KO mice compared to WT regardless of sex (Figure 6.6A 

and B). Interestingly, GNX female Kiss1r KO mice had 51% higher liver kinase B1 gene 

expression compared to WT (p<0.05; Figure 6.6E). Male Kiss1r KO mice had no change 

in liver kinase B1 gene expression to WT (Figure 6.6F). Subsequently, similar AMPK α2 

gene expression was shown in GNX Kiss1r KOs compared to WT, regardless of sex or 

genotype (Figure 6.6E).  

At 20 weeks, only male 20 week Kiss1r KO mice had 29% lower AMPK α2 (p<0.01) and 

48% lower liver kinase B1 (p<0.05) gene expression compared to WT (Figure 6.7C and 

D).  No significant differences in these genes were seen in female Kiss1r KOs (Figure 

6.7C and D). Furthermore, uncoupling protein 3 gene expression was 72% lower in only 

male Kiss1r KO mice compared to WT (Figure 6.7D). Again, no significant differences 

were seen in uncoupling protein 3 gene expression in female Kiss1r KOs to WT (Figure 

6.7D). Regardless of gender, no differences were seen in uncoupling protein 2 gene 

expression in Kiss1r KO mice to WT (Figure 6.7C). 
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6.3.4 White adipose tissue gene expression 

In white adipose tissue, 8 week Kiss1r KO female mice had a non-significant trend of 

higher leptin gene expression than WT (Figure 6.8B). Though, 8 week GNX Kiss1r KOs 

had 93% (males; p<0.01) and 170% (females; p<0.05) higher leptin gene expression 

compared to WT (Figure 6.8F). Adiponectin gene expression was reduced by 27% 

(p<0.01) in Kiss1r KO female mice compared to WT (Figure 6.8A). Though, no changes 

in leptin and adiponectin gene expression was evident in male Kiss1r KO mice (Figure 

6.8A-B). Subsequently, no changes in uncoupling proteins 2 and 3 was evident in Kiss1r 

KO mice regardless of sex nor genotype (Figure 6.8A-B). Though, male GNX Kiss1r KO 

mice had 30% lower adiponectin gene expression (p<0.05) to WT (Figure 6.8E). 

However, no changes in adiponectin gene expression was evident in GNX female Kiss1r 

KOs compared to WT (Figure 6.8A).  

In 20 week Kiss1r KO mice, leptin gene expression was 51% (males; p<0.05) and 426% 

(females; p<0.01) higher compared to their WT counterparts (Figure 6.9B). Interestingly, 

female Kiss1r KOs had 46% higher adiponectin gene expression (p<0.05) compared to 

WT (Figure 6.9A). Male Kiss1r KOs mice had no differences in adiponectin gene 

expression compared to WT controls (Figure 6.9A). Uncoupling protein 2 gene 

expression was 17% (males; p<0.05) and 119% (females; p<0.01) higher in Kiss1r KO 

mice compared to WT (Figure 6.9C). Furthermore, uncoupling protein 3 gene expression 

was 7% (males) and 31% (females) lower than WT controls (both p<0.05; Figure 6.9D).    
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Figure 6.8 – The effects of impaired kisspeptin signalling on white adipose tissue (A, 

E) adiponectin, (B, F) leptin and (C) uncoupling proteins 2 and (D) 3 gene expression 

in 8 week (wk) gonad intact (A-D) and gonadectomised (GNX) (E, F) mice. As 

indicated, ** p<0.01 and *p<0.05 (un-paired student t tests) compared to wild type (WT- 

shown as white bars, Kiss1r KO – black bars). (F) 8 wk GNX Kiss1r KO female mice 

had increased leptin gene expression (*p<0.05, log transformed) compared to WT. Values 

are the mean ± SEM, n= 4-9 per group.  
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6.3.5 Brown adipose tissue gene expression   

In brown adipose tissue, there was no difference in uncoupling protein 1 gene expression 

in 8 week Kiss1r KO mice compared to WT littermates (Figure 6.10A). Though 8 week 

GNX Kiss1r KO mice had 35% (males; p<0.01) and 29% (females; p<0.05) lower 

uncoupling protein 1 gene expression compared to WT (Figure 6.10D). No differences in 

uncoupling proteins 2 and 3 gene expression was seen in Kiss1r KO mice compared to 

WT (Figure 6.10B-C).  

20 week Kiss1r KO mice had 36% (males; p<0.01) and 29% (females; p<0.05) reduction 

in uncoupling protein 1 gene expression compared to WT (Figure 6.11A). Only female 

Kiss1r KOs had 38% higher uncoupling protein 2 gene expression than WT (p<0.05; 

Figure 6.11B). No differences in uncoupling protein 2 gene expression was evident in 

male Kiss1r KOs than WT (Figure 6.11B). In addition, similar uncoupling protein 3 gene 

expression was evident in Kiss1r KO mice compared to WT irrespective of sex (Figure 

6.11C).  
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Figure 6.10 – The effects of impaired kisspeptin signalling on brown adipose tissue 

(A) uncoupling proteins 1, (B) 2 and (C) 3 gene expression in 8 week (wk) gonad 

intact (A-C) and gonadectomised (GNX) (D) mice. As indicated, ** p<0.01 and 

*p<0.05 (un-paired student t tests) compared to wild type (WT- shown as white bars, 

Kiss1r KO – black bars). Values are the mean ± SEM, n=4-9 per group.  
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Figure 6.11 - The effect of impaired kisspeptin signalling on brown adipose tissue 

(A) uncoupling proteins 1, (B) 2 and (C) 3 gene expression in 20 week (wk) gonad 

intact mice. As indicated, ** p<0.01 and *p<0.05 (un-paired student t tests) compared to 

wild type (WT- shown as white bars, Kiss1r KO – black bars). Values are the mean ± 

SEM, n=8-11 per group. 

  



Chapter 6 – Altered Key Peripheral Metabolic Genes in Kiss1r KO mice 114 
 

6.3.6 Plasma concentrations of metabolic markers 

In 8 week GNX Kiss1r KO mice, no changes in plasma c-peptide, insulin, resistin, 

glucagon and peptide YY concentrations to WT (Figure 6.12). However, 20 week gonad 

intact Kiss1r KO female mice had higher plasma C-peptide (36%) and insulin (17%) 

concentrations compared to WT (both p<0.05; Figure 6.13 A-B). These female Kiss1r 

KOs had also 166% higher leptin concentration compared to WT (p<0.01; Figure 6.13C). 

No changes in plasma C-peptide, insulin and leptin concentrations was evident in male 

Kiss1r KOs compared to WT (Figure 6.13A-C). No changes were seen in resistin, 

glucagon and peptide YY concentration in male and female Kiss1r KOs compared to WT 

(Figure 6.13D-F). As reported in Chapter 5, 8 week GNX Kiss1r KO mice had higher 

plasma leptin levels (both p<0.01) compared to WT. 
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Figure 6.12 - The effect of impaired kisspeptin signalling on plasma concentrations 

(ng/ml) of (A) C-peptide, (B) insulin, (C) glucagon, (D) resistin, (E) peptide YY in 8 

week gonadectomised mice. As indicated, WT- shown as white bars and Kiss1r KO – 

black bars. Values are the mean ± SEM, n=8-12 per group. For only peptide YY, n=3-5 

per group. 
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Figure 6.13 - The effect of impaired kisspeptin signalling on plasma concentrations 

(ng/ml) of (A) C-peptide, (B) insulin, (C) leptin, (D) resistin, (E) glucagon, (F) peptide 

YY in 20 week gonad intact mice. As indicated, ** p<0.01 and *p<0.05 (un-paired 

student t tests) compared to wild type (WT- shown as white bars, Kiss1r KO – black bars). 

Values are the mean ± SEM, n=8-12 per group. For only peptide YY, n=4-7 per group. 
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6.4 Discussion 

The previous chapter (Chapter 5) reported that the metabolic phenotype of Kiss1r KO 

mice was not caused by clear alterations in hypothalamic feeding circuits. Therefore, it 

was necessary to investigate whether alterations in peripheral organ metabolic gene 

expression contributed to the metabolic phenotype in Kiss1r KO mice. This was again 

investigated in Kiss1r KO mice prior to noticeable changes in body weight (8 weeks) and 

when the metabolic phenotype is fully established (20 weeks). An 8 week GNX Kiss1r 

KO mice cohort was also examined to identify whether any change in peripheral gene 

expression were sex steroid dependent. Examining mice at 8 and 20 weeks may give an 

indication of whether impaired kisspeptin signalling had a causative effect prior to the 

body weight phenotype (at 8 weeks) or was a consequence of the altered metabolism and 

obesity (20 weeks) (Tolson et al. 2016). In this chapter, the major findings demonstrate 

reduced BAT uncoupling protein 1 and increased WAT leptin gene expression in Kiss1r 

KO mice compared to WT. These results were apparent at 8 and 20 weeks and are likely 

to contribute to the higher adiposity in Kiss1r KO mice.  

In BAT, both 8 week GNX and 20 week gonad intact Kiss1r KO mice had reduced 

uncoupling protein 1 gene expression compared to WT controls. In BAT, non-shivering 

thermogenesis regulates body temperature (Nicholls & Locke 1984).  Uncoupling protein 

1 is fundamental to this process of regulating thermogenesis (Enerbäck et al. 1997) which 

bypasses the electrochemical gradient, driving ATP synthesis and stimulating respiratory 

chain activity (Harms & Seale 2013). Subsequently, this mechanism dissipates heat 

(Ricquier 2011). In a classical obesogenic model, 5-6-week-old male ob/ob mice (at 

23°C) have reduced uncoupling protein 1 mRNA expression compared to lean 

(heterozygote) controls (Commins et al 1999). This study suggests these ob/ob mice have 

a lower capacity for non-shivering thermogenesis which increases their metabolic 

efficiency hence contributing to their obesity (Commins et al. 1999; Trayhurn et al. 1979). 

This chapter proposes the same to be true for Kiss1r KO mice and this is consistent with 

the reduced energy expenditure reported in Kiss1r KO mice housed in metabolic cages 

(Tolson et al. 2014).  

The magnitude of this uncoupling protein 1 gene expression in ob/ob and Kiss1r KO mice 

may be dependent on ambient temperature (Commins et al. 1999). In this thesis, Kiss1r 

KO mice were housed at 22°C, which is below thermoneutrality in mice, which starts 

around 28-30°C (Feldmann et al. 2009). Thermoneutrality is the range of ambient 
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temperature where temperature regulation occurs by only regulation of reasonable heat 

loss. This regulation is not due to variations in metabolic heat production or evaporative 

heat loss (Thermal Commission 2001). At higher ambient temperatures (27-35°C), lean 

controls had similar uncoupling protein 1 mRNA expression to ob/ob mice in vivo 

(Commins et al. 1999). However, at thermoneutrality (30°C), uncoupling protein 1 

ablated mice exhibited obesity and this obese phenotype was further exacerbated by a 

HFD in vivo (Feldmann et al. 2009). This contrasts with these mice at 4°C, which are cold 

sensitive but not obese (Enerbäck et al. 1997). Overall, these studies illustrate that below 

thermoneutrality, extra thermogenesis is required (Feldmann et al. 2009). Therefore, it is 

possible that the obese phenotype of Kiss1r KO mice is exacerbated by environmental 

temperature below thermoneutrality, highlighting the importance of examining Kiss1r 

KO mice at thermoneutrality to determine if any impairment of thermogenesis remains. 

As previously noted, Kiss1r is expressed in BAT (Muir et al 2001). Therefore, Kiss1r KO 

mice may have increased metabolic efficiency similar to ob/ob mice (Commins et al. 

1999). In Kiss1r KO mice, increased metabolic efficiency would be consistent with their 

reduced food intake (Tolson et al. 2016; Tolson et al. 2014) but not hyperphagia as seen 

in the ob/ob mice (Trayhurn et al. 1979). These mice may also have lower body 

temperatures similar to ob/ob mice (Fischer et al. 2016; Trayhurn et al. 1979), although 

this remains to be determined. 

It has been previously shown that kisspeptin has effects on body temperature. The 

ablation of kisspeptin neurons in the ARC reduced body temperature in OVX rats 

(Mittelman-Smith et al. 2012b). Kisspeptin (K) neurons in the ARC, co-express 

neurokinin B (N) and dynorphin (Dy) neuropeptides and are commonly referred to now 

as KNDy neurons (Goodman et al 2007). This unique neural machinery enables 

neurokinin B to signal positive feedback (Goodman, Coolen & Lehman 2014; Navarro 

2013) while dynorphin neurons provide negative feedback (Goodman et al. 2004) to the 

kisspeptin neuron allowing the intricate control of the final output – being the kisspeptin 

“pulse”. These KNDy ablated OVX rats (Mittelman-Smith et al. 2012b) are consistent 

with GNX Kiss1r KO mice having both reduced energy expenditure (Tolson et al. 2016; 

Tolson et al. 2014) and body temperature and likely implicate reduced BAT uncoupling 

protein 1 gene expression, as seen in this chapter compared to WT. Therefore, kisspeptin 

signalling may be implicated in regulating thermogenesis through direct action from the 

brain to BAT. Overall, reduced BAT uncoupling protein 1 gene expression appears to 
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firstly emerge at 8 weeks indicating these changes are causative effects by impaired 

kisspeptin signalling.  

Leptin is a hormone secreted from WAT (Frederich et al. 1995; Halaas et al. 1995) and 

its levels correspond with adiposity stores (Frederich et al. 1995; Halaas et al. 1995). 8 

week gonad intact Kiss1r KO mice had a non-significant trend of an increase in leptin 

gene expression compared to WT. Accompanying this, these mice had elevated plasma 

leptin levels (Chapter 5). 8 week GNX Kiss1r KO mice had higher leptin gene expression, 

consistent with elevated plasma leptin concentrations compared to WT. A previous study 

identified that higher leptin levels corresponded with higher adiposity in 6 week old 

Kiss1r KO mice (Tolson et al. 2016). This all identifies Kiss1r KO mice having higher 

WAT leptin gene expression and to be hyperleptinemic prior to any notable changes in 

body weight gain.  High leptin gene expression was also evident in 20 week gonad intact 

Kiss1r KO mice compared to WT. In female Kiss1r KO mice, this was consistent with 

higher plasma leptin levels. Elevated WAT leptin gene expression appears to be 

consistent with reduced food intake seen in Kiss1r KO mice (Tolson et al. 2016; Tolson 

et al. 2014). However, this higher WAT leptin gene expression is also consistent with 

hyperleptinemia and leptin resistance. This has been previously supported via higher 

plasma leptin levels in Kiss1r KO mice when adjusted for body weight (Tolson et al. 

2014). Alternatively, leptin acts to increase Pomc gene expression and reduce food intake 

(Barsh & Schwartz 2002). Pomc gene expression was higher in 20 week gonad intact 

Kiss1r KO mice compared to WT littermates (Chapter 5). Hence leptin stimulates Pomc 

neurons in the appetite regulating system in the ARC to reduce food intake (Barsh & 

Schwartz 2002). It remains to be determined if leptin resistance is present in Kiss1r KO 

mice (examined in Chapter 7). 

Another hormone secreted from WAT is adiponectin, which acts to increase fatty acid 

oxidation and insulin sensitivity as shown in mice (Yamauchi et al. 2001). Female 8 week 

gonad intact Kiss1r KO mice had reduced adiponectin gene expression compared to WT. 

Lower plasma adiponectin (Hotta et al. 2001; Weyer et al. 2001; Yamauchi et al. 2001) 

and WAT adiponectin gene expression (Duval et al. 2010) are inversely correlated with 

high fat mass. Hence lower adiponectin levels could indicate reduced insulin sensitivity 

and fatty acid oxidation (Yamauchi et al. 2001) in these female gonad intact Kiss1r KO 

mice at 8 weeks. Interestingly, alterations in adiponectin gene expression are sexually 

dimorphic (no change seen in males). Moreover, in Kiss1r KO females, differences in 
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adiponectin gene expression appear to be sex steroid dependent. In the GNX cohort, 

female Kiss1r KO mice had no alterations in adiponectin gene expression, while 

interestingly male Kiss1r KO mice had reduced adiponectin gene expression compared 

to WT mice. Similar plasma insulin levels were shown in 8 week GNX and in male 20 

week gonad intact Kiss1r KO mice compared to WT. In a previous study, gonad intact 

male Kiss1r KO mice have normal glucose tolerance hence no changes in insulin 

sensitivity (Tolson et al 2014). However, there is a possibility that reduced adiponectin 

gene expression at 8 weeks could be partially due to the lack of circulating sex steroids, 

a secondary effect of alterations in kisspeptin signalling.   

In WAT, kisspeptin treatment has been previously investigated with its effects on lipid 

metabolism. In a mouse preadipocytes cell line (3T3-L1), kisspeptin 10 treatment 

decreased cell proliferation, adipocyte differentiation, lipid synthesis and glucose uptake 

in vitro (Pruszynska-Oszmalek et al. 2017). Kisspeptin 10 treatment also reduced CEBPβ 

(CCAT/enhancer binding protein γ) and PPARγ (peroxisome proliferator-activator 

receptor γ) gene expression in the same mouse line. These genes are transcription factors 

involved in differentiation processes and adipogenesis (MacDougald & Lane 1995; 

Spiegelman & Flier 1996). In the same study, kisspeptin 10 treatment was also tested on 

male rat adipocytes, which increased leptin levels, decreased lipogenesis and adiponectin 

levels in vitro (Pruszynska-Oszmalek et al. 2017). This decrease in adiponectin levels was 

unexpected, though it appears to be small in magnitude. In adult male rhesus monkeys, 

peripheral kisspeptin 10 treatment increased adiponectin levels but resulted in no changes 

in leptin levels in fed monkeys compared to pre-treatment in vivo (Wahab et al. 2010). 

Overall the sum of these two studies indicates that kisspeptin treatment has a potentially 

anti-obesogenic effect in WAT.    

Interestingly, 20 week gonad intact female Kiss1r KO mice exhibited higher adiponectin 

gene expression compared to WT littermates. In genetic models of obesity, such as the 

leptin receptor deficient (db/db) mice, lower serum adiponectin levels compared to WT 

controls are frequently seen (Yamauchi et al. 2001). It was anticipated that adiponectin 

gene expression at 20 weeks would be reduced as these mice have higher adiposity 

(Tolson et al. 2016; Tolson et al. 2014). Moreover, these Kiss1r KO females have 

impaired glucose tolerance (Tolson et al. 2016) and have evidence for higher hepatic 

glucose production, which shall be later discussed. In this chapter, a suggestion behind 

this higher adiponectin gene expression at 20 weeks would indicate an attempt to 
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increased insulin sensitivity to compensate against the obese phenotype. Overall, 

alterations in WAT leptin gene expression at 8 weeks suggests that this alteration would 

possibly occur by causative effects via impaired kisspeptin signalling. 

In WAT, uncoupling proteins 2 and 3 are both implicated in fatty acid metabolism 

(Rousset et al. 2004). These uncoupling proteins are also expressed in skeletal muscle and 

BAT (Boss et al. 1997). At 8 weeks, no changes in uncoupling protein 2 and 3 gene 

expression were evident regardless of the peripheral tissue examined. Although at 20 

weeks, gonad intact Kiss1r KO mice had higher WAT uncoupling protein 2 gene 

expression compared to WT. This is consistent with higher uncoupling protein 2 gene 

expression seen in the ob/ob (Gimeno et al. 1997; Memon et al. 2000) and db/db (Gimeno 

et al. 1997; Masaki et al. 2000; Memon et al. 2000) mice compared to WT. This increase 

in uncoupling protein 2 gene expression may indicate a compensatory mechanism against 

the obese phenotype (Memon et al. 2000). These ob/ob mice do exhibit moderate obesity 

earlier at 5 weeks of age (Memon et al. 2000) hence why these mice have earlier elevated 

uncoupling protein 2 levels than Kiss1r KO mice.   

There is a positive correlation between uncoupling protein 2 mRNA levels and fat cell 

hypertrophy in human subcutaneous adipose tissue (Langin et al. 1999). This is also 

evidenced by looking at uncoupling protein 2 mRNA levels in ob/ob (Gimeno et al. 1997; 

Memon et al. 2000) and db/db mice (Gimeno et al. 1997; Masaki et al. 2000; Memon et 

al. 2000) in vivo. Elevated uncoupling protein 2 mRNA levels may be attributable to 

increased subcutaneous WAT (adiposity) in Kiss1r KO mice (Tolson et al. 2016; Tolson 

et al. 2014) which may develop due to increased hypertrophy of adipocytes instead of 

adipocyte number. Female Kiss1r KO mice also exhibit higher body weight compared to 

WT littermates at 20 weeks (Tolson et al. 2016; Tolson et al. 2014, Chapter 5). Though 

further examination of these WAT subcutaneous depots would help strengthen this claim 

of increased hypertrophy of adipocytes in Kiss1r KO mice.  

Interestingly, increased BAT uncoupling protein 2 gene expression was also seen in 

female Kiss1r KO mice at 20 weeks. However, this alteration was not anticipated as 

uncoupling protein 1 is the major effector in BAT (Enerbäck et al. 1997). However, 

Wistar fatty rats (displaying type 2 diabetes and obesity) had higher BAT uncoupling 

protein 2 mRNA levels compared to lean (heterozygote) controls (Matsuda et al. 1998). 

Though this previous study only used male rats so this may vary in females.  
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Turning our attention back to WAT, 20 week gonad intact Kiss1r KO mice had reduced 

uncoupling protein 3 gene expression compared to WT. This result is consistent with 

male fatty Wistar rats that had reduced uncoupling protein 3 mRNA levels compared to 

lean controls  (Matsuda et al. 1998). This study suggests that reduced uncoupling protein 

3 mRNA levels in these fatty Wistar rats may originate from a defect in leptin signalling. 

This may be similar to Kiss1r KO mice which have higher WAT leptin gene expression 

and possibly exhibit leptin resistance as these mice had higher plasma leptin levels when 

corrected for body weight (Tolson et al. 2016; Tolson et al. 2014, Chapter 5). This leptin 

resistance hence impaired leptin signalling may in-turn down regulate uncoupling protein 

3 gene expression in these Kiss1r KO mice. Regardless, these alterations in WAT 

uncoupling proteins 2 and 3 gene expression appear to occur as a possible consequence 

of altered metabolism and obesity as they are only apparent at 20 weeks.  

In this chapter, altered fatty acid metabolism and lipid accumulation developed in all male 

Kiss1r KO mice livers. Oil Red O staining was used to examine lipid deposits (Levene et 

al. 2012; Mehlem et al. 2013). 8 week gonad intact Kiss1r KO mice had higher lipid 

accumulation than WT littermates. This was consistent in male GNX Kiss1r KO mice 

indicating these changes are not sex steroid dependent. Furthermore, this increased lipid 

accumulation in these Kiss1r KO mice points to hepatic steatosis. Hepatic steatosis is 

classified as either microvascular or macrovascular steatosis depending on the size of the 

vacuole (Levene et al. 2012). Microvascular steatosis is defined by the diameter of a lipid 

vacuole being less than 15μm (Levene et al. 2012). In 10 week old male ob/ob mice livers, 

they had severe macrovesicular steatosis compared to lean controls (Chu et al. 2014). 

However, there is a limitation in this Chapter as the size of the lipid vacuole and droplet 

size were not measured in these Kiss1r KO mice hence the presence and extent of steatosis 

cannot be defined.  

20 week gonad intact Kiss1r KO males also had higher liver lipid accumulation compared 

to WT littermates. Representative images illustrated that the Kiss1r KO males at 20 weeks 

appeared to have more severe hepatic steatosis than at 8 weeks. Hepatic steatosis is the 

first development towards non-alcoholic fatty liver disease (NAFLD) (Day and James 

1998). NAFLD involves a pathological spectrum of liver disease ranging from hepatic 

steatosis to hepatic steatosis with inflammation (steatohepatitis) followed by fibrosis and 

cirrhosis (Browning & Horton 2004; Neuschwander-Tetri & Caldwell 2003). In humans, 

there is a 30% incidence of NAFLD in Western countries including Australia (Iser and 
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Ryan 2013, Browning et al 2004). NAFLD is considered to a feature of metabolic 

syndrome (Marchesini et al. 2001) which includes obesity and diabetes.  

In females, intact 8 week Kiss1r KOs also showed higher liver lipid accumulation 

compared to WT, but GNX Kiss1r KO females showed no such effect. Therefore, these 

changes appear to be steroid dependent. In 12 week ob/ob female mice, long term 

administration of estradiol (30 days) reduced liver triglyceride levels and improved 

insulin sensitivity (Gao et al. 2006). However, GNX reduces the body weight difference 

between female Kiss1r KO to WT (Tolson et al. 2016; Tolson et al. 2014) which may 

account for similar lipid accumulation. Estrogen can suppress lipogenesis and triglyceride 

formation in liver in HFD fed female mice (Bryzgalova et al. 2008). Hence, GNX equates 

the levels of circulating sex steroids (Faulds et al. 2012) in Kiss1r KO and WT which 

reduces the difference in lipid accumulation. This study brings to attention, the effects of 

circulating sex steroids on lipid accumulation and may indicate the effect seen in gonad 

intact WT mice.  At 20 weeks, there was again no changes in liver lipid accumulation in 

female gonad intact Kiss1r KO mice to WT. These Kiss1r KO females have higher 

adiposity (Tolson et al. 2016; Tolson et al. 2014) hence higher lipid accumulation was 

anticipated.   

In Kiss1r KO mice, there is evidence to suggest altered hepatic glucose production from 

a change in enzymes responsible for gluconeogenic rate from 8 to 20 weeks. At 8 weeks, 

Kiss1r KO mice had reduced PEP carboxykinase gene expression, consistent with the 

GNX cohort and thus not appearing to be sex steroid dependent. At this age, these Kiss1r 

KO mice appear to have normal glucose tolerance (Tolson et al. 2016; Tolson et al. 2014). 

Altered glucose tolerance appears to emerge at 10 weeks of age, mainly prevalent in 

female Kiss1r KO mice (Tolson et al. 2016). This highlights that increased hepatic 

glucose production would not occur before notable changes in body weight and adiposity 

gain and may be a consequence of adiposity.  

Interestingly, there was an increase in fructose-1,6-bisphosphatase gene expression in 8 

week male GNX Kiss1r KO mice compared to WT littermates, which was not anticipated. 

This increase may influence the gluconeogenic rate, though this was not tested further. In 

this chapter, it can be deduced that since PEP carboxykinase gene expression was lower 

in both 8 week gonad intact and GNX Kiss1r KO males that the gluconeogenic rate would 

be lower than higher in these GNX Kiss1r KO males. At 20 weeks, higher glucose 

production in Kiss1r KO mice was indicated by changes in genes responsible for a higher 
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gluconeogenic rate. 20 week Kiss1r KO male and female mice respectively had higher 

fructose-1,6-biphosphatase and PEP carboxykinase gene expression compared to WT. 

PEP carboxykinase is one of the first rate limiting enzymes (Wallace and Barritt, 2001). 

This implied rate of hepatic gluconeogenesis (which could be confirmed through a 

pyruvate tolerance test) (Foretz et al. 2010) may suggest that these mice may be pre-

diabetic as high glucose production is associated with type 2 diabetes (Magnusson et al 

1992). At 20 weeks, female Kiss1r KO mice have altered glucose tolerance (Tolson et al. 

2016; Tolson et al. 2014). These changes appear to be more prominent in 20 week gonad 

intact Kiss1r KO female mice as these mice have higher plasma C-peptide and insulin 

concentrations compared to WT controls. C-peptide is a marker of insulin production 

(Steiner et al. 1967) which is indicative of more insulin needed to compensate for the 

indicated higher rate of gluconeogenesis.  

Interestingly, no changes in glycogenolysis via glycogen phosphorylase gene expression 

was evident at 8 and 20 weeks. Perhaps glycogenolysis was not stimulated as these mice 

were in a fed state. This glycogenolysis pathway is stimulated around 2 to 3 hours before 

a meal and is a more rapid process than gluconeogenesis (Nordlie, Foster & Lange 1999; 

Pilkis & Granner 1992; Yoon et al. 2001). This higher hepatic glucose production as 

indicated by higher gluconeogenesis occurs as consequence of altered metabolism and 

obesity in Kiss1r KO mice.  

In skeletal muscle, AMP activated protein kinase (AMPK) gene expression was examined 

as it stimulates glucose transport (Koh, Brandauer & Goodyear 2008) and fatty acid 

oxidation (Kahn et al 2005). Male 8 week Kiss1r KO mice had higher AMPK α2 and liver 

kinase B1 gene expression compared to WT. AMPK is an αβγ heterotrimer (Steinberg & 

Kemp 2009) where the α2 subunit, the activation site was examined (Shaw et al. 2004). 

This site is regulated upstream by liver kinase B1 (Koh, Brandauer & Goodyear 2008; 

Shaw et al. 2004). However, these changes seen in 8 week Kiss1r KO male mice were 

sex steroid dependent as no change was evident in GNX Kiss1r KO males. Male 20-week 

Kiss1r KO mice had lower AMPK α2 and liver kinase B1 gene expression compared to 

WT. This indicates lower glucose transport and fatty acid oxidation. A previous study 

showed that in sedentary male obese Zucker (fa/fa) rats (which are insulin resistant), 

phosphorylated AMPK (activated AMPK) and LKB1 activity were reduced compared to 

control rats (Sriwijitkamol et al. 2006). In male Wistar rats fed a HFD exhibited reduced 

AMPK α2 gene expression compared to chow fed controls (Liu et al. 2006). However, 
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past mouse studies show minimal to modest alterations in AMPK activity (Martin et al. 

2006). As previously noted in this thesis, AMPK activity or expression in obesity models 

may depend on how severe the obesity is (Steinberg & Kemp 2009). In this chapter, these 

changes in AMPK α2 gene expression are sexually dimorphic. A suggestion behind this 

dimorphism would be these male Kiss1r KO mice having lower lean mass compared to 

WT (Tolson et al. 2014). 8 week female GNX Kiss1r KO mice had higher liver kinase 

B1 gene expression despite no changes in AMPK α2 gene expression. However, this may 

be due to these Kiss1r KO mice being hypogonadal (Faulds et al. 2012) with lack of 

circulating sex steroids. 

Uncoupling protein 3 is highly expressed in skeletal muscle (Boss et al 2000; Vidal-Puig 

1997). Overexpression of human uncoupling protein 3 in skeletal muscle in mice are 

hyperphagic, lean and improved glucose tolerance compared to WT littermates (Clapham 

et al 2000). In this chapter, 20 week male Kiss1r KO mice had reduced uncoupling protein 

3 expression compared to WT controls. Uncoupling protein 3 mRNA levels remained 

unaltered in db/db mice (Masaki et al. 2000). Type 2 diabetes patients have lower 

uncoupling protein 3 content compared to non-diabetic controls (Krook et al. 1998; 

Schrauwen et al. 2001a). Hence reduced uncoupling protein 3 gene expression may be 

mediated by reduced AMPK α2 and liver kinase B1 gene expression in these 20 week 

gonad intact Kiss1r KO male mice. AMPK regulates fatty acid oxidation (Zhou et al. 

2000) which fasting rodents appear to upregulate uncoupling protein 3 mRNA expression 

(Weigle et al. 1998). This allows more utilisation for lipids as fuel (Samec, Seydoux & 

Dulloo 1999). As these Kiss1r KO mice are in a fed state, these mice would not be 

utilising lipids as fuel. At 20 weeks, reduced AMPK α2, liver kinase B1 and uncoupling 

protein 3 gene expression appears to be consequence of altered metabolism and obesity 

in male Kiss1r KO mice.   

In this thesis, there is a possible impact with age for skeletal muscle physiology on AMPK 

α2, liver kinase B1 and uncoupling protein 3 gene expression in Kiss1r KO mice. Aging 

of skeletal muscle tends to occur later in terms of AMPK activity and ATP content and 

production (Drew et al. 2003; Gonzalez et al. 2004), compared to Kiss1r KO mice in this 

thesis, though further testing would be necessary as these studies focused on WT mice 

and rats. The experimental diets at 8 and 20 weeks are different as 20 week Kiss1r KO 

and WT were fed a HFD for 12 weeks, which may impact on skeletal muscle physiology. 

Higher levels of adiposity and reduced lean mass were identified in 20 week Kiss1r KO 

mice on a standard chow diet compared to WT (Tolson et al. 2016; Tolson et al. 2014). 
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Though it is not known whether lipid deposition also occurs in skeletal muscle. Hence 

impaired kisspeptin signalling may affect the metabolic pathways in these skeletal 

muscles possibly via AMPK signalling. To confirm this, a future experiment of the use 

of Oil Red O and H&E (hematoxylin and eosin stain) staining in skeletal muscle (Grounds 

et al. 2014) of these Kiss1r KO mice in addition to Western Blots for AMPK activity and 

protein levels would all be warranted.  

As previously noted (Chapter 5), the 20 week cohort were fed a HFD for 12 weeks. This 

HFD in these Kiss1r KO mice (Tolson et al 2014) was intended to further exacerbate their 

obese phenotype. In this chapter, despite the HFD, alterations in the metabolic phenotype 

at 20 weeks were still evident in Kiss1r KO mice. In Kiss1r KO females, reduced 

uncoupling protein 1 gene expression was consistent with standard chow fed 18-20-week-

old Kiss1r KO females having reduced energy expenditure compared to their WT controls 

(Tolson et al. 2016; Tolson et al. 2014). These females have higher body weights and 

leptin levels in the Kiss1r KO mice fed a HFD. Similar results were evident with higher 

plasma leptin levels in standard chow fed Kiss1r KO females (Tolson et al. 2016; Tolson 

et al. 2014). In this chapter with liver lipid accumulation in 20-week gonad intact Kiss1r 

KO females, the HFD may have increased accumulation in both of the genotypes and 

negated any possible difference seen between the two. Therefore, the degree of difference 

may have been diminished by HFD when it comes to certain alterations in the metabolic 

phenotype in the HFD fed Kiss1r KO mice.  

In this chapter, no GNX cohort was collected at 20 weeks. Hence, it can be difficult to 

determine whether alterations in metabolic peripheral organ gene expression would be 

sex steroid dependent at this age. For plasma measurements, the 8 and 20 week groups 

are difficult to compare as the first group are GNX while the latter is intact. For this 

Chapter, the interpretation of both these groups needs to be taken cautiously. In a recent 

study, 18-20 weeks female GNX Kiss1r KO mice have higher plasma leptin levels, 

decreased food intake and energy expenditure compared to WT mice (Tolson et al. 2016). 

These mice were GNX earlier at around 2 weeks after birth (Tolson et al. 2016; Tolson 

et al. 2014) than in this thesis (6 weeks of age). Importantly, our previous data indicate 

that the age of gonadectomy does not affect the metabolic phenotype of these mice. 

Though the earlier GNX identifies that changes in metabolic parameters are not due to 

chronic lack of sex steroids during the peri-pubertal period (Tolson et al. 2016).   
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At both ages, alterations in BAT and WAT gene expression was evident, though these 

changes may arise earlier than 8 weeks. This chapter was unable to examine metabolic 

peripheral organ gene expression prior to 8 weeks of age. However, a recent study did 

demonstrate an altered metabolic phenotype in female Kiss1r KO mice as early at 6 weeks 

of age (Tolson et al. 2016). These female Kiss1r KO mice had increased adiposity and 

leptin levels and decreased energy expenditure compared to WT. Importantly, these 

changes were evident prior to any impairment in glucose tolerance, providing strong 

evidence that the diabetic phenotype in Kiss1r KO mice is a consequence of the reduced 

energy expenditure and obesity. 

In conclusion, Kiss1r KO mice have clear alterations in BAT uncoupling protein 1 and 

WAT leptin gene expression that indicate possible causative effects on metabolism 

caused by impaired kisspeptin signalling. These alterations first emerge by 8 weeks as 

summarised in Table 6.1, prior to notable changes in weight gain in Kiss1r KO mice. This 

indicates that causative effects by impaired kisspeptin signalling occur mainly in BAT 

and WAT. It is clear that these changes are the cause of impaired kisspeptin signalling, 

but it remains to be determined whether the origin of this effect is central, possibly via 

the sympathetic nervous system, or local within the peripheral tissue – or both. Higher 

hepatic glucose production and altered WAT uncoupling proteins 2 and 3 gene expression 

appears to be a consequence from possible altered metabolism and obesity in 20 week 

gonad intact Kiss1r KO mice. This is one of the first studies to broadly examine metabolic 

peripheral organ gene expression in Kiss1r KO mice. This chapter helps provide 

background towards examining further mechanisms behind BAT and WAT function in 

Kiss1r KO mice. This will further elucidate the development of this obese phenotype in 

Kiss1r KO mice.  
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Chapter 7 –Altered Response to Exogenous Leptin or Ghrelin 

Administration in Gonadectomised Kisspeptin Receptor 

Knockout Mice  

 

 

Preface 

 

The objective of this chapter was to investigate the response of ghrelin or leptin 

administration in Kiss1r KO mice. A previous study identified that Kiss1r KO mice eat 

significantly less compared to WT littermates (Tolson et al 2014). Though, the 

mechanism behind this reduced food intake is not certain. In Chapter 5 and 6, these Kiss1r 

KO mice indicated possible peripheral leptin resistance by higher circulating plasma 

leptin concentrations and WAT leptin gene expression compared to WT. Ghrelin has been 

previously shown to stimulate food intake where ghrelin resistance can be associated with 

obesity. Hypothalami and plasma were collected from Kiss1r KO mice to measure 

hypothalamic gene expression involved the appetite regulating system and plasma 

metabolic markers. Energy intake was calculated via measuring food intake. This chapter 

was important in determining possible leptin or ghrelin resistance in these Kiss1r KO 

mice.  

The data in this Chapter will be all shown as a traditional thesis chapter which the Energy 

Intake, qRT-PCR and Milliplex Assay data were generated by Ms Julie-Ann De Bond.  
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7.1 Introduction 

In Chapter 6 of this thesis, the obese phenotype in Kiss1r KO mice occurs most likely due 

to consequence of altered peripheral genes responsible for energy expenditure which 

could be ultimately controlled by the sympathetic nervous system. Associated with this 

shift, Kiss1r KO female mice eat significantly less compared to WT littermates the 

(Tolson et al. 2016; Tolson et al. 2014) indicating that the neuroanatomical machinery 

responsible for regulating food intake remains intact (as indicated in Chapter 5 by 

Pomc/Npy gene expression). Alternatively, Kiss1r KO mice have elevated circulating 

leptin and also leptin gene expression in WAT (Chapter 5 and 6) possibly indicating that 

they are leptin resistant. Prior to these studies, intracerebroventricular (central) 

kisspeptin-10 administration appeared to reduce nocturnal food intake in mice due to 

increased meal intervals (Stengel et al. 2011). However, in sheep, central kisspeptin-10 

administration suppressed Pomc and stimulated Npy mRNA expression in the ARC 

(Backholer et al. 2010) but had no effect on food intake (Clarke et al. 2012). These studies 

expose the uncertainty of kisspeptin’s effects on food intake and demonstrate that the 

mechanism behind reduced food intake in Kiss1r KO mice is unclear, warranting further 

investigation. 

Leptin is secreted from WAT to induce satiety and its levels reflect adiposity stores 

(Halaas et al. 1995). There is an association with high leptin levels correlating with 

obesity (Frederich et al. 1995). Peripheral leptin administration in ob/ob mice (which 

exhibit an obese phenotype), lowers food intake leading to weight loss (Halaas et al. 

1995), illustrating the role of leptin in reducing food intake. Interestingly, reduced ghrelin 

levels can be associated with obesity as shown in obese humans (Tschöp et al. 2001). 

Ghrelin is a peptide released from the stomach to induce hunger (Kojima et al. 1999). 

Ghrelin administration by intraperitoneal injection (peripheral) stimulates food intake in 

ghrelin deficient mice in vivo (Sun, Ahmed & Smith 2003). This is consistent with central 

ghrelin administration in male WT mice (Tschop, Smiley & Heiman 2000) demonstrating 

that ghrelin potently increases food intake. Ghrelin has been shown to induce adiposity 

in mice and rats (Tschop, Smiley & Heiman 2000). Male WT mice fed a HFD for 12 

weeks exhibit obesity and have reduced ghrelin levels but also ghrelin resistance as the 

responsiveness of Npy and Agrp neurons to exogenous ghrelin is reduced (Briggs et al. 

2010). Overall, this overall demonstrates that ghrelin and leptin resistance are both 
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characteristics of obesity (Cui, López & Rahmouni 2017).  Therefore, ghrelin and leptin 

resistance may be implicated in regulating the phenotype of Kiss1r KO mice.  

This current chapter investigates whether Kiss1r KO mice respond as expected to 

peripheral leptin or ghrelin administration. It was hypothesised that the response of leptin 

and ghrelin administration in Kiss1r KO mice will be reduced, as these mice are obese. 

A change here may be predicted despite no changes (WT vs Kiss1r KO) in Npy or Pomc 

gene expression in GNX Kiss1r KO mice in Chapter 5. This chapter also examines 

whether leptin or ghrelin administration in Kiss1r KO mice alters plasma metabolic 

markers like insulin or glucagon appropriately.  
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7.2 Materials and Methods 

7.2.1 Animals 

Male and female Kiss1r KO mice were examined at 8 weeks of age, when female Kiss1r 

KO mice begin to exhibit higher body weights compared to WT (Tolson et al. 2014). All 

mice were fed standard chow (4.8% fat, 4.8% crude fibre and 19.4% protein). Both WTs 

and KOs were gonadectomised (GNX), to account for the effects of absent circulating 

gonadal sex steroids in Kiss1r KOs (which are hypogonadal) (Chapter 5). Therefore, these 

female Kiss1r KO and WT mice are not cyclic in terms of their estrus cycle. All GNXs 

occurred at 7 weeks of age, with mice anesthetised under isoflurane inhalation, as 

previously described (Smith et al. 2006b). WT and Kiss1r KO mice were given a single 

intraperitoneal injection of either saline, ghrelin (1g/g body weight) or leptin (2g/g 

body weight) at 6pm. Doses were based on past experience and published data (all drugs 

given in a volume of 100l) (Briggs et al. 2013; Smith et al. 2006a). These animals were 

not food deprived prior to these injections. Food available was then recorded. Five hours 

later, food intake was measured and mice were then deeply anesthetised under isoflurane 

inhalation. Blood was collected via cardiac puncture at night (around 11pm). Mice were 

euthanized by rapid decapitation and brains were removed and frozen on dry ice. Brain 

and blood were stored at -80°C until further analysis.  

7.2.2 Energy intake measurements 

Energy intake was calculated via this equation: [Food Intake (g) × 14.0164kJ/g (Chow 

energy content)] × 1000 = Energy intake in kJ. Food intake above was calculated by the 

difference in available food weight before minus after saline, ghrelin or leptin treatment.  

7.2.3 Quantitative real time PCR (qRT-PCR)  

Medial basal hypothalami were dissected from whole hypothalamic samples as described 

in Quennell et al (2011). Total RNA was isolated using the phenol/chloroform method 

and converted to cDNA via reverse transcription (Promega, Sydney, Australia), followed 

by clean up using the PCR Clean Up Kit (QIAquick Purification Kit, Qiagen, Melbourne, 

Australia) mentioned in the next section. qRT-PCR protocol for Npy and Pomc primers 

(primer information in Chapter 4, Table 4.2) was outlined from Chapter 5. Samples were 

compared to a standard curve (10 fold dilution) and relative gene expression was 

normalised using a GE Norm algorithm (Vandesompele et al. 2002) of housekeeping 

genes peptidyl propyl isomerase A (Ppia), succinate hydrogenase (Sdha) and TATA box 
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binding protein (Tbp) (Chapter 4, Table 4.1). No significant variability was noted in each 

housekeeping gene.  

7.2.4 Sample preparation – cDNA clean up  

A different cDNA clean up kit was used for the final experimental chapter due to the 

discontinuation of the previous product in Section 4.3.5 in this thesis in 2017 (QIAquick 

Purification Kit, Qiagen, Melbourne, Australia). A QIAquick Purification Kit (Cat no. 

28106; Qiagen, Melbourne, Australia) was used to extract RNA from the hypothalamus. 

The Buffer PB, Buffer PE and a spin column in a 2ml collection tube were provided by 

this QIAquick Purification Kit.  

Firstly, 125 μl of Buffer PB was added to the RT product and mixed well by pipetting. 

The mixture was transferred to the spin unit and centrifuged at maximum speed for 30 

seconds. This mixture was discarded from the spin unit and the spin basket was replaced. 

Next, 750 μl was added to the spin filter and centrifuged for 30 seconds at maximum 

speed. The flowthrough was discarded and replaced. The empty tube was centrifuged at 

maximum speed for 1 minute to remove the residual ethanol from the Buffer PE. 

Afterwards, the spin basket was transferred to a new and clean 1.5ml microfuge tube and 

50 μl of milliQ water was added to the centre of the filter membrane. Before 

centrifugation, the tube stands for one minute to allow water to absorb the filter 

membrane. The tube was centrifuged at 60 seconds at maximum speed. The filter basket 

was discarded and cDNA is stored at -20°C until use for quantitative real time PCR 

polymerase chain reaction (qRT-PCR).  

7.2.5 Plasma measurements 

Plasma Amylin (active), C-peptide 2, Ghrelin (Active), GIP (Gastric inhibitory peptide; 

Total), Glucagon, IL-6 (Interleukin-6), Insulin, Leptin, MCP-1 (Monocyte 

Chemoattractant Protein 1), PYY (Peptide YY), Resistin and TNF-α (Tumour Necrosis 

Factor Alpha) levels were measured. Blood samples were collected in 

ethylenediaminetertracetic acid (EDTA) and a protease inhibitor cocktail (Complete, 

Roche Applied Science, Mannheim, Germany), and the plasma immediately harvested 

and stored at –20°C. For all mice, concentrations were measured using the Milliplex Map 

Mouse Metabolic Hormone Magnetic Bead Panel (Millipore, Missouri, USA, cat no. 

MMHMAG-44K) using Luminex technology and Exponent software in accordance with 

manufacturer’s instructions (Chapter 4, Section 4.5). The intra-assay CV%, minimum 

detectable concentration, R2 values for each analyte was identified (Chapter 4, Table 4.3). 
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7.2.6 Statistical analysis 

For all mice, a two-way ANOVA with a Fisher’s LSD test was used. If an interaction 

between genotype and treatment was identified, unpaired student t tests were performed. 

All statistical tests were performed with Graph Pad Prism 6 and significance was set at p 

< 0.05. If data did not appear to follow normal distribution, log transformations were 

performed. For simplicity of graphical presentation of data, untransformed data are 

shown. 
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7.3 Results 

7.3.1 Body weights and Energy intake measurements  

No changes in body weight were identified in both Kiss1r KO and WT mice regardless 

of treatment (Figure 7.1A and C). Ghrelin treatment resulted in an 64% (males; p<0.05) 

and 82% (females; p<0.05) increase in energy intake in WTs compared to their controls 

(Figure 7.1B and D). Leptin treatment did not significantly reduce energy intake in male 

and female WT mice (Figure 7.1B and D). In addition, ghrelin and leptin treatment did 

not alter energy intake in male and female Kiss1r KO mice (Figure 7.1B and D).  

7.3.2 Npy and Pomc hypothalamic gene expression  

Npy gene expression was not altered by leptin nor ghrelin treatment in both male and 

female Kiss1r KO and WT mice (Figure 7.2A and C). However, leptin treatment led to a 

60% increase in Pomc gene expression in male WT mice compared to control (p<0.05) 

but no change was seen in male Kiss1r KO mice (Figure 7.2B). In female WT mice, leptin 

treatment resulted in a 93% increase in Pomc gene expression compared to control and a 

71% increase in Pomc gene expression in Kiss1r KO mice compared to controls (both 

p<0.05; Figure 7.2D). Ghrelin treatment did not change Pomc gene expression in male 

WT and Kiss1r KO mice (Figure 7.1B). In female WT mice, ghrelin treatment had no 

effect on Pomc gene expression, but resulted in a 62% reduction in female Kiss1r KO 

mice (p<0.05; Figure 7.1D).  
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Figure 7.1 - The effect of ghrelin (black bars) or leptin (grey bars) treatment on body 

weight (BW– A, C) and energy intake (in kJ - B, D) in 8-9 week old gonadectomised 

male (A, B) and female (C, D) WT and Kiss1r KO mice. As indicated, * p<0.05 

compared to their own control (white bars). Values are the mean ± SEM. n=2-7 per group 

(n=2 in Male Kiss1r KO Control and Ghrelin treatment groups). 
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Figure 7.2 - The effect of ghrelin (black bars) or leptin (grey bars) treatment on 

hypothalamic neuropeptide Y (Npy -A, C) and pro-opiomelanocortin (Pomc – B, D) 

gene expression in 8-9 week gonadectomised male (A, B) and female (C, D) WT and 

Kiss1r KO mice. As indicated, * p<0.05 compared to their own control (white bars). 

Values are the mean ± SEM. n=2-7 per group (n=2 in Male Kiss1r KO Control and 

Ghrelin treatment groups). 
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7.3.3 Plasma concentrations of metabolic markers 

In male Kiss1r KO and WT mice, no changes in C-peptide, insulin, resistin, glucagon, 

amylin, ghrelin, GIP, MCP-1 and IL-6 concentrations were identified regardless of 

treatment group (Figure 7.3 A-B, E, G-K). In male WTs, ghrelin treatment resulted in an 

100% increase in peptide YY compared to control (p<0.05; Figure 7.3F). No change in 

response to ghrelin treatment was evident in male Kiss1r KO mice (Figure 7.3D). Leptin 

treatment did not alter plasma peptide YY levels in male Kiss1r KO and WT mice (Figure 

7.3D). In male Kiss1r KO mice, ghrelin treatment reduced 17% of plasma TNFα 

concentration compared to control (p<0.05; Figure 7.3L).  Though this change was not 

evident in male WT mice and with leptin treatment of both Kiss1r KO and WT mice 

(Figure 7.3L)  

Similar plasma insulin, leptin, resistin, glucagon, GIP, MCP-1, IL-6 and TNFα 

concentration was evident for ghrelin and leptin treatment in female Kiss1r KO and WT 

mice (Figure 7.4B-E, I and K-L). In female WTs, leptin treatment resulted in a decrease 

in plasma C-peptide (59%; p<0.001), peptide YY (54%; p<0.05) and amylin (44%; 

p<0.05) levels all compared to controls (Figure 7.4A, F, G-H and J). These changes in 

these metabolic markers were not altered using leptin or ghrelin treatment in female 

Kiss1r KO mice (Figure 7.4A, F, G-H and J). No changes in ghrelin treatment was 

identified in C-peptide, peptide YY and amylin in female Kiss1r KO and WT mice 

(Figure 7.4A, F, G-H and J).  Ghrelin treatment led to a 284% increase in plasma ghrelin 

levels in female Kiss1r KO mice though no changes in this treatment was exhibited in 

WT mice (Figure 7.4H). 
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Figure 7.3 - The effect of ghrelin (black bars) or leptin (grey bars) treatment on 

plasma metabolic markers (ng/ml)- C-peptide (A), Insulin (B), Leptin (C), Resistin 

(D), Glucagon (E), Peptide YY (F), Amylin (active) (G), Ghrelin (active) (H) Gastric 

Inhibitory Peptide (GIP – I), Monocyte Chemoattract Protein 1 (MCP-1 – J), 

Interleukin 6 (IL-6 – K) and Tumour Necrosis Factor α (TNFα – L) in 8-9 week 

gonadectomised male WT and Kiss1r KO mice. As indicated, * p<0.05 compared to 

own control (white bars). Values are the mean ± SEM. n=2-7 per group (n=2 in Male 

Kiss1r KO Control and Ghrelin treatment groups). 
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Figure 7.4 - The effect of ghrelin (black bars) or leptin (grey bars) treatment on 

plasma metabolic markers (ng/ml) – C-peptide (A), Insulin (B), Leptin (C), Resistin 

(D), Glucagon (E), Peptide YY (F), Amylin (active) (G), Ghrelin (active) (H) Gastric 

Inhibitory Peptide (GIP –I), Monocyte Chemoattract Protein 1 (MCP-1 – J), 

Interleukin 6 (IL-6 – K) and Tumour Necrosis Factor α (TNFα – L) -  in 8-9 week 

gonadectomised female WT and Kiss1r KO mice. As indicated, * p<0.05, ** p<0.01 

and *** p<0.001 compared to their own control (white bars). Values are the mean ± SEM. 

n=3-5 per group.  
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7.4 Discussion 

In this thesis, the first experimental chapter (Chapter 5) identified that alterations in 

hypothalamic feeding circuits did not contribute to the obese phenotype in Kiss1r KO 

mice. The main change shown in Chapter 5 was that Kiss1r KO mice exhibited higher 

Pomc gene expression compared to WT. Though this was sex steroid dependent as GNX 

Kiss1r KO mice did not exhibit any changes in Pomc gene expression. Chapter 5 also 

demonstrated that GNX Kiss1r KO mice exhibit hyperleptinemia at both 8 and 20 weeks 

compared to WT. Subsequently, the previous chapter (Chapter 6) identified that the 

metabolic phenotype exhibited in Kiss1r KO mice may originate from altered peripheral 

genes leading to reduced energy expenditure. Despite this reduction, Kiss1r KO mice 

have reduced food intake compared to WT counterparts (Tolson et al. 2016; Tolson et al. 

2014). Previous studies investigating the role of kisspeptin in food intake using central 

administration of kisspeptin have led to inconsistent results, due to different responses to 

food intake (Clarke et al. 2012; Stengel et al. 2011). Therefore, this chapter investigated 

the effects of peripheral administration of leptin or ghrelin in Kiss1r KO and WT mice, 

which are two key peripheral regulators of food intake. All mice were GNX to rule out 

the regulation of sex steroids on metabolism. This was necessary as alterations in Pomc 

gene expression in Kiss1r KO mice (Chapter 5) were sex steroid dependent. Male and 

female Kiss1r KO and WT mice in this chapter, were examined at 8-9 weeks of age, just 

when the Kiss1r KO mice begin to develop their body weight phenotype (Tolson et al. 

2014). The results of this chapter showed that Kiss1r KO mice did not exhibit the 

expected increase in energy intake following ghrelin treatment compared to control, 

indicating signs of ghrelin resistance. Conversely, female Kiss1r KO mice exhibited a 

normal response to ghrelin and leptin treatment in altering Pomc gene expression. This 

suggests that leptin and ghrelin administration can control appetite regulating circuits in 

Kiss1r KO mice, thus changing Pomc gene expression to potentially alter their metabolic 

phenotype.  

Ghrelin treatment increased energy intake in both male and female WT mice compared 

to saline controls. Ghrelin acts on its receptor, GHSR (growth hormone secretagogue 

receptor) to stimulate an increase in food intake (Barsh & Schwartz 2002; Kojima et al. 

1999; Tschop, Smiley & Heiman 2000). Our data are consistent with a similar study 

where intraperitoneal ghrelin administration increased food intake in male (gonad intact) 

WT mice compared to saline controls (Briggs et al. 2013). Interestingly, we also showed 
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ghrelin treatment did not alter energy intake in male and female Kiss1r KO mice 

compared to control. This indicates that Kiss1r KO mice may have signs of ghrelin 

resistance. Ghrelin resistance is a recently discovered phenomenon associated with 

obesity and is suggested as a mechanism of protecting an individual against a higher body 

weight set point established during times of food availability (Zigman, Bouret & Andrews 

2016). Interestingly, male ob/ob mice at 8 weeks fed a standard chow diet had a normal 

response to ghrelin administration with higher food intake compared to saline control 

(Briggs et al. 2014). This same study placed ob/ob mice on a 3 week HFD and these mice 

still showed a normal response to ghrelin treatment with a significant increase in food 

intake compared to saline controls. This identifies that ob/ob mice are ghrelin sensitive 

and confirmed that HFD did not reduce the orexigenic effects of ghrelin on food intake 

(Briggs et al. 2014). From this study, it was concluded that ghrelin resistance was caused 

by diet induced hyperleptinemia, suggesting that certain aspects of ghrelin resistance 

requires leptin signalling. However, this may vary in female Kiss1r KO mice as the 

previous study only examined males and importantly we cannot rule out any direct impact 

of Kiss1r or kisspeptin signalling on ghrelin actions. In this chapter, Kiss1r KO mice may 

have peripheral ghrelin resistance as ghrelin administration in these mice was unable to 

alter their food intake and we previously reported hyperleptinemia (Chapter 5). This most 

likely indicates an altered set point of body weight in Kiss1r KO mice (Zigman, Bouret 

& Andrews 2016). 

Despite alterations in energy intake in male and female WT mice, this was not reflected 

with changes in Npy gene expression following ghrelin or leptin treatment. This was not 

expected, as it was anticipated that ghrelin and leptin administration would both alter Npy 

gene expression in Kiss1r KO and WT mice, but the response in Kiss1r KOs would be 

diminished. A simple explanation could be that ghrelin achieved an increase in Npy 

mRNA and expression had returned to normal at the time of sampling. Another approach 

would to ensure the accuracy of this lack of Npy gene expression would be to use a fasted 

mouse control. In this thesis, all in a fed state so if these changes in Npy gene expression 

are consistent in this fasted control, the lack of Npy gene expression can be more certain 

throughout this thesis. Conversely, the results do exhibit some expected responses as non-

significant trends for ghrelin and leptin treatment in the WT and Kiss1r KO mice. 

However, unaltered Npy gene expression was shown in Chapter 5 regardless of gender or 

whether these mice were GNX. This suggests that impaired kisspeptin signalling does not 

alter the leptin or ghrelin responses in Npy neurons. This notion was also supported by 
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data demonstrating 3% of NPY neurons in gonad intact female rats expressed Kiss1r 

mRNA (Higo, Iijima & Ozawa 2017). This suggests a lack of direct kisspeptin signalling 

on Npy neurons and an unimpeded ghrelin or leptin response in Kiss1r KO mice.  

Interestingly, ghrelin treatment reduced Pomc gene expression in female Kiss1r KO mice 

compared to control. Ghrelin stimulates food intake via its receptor, GHSR on Npy 

neurons and these neurons can subsequently reduce the anorexigenic activity of Pomc 

neurons in the ARC (Bell, Walley & Froguel 2005; Cowley et al. 2003). Despite 

indications of peripheral ghrelin resistance with no changes in energy intake in female 

Kiss1r KO mice, ghrelin treatment was still able to reduce Pomc gene expression to 

potentially reduce the inhibition of energy intake though no change in energy intake was 

reported. In reviewing the literature, no studies have investigated the effects of ghrelin 

treatment on Pomc gene expression in relevant KO mouse model though has been 

investigated in WT rats and mice.  In male WT rats, central ghrelin treatment did not alter 

Pomc mRNA levels compared to control (Hidekitamura et al. 2000; Kamegai et al. 2001). 

This appears to be similar to this chapter where male WT mice had no changes in Pomc 

gene expression following ghrelin treatment. Similar results were seen in male WT mice, 

where Pomc gene expression was reduced by diet induced obesity compared to standard 

chow. In this same study though, Pomc gene expression remained unaltered by ghrelin 

treatment in these mice (Briggs et al. 2010). In this chapter, central ghrelin resistance was 

indicated by energy intake data but not supported by gene expression data. Female Kiss1r 

KO mice responded as expected to ghrelin treatment by reducing Pomc gene expression. 

Though unaltered Npy tone by ghrelin treatment may also be likely to contribute to 

unaltered energy intake in Kiss1r KO mice.  

Interestingly, peripheral leptin treatment did not alter food intake in Kiss1r KO and WT 

mice which was not expected. It was deduced from Chapter 5 that Kiss1r KO mice may 

exhibit signs of leptin resistance due to higher circulating leptin levels, even when 

corrected for body weight. Hyperleptinemia is necessary for the development of leptin 

resistance even in ob/ob mice (Knight et al. 2010). Though this data should be cautiously 

interpreted as this study used leptin deficient mice and the administration of a HFD as co-

contributing factors to leptin resistance. Leptin resistance is defined by “high” circulating 

endogenous leptin while the action of exogenous leptin to decrease food intake and body 

weight is lost (Cui, López & Rahmouni 2017). However, the hyperleptinemia exhibited 

in Kiss1r KO mice was also shown with these mice being fed a standard chow (Tolson et 
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al. 2016; Tolson et al. 2014). As leptin treatment, did not alter energy intake in either 

Kiss1r KO or WT mice, these results are inconsistent with elevated leptin levels in Kiss1r 

KO mice from Chapters 5 and 6. Kiss1r KO mice from Chapters 5 and 6 and whether 

these mice are leptin resistant remains inconclusive. It is possible that the dose of leptin 

that was used in this Chapter was not sufficient to induce changes in food intake and this 

could be addressed in subsequent studies. Moreover, we could utilise a more subtle 

experimental approach could be utilised in regards to leptin treatment – peripheral and 

central leptin treatment to distinguish peripheral or central resistance - and also the 

measurement of food intake by employing real time detection.  

On the other hand, leptin treatment did increase Pomc gene expression in male and female 

Kiss1r WT and female Kiss1r KO female mice all compared to their controls. Leptin acts 

on Pomc neurons to stimulate its anorexigenic action to reduce food intake via its receptor 

(Barsh & Schwartz 2002; Cowley et al. 2001). Therefore, the potential for leptin 

resistance in female Kiss1r KO mice as indicated by higher circulating endogenous leptin 

as indicated in Chapters 5 and 6, is even further unlikely. For future clarification of the 

extent (or absence) of this leptin resistance, perhaps the use of immunohistochemistry or 

Western Blot to identify possible impaired leptin signalling pathways such as the STAT3 

(signal transducers and activators of transcription 3) pathways in the ARC (Frühbeck 

2006; Varela & Horvath 2012) could be considered. These alterations in Pomc gene 

expression by leptin treatment in female Kiss1r KO mice provides evidence that these 

mice have an active Leptin-POMC circuit, which may be attempting to reduce food intake 

and lessen the obesity in these mice.  

In this chapter, there was a normal response to leptin treatment in male WT mice to 

increase Pomc gene expression compared to control. Fasted lean rats exhibited increased 

Pomc mRNA levels 3 hours post leptin treatment (Korner et al. 1999). Two rounds of 

central leptin administration also lead to higher Pomc mRNA levels compared to vehicle 

treated controls (Schwartz et al. 1997). Conversely, central leptin administration in vitro 

depolarises and increases Pomc cell firing in male POMC-EGFP (enhanced green 

fluorescent protein) mice (Cowley et al. 2001). Interestingly, we show unaltered Pomc 

gene expression in male Kiss1r KO following leptin treatment compared to control. This 

varies with ob/ob mice, where intraperitoneal leptin injections lead to higher Pomc 

mRNA levels compared to controls (Schwartz et al. 1997). Though this study used five 

daily leptin injections different from one injection in this chapter. Therefore, male Kiss1r 
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KO mice in this chapter, may have the potential to exhibit leptin resistance due to 

unaltered Pomc gene expression. Though it must be noted that the lack of change in Npy 

and Pomc gene expression and food intake in male Kiss1r KO males could originate from 

the low sample size in control and leptin treatment groups. During this study, the Kiss1r 

KO breeding colonies had difficulties in generating Kiss1r KO genotypes over the course 

of the experiment. This outcome led to the identification of some non-significant trends 

but no significant differences. More male Kiss1r KO mice numbers would be needed in 

the future to increase this sample size and will verify whether these changes are due to 

low sample size. Though in past studies and in this thesis, the obese phenotype in this 

Kiss1r KO mouse model tends to be more prevalent in female than in male mice (Tolson 

et al. 2016; Tolson et al. 2014). 

In regards to plasma metabolic markers, many were unaltered by ghrelin and leptin 

treatment in female Kiss1r KO and WT mice. Ghrelin treatment did increase endogenous 

plasma ghrelin levels in female Kiss1r KO mice and levels tended to be elevated in WT 

and male Kiss1r KO and WT which was expected. On the other hand, there was a trend 

for leptin treatment in male WT mice to increase plasma leptin levels compared to control. 

Though it is not surprising as both ghrelin and leptin levels are inconclusive as sampling 

took place 5 hours post treatment.   

In female WT mice, leptin treatment reduced plasma c-peptide, peptide YY and amylin 

concentrations compared to control. Amylin is co-secreted with insulin from pancreatic 

β cells (Hartter et al. 1991) and acts to suppress glucagon from pancreatic islet α cells 

(Gedulin, Rink & Young 1997) reducing endogenous glucose production from liver 

(Sakurai, Dobbs & Unger 1975). This all indicates that leptin treatment reduces glucose 

uptake and increases endogenous glucose production by lowering C-peptide and amylin 

levels respectively in female WT mice. Alternatively, peptide YY has roles in reducing 

gastric motility in the gut (Adrian et al. 1985a; Adrian et al. 1985b) and food intake 

(Batterham et al. 2002; Bell, Walley & Froguel 2005). Overall, it is likely that leptin 

treatment reduces glucose metabolism via C-peptide and amylin and reduces the 

inhibition of food intake via altering peptide YY levels in WT mice.  Interestingly, there 

were no changes by leptin or ghrelin treatment in plasma c-peptide, amylin and peptide 

YY in female Kiss1r KO mice. This may provide further evidence of leptin resistance in 

the periphery of female Kiss1r KO mice.  
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In contrast to females, male Kiss1r KO and WT mice had only two metabolic markers 

altered by ghrelin or leptin treatment. The main change identified in male WT mice was 

that ghrelin treatment increased plasma peptide YY concentrations compared to control. 

This indicates that ghrelin treatment in WT mice could be beneficial to reduce the 

predisposition to obesity (Batterham et al. 2006). This change in plasma peptide YY was 

not consistent in male Kiss1r KO mice suggesting possible peripheral ghrelin resistance. 

The second metabolic marker altered was TNFα levels which was reduced in male Kiss1r 

KO mice by leptin treatment in comparison to control. TNFα is a common pro-

inflammatory marker (Popa et al. 2007), and its reduction indicates that leptin treatment 

may reduce inflammation in male Kiss1r KO mice. It would be anticipated that Kiss1r 

KO mice at 7-9 weeks of age would exhibit little inflammation due their age being prior 

to changes in body weight and only relatively minor increases in adiposity (Tolson et al. 

2016; Tolson et al. 2014).  

This chapter has demonstrated evidence for ghrelin resistance were shown due to 

unaltered food intake in Kiss1r KO mice following ghrelin treatment. Though in this 

chapter, this ghrelin resistance was not supported by hypothalamic gene expression. In 

addition, inconclusive results for leptin resistance warrant further studies to determine the 

extent of ghrelin and leptin signalling capabilities in Kiss1r KO mice. Conversely, female 

Kiss1r KO mice respond normally to leptin and ghrelin treatment in altering Pomc gene 

expression as also shown in Table 7.1. In this chapter, unaltered Npy gene expression was 

evident in these mice regardless of gender, treatment nor genotype and was consistent 

with Chapter 5. This suggests that regulation of Npy gene expression would be 

independent from impaired kisspeptin signalling. Finally, this chapter shows that Pomc 

gene expression in female Kiss1r KO mice was altered by leptin and ghrelin treatment, 

demonstrating evidence of an intact hypothalamic feeding circuit in Kiss1r KO mice.  
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Table 7.1 – Summary of the Response of Ghrelin (G) or Leptin (L) administration 

in 8-9 week male and female gonadectomised (GNX) Kiss1r knockout (KO) and wild 

type (WT) mice. Changes shown as ↑ = increase, ↓ = decrease and - = no change 

comparing leptin or ghrelin administration to a saline control in either Kiss1r KO or WT 

mice to its own saline control (C).  

 Male WT Female WT Male KO  Female KO 

C G L C G L C G L C G L 

Energy Intake - ↑ - - ↑ - - - - - - - 

Neuropeptide Y - - - - - - - - - - - - 

Proopiomelanocortin - - ↑ - - ↑ - - - - ↓ ↑ 
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Chapter 8 – General Discussion 

 

The overall objective of these experiments was to examine how the obese phenotype 

develops in Kiss1r KO mice. To achieve this objective, three separate studies were 

performed and results were presented and discussed in detail in each of their 

corresponding chapters. This chapter concludes with the discussion of the major findings, 

which are summarised and integrated with the limitations of this research and the potential 

areas for future research.   

This thesis indicated that the development of obesity in Kiss1r KO mice originates from 

BAT and WAT (Chapter 6). At 8 weeks of age, reduced BAT uncoupling protein 1 

(UCP1) gene expression was identified in GNX Kiss1r KO mice, indicating altered 

metabolism associated with impaired kisspeptin signalling. However, in light of these 

findings a very recent study, which is still unpublished, demonstrated that BAT specific 

Kiss1r KO mice (using UCP1-Cre+ mice (B6.FVB-Tg(Ucp1-cre)1Evdr/J x Kiss1r flox + 

mice)) did not develop obesity or any impairment of metabolism (Kauffman et al, 

unpublished data). BAT is innervated by the sympathetic nervous system, acting via 

noradrenaline to stimulate β3-adrenergic receptors (Cannon & Nedergaard 2004; 

Contreras et al. 2015). Therefore, this suggests that reduced BAT uncoupling protein 1 

gene expression may occur to variations in sympathetic outflow (Harms & Seale 2013). 

Furthermore, this suggests that the reduced BAT uncoupling protein 1 gene expression 

in Kiss1r KO mice observed in this thesis may indicate an indirect effect of impaired 

kisspeptin signalling. However, one consideration about this unpublished study is that the 

recombinase efficiency of Cre recombinase can be as high as 98% as shown in GnRH 

neuron specific Kiss1r KO mice which exhibit an infertile phenotype (Kirilov et al. 2013). 

Despite these high Cre recombinase efficiencies, residual amounts of Kiss1r protein may 

still be present and in the above model be present in BAT. Nevertheless, diminished BAT 

uncoupling protein 1 remains a strong candidate to explain the origins of this obese 

phenotype in Kiss1r KO mice, and in the light of the observations above originates from 

the sympathetic nervous system. Nevertheless, future investigation could focus more on 

WAT function.  

In this thesis, it was evident that GNX female Kiss1r KO mice had higher WAT leptin 

gene expression (Chapter 6) and plasma leptin concentrations (Chapter 5) at 8 weeks. 

Therefore, in both chapters, impaired kisspeptin signalling appears to alter leptin levels. 

As previously mentioned, leptin levels correlate with adiposity levels (Halaas et al. 1995). 
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Higher WAT mass (adiposity) has been shown in female Kiss1r KO mice at 6, 10 and 18-

20 weeks compared to WT (Tolson et al. 2016; Tolson et al. 2014). Increased adipocyte 

size and number has been previously shown in DIO and ob/ob mice (Libinaki et al. 1999; 

Strissel et al. 2007; Zhou et al. 2015). Therefore, histological examination of adipocytes 

in Kiss1r KO mice such as calculating adipocyte size and number would help to further 

understand WAT anatomy and function in Kiss1r KO mice. Perhaps the use of interim 

measurements of fat mass and subsequently defining leptin levels such as DEXA analysis 

shown by Tolson and colleagues (2014) in Kiss1r KO mice would be ideal. However, 

there was no access to a pre-clinical DEXA machine hence unable to perform DEXA 

analysis. Hence fat mass measurements were confined to the conclusion of each study. 

The relationship between leptin signalling and kisspeptin neurons has been previously 

investigated using ob/ob mice and transgenic models but has yielded inconsistent results 

(Cravo et al. 2013; Smith et al. 2006a; True et al. 2011). Exogenous leptin administration 

in Chapter 7 altered Pomc gene expression but not energy intake in female Kiss1r KO 

mice. Therefore, despite hyperleptinemia in Kiss1r KO mice in Chapter 5 and evidence 

of higher WAT leptin gene expression in Chapter 6, Chapter 7 provides inconsistent 

evidence of leptin resistance in Kiss1r KO mice. It would be crucial to investigate whether 

aspects of central leptin signalling, and a closer examination of the intracellular signalling 

pathway, may be affected in Kiss1r KO mice.  

The general consensus with genetic obesity models such as ob/ob, db/db and Pomc KO 

mice is that when placed on a HFD their obese phenotype would be further exacerbated 

(Challis et al. 2004; Knight et al. 2010; Koch et al. 2014; White et al. 2009; Yaswen et al. 

1999). In Chapters 5 and 6, Kiss1r KO and WT mice were given HFD over a 12-week 

period until they reached 20 weeks of age. HFD interventions have been used dating back 

to the 1940’s, which firstly involved HFD fed WT mice (Buettner, Scholmerich & 

Bollheimer 2007). The relative amount of fat in these HFDs can range from 20-60%, 

which may lead to varied results further compounded by animal strain used (Buettner, 

Scholmerich & Bollheimer 2007). C57BL/6J WT mice (the strain used to back-cross our 

knockout of Kiss1r) are often used a model for the development of metabolic syndrome 

and altered insulin secretion when placed on a HFD (Andrikopoulos et al. 2005; Surwit 

et al. 1988). In this thesis, the HFD was composed of 23% fat, which would be at a lower 

range of HFD intervention. From this thesis, this percentage of fat may not be a high 

enough HFD to exacerbate the obese phenotype of Kiss1r KO mice. However, a higher 

percentage may make discrimination between the effects of impaired kisspeptin 



Chapter 8 – General Discussion  151 
 

signalling or the effects of a HFD on metabolism and energy balance more difficult.  The 

outcome of the HFD in Chapters 5 and 6 led to a WT “catch up”, hence the difference 

between Kiss1r KO and WT in terms of body weight and the obese phenotype was 

reduced. Despite this, the obese phenotype in HFD fed Kiss1r KO mice showed similar 

alterations in metabolic phenotype to the same mice fed standard chow (Tolson et al. 

2016; Tolson et al. 2014). This identifies that Kiss1r KO mice exhibit similar alterations 

in the metabolic phenotype despite diet manipulation.  

Interestingly, Chapter 5 did not see alterations in hypothalamic gene expression that 

would be expected to contribute to the obese phenotype in Kiss1r KO mice. The major 

alteration identified was higher Pomc gene expression in gonad intact Kiss1r KO females 

compared to WT. Such a change would potentially lead to increased anorexigenic drive 

thus indicating a reason behind reduced food intake previously reported in Kiss1r KO 

mice (Tolson et al. 2016; Tolson et al. 2014). These changes were sex steroid dependent 

as Pomc gene expression was similar in GNX Kiss1r KO mice compared to GNX WT 

mice. In Chapter 7, leptin or ghrelin administration led to an expected change in Pomc 

gene expression in female Kiss1r KO mice indicating a functional hypothalamic POMC 

system. A recent study showed that kisspeptin neurons originate from Pomc-expressing 

progenitor cells (Sanz et al. 2015). Though the developmental timeframe of Kiss1r 

expression is unknown and conversely whether this occurs after the differentiation to 

mature POMC neurons or silenced in kisspeptin and NPY neurons during developmental 

maturation needs to be further investigated (Higo, Iijima & Ozawa 2017). A recent study 

showed that female gonad intact rats express Kiss1r in 51% of POMC neurons (Higo, 

Iijima & Ozawa 2017). Overall, this indicates a possible developmental and functional 

relationship between kisspeptin and POMC neurons but the precise role of kisspeptin 

signalling on POMC neurons requires further clarification.  

Interestingly, there was a mild reduction in Mc4r gene expression in 20 week gonad intact 

male Kiss1r KO mice compared to WT (Chapter 5). This change was sex steroid 

dependent suggesting a reduced input via the melanocortin system despite elevated Pomc 

gene expression and plasma leptin levels in these gonad intact Kiss1r KO mice (Chapter 

5). The hypothalamic-melanocortin system is highly involved in feeding behaviour and 

energy homeostasis and can stimulate POMC neurons via the melanocortin receptor, 

Mc4r  (Barsh & Schwartz 2002; Krashes, Lowell & Garfield 2016; Morton et al. 2006; 

Tung et al. 2006). In previous studies, Mc4r KO mice exhibit hyperglycaemia, 

hyperinsulinemia, insulin resistance and are obese and hyperphagic compared to WT 
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mice (Chen et al. 2017; Huszar et al. 1997). Despite the major role of this receptor in 

energy homeostasis, Mc4r gene expression was not widely altered in Kiss1r KO mice. 

Mc4r mRNA is also expressed in sympathetic nervous system outflow neurons that 

project to WAT (Song et al. 2005). A past study also showed that the use of a certain 

Mc4r agonist lead to lipolysis in intact WAT but not in adipocytes demonstrating its role 

in lipid metabolism (Møller et al. 2015). As Mc4r was not measured beyond the 

hypothalamic gene expression, future investigations in the periphery such as in WAT and 

in the sympathetic nervous system would help examine the role of Mc4r in Kiss1r KO 

mice.  

In Chapter 5, additional data showed no changes in Agrp and Cart gene expression in 

Kiss1r KO mice. A recent study in mice demonstrated that Agrp neurons have direct 

inhibitory synaptic connections with kisspeptin neurons expressed in both the AVPV and 

ARC (Padilla et al 2017). Subsequently, increased Agrp signalling lead to a reduction in 

fertility in mice due to an increase in estrous cycle length. Similar results were evident in 

male mice as Agrp neurons were demonstrated to receive steroid and frequency 

dependent glutamatergic input from Kiss1 ARC neurons (Nestor et al. 2016). The lack of 

changes in Agrp gene expression in Chapter 5 may indicate no reciprocal action of 

kisspeptin signalling on Agrp neurons. Hence, kisspeptin neurons may not directly act on 

Agrp neurons in the ARC. This appears to be consistent with Npy neurons, which 

colocalises with Agrp in the ARC (Barsh & Schwartz 2002). No changes in Npy gene 

expression was also found in Chapter 5. A recent study identified a low colocalization 

between NPY neurons and Kiss1r – where only 3% NPY neurons express Kiss1r in 

female gonad intact rats (Higo, Iijima & Ozawa 2017). However, these rats were gonad 

intact and whether these co-expression percentages vary in GNX rats is unknown. This 

indicates that any Npy neuron response to ghrelin or leptin administration in Chapter 7 

and unaltered Agrp gene expression in Chapter 5 may be independent of kisspeptin 

signalling. Both chapters provide evidence that the obese phenotype in Kiss1r KO mice 

is not due to alterations in hypothalamic feeding circuits.  

Interestingly, a limitation for Chapters 5 and 7 is using the whole hypothalamus for 

measuring gene expression. As previously noted, Npy and Pomc neuronal populations 

are expressed in the ARC (Barsh & Schwartz 2002). The ARC is considered a small 

region in the hypothalamus which the use of the whole hypothalamus can lead to diluted 

results. These diluted results may appear as reduced or lack of changes of gene 

expression. As a future direction, a suggestion to dissect the hypothalamus into the 
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anterior and posterior sections (Quennell et al. 2011), may provide more prominent 

changes in hypothalamic feeding circuits in Kiss1r KO mice. In addition, Chapter 7 was 

also limited by sample size and was unfortunately poorly powered. This was the 

unfortunate consequence of sub-optimal breeding performance of the Kiss1r KO mouse 

colony leading up to the conclusion of this PhD. Future studies are planned to repeat 

experiments in this Chapter and increase the confidence in interpretation.  

In Chapter 7, alterations in plasma metabolic markers were more prevalent in female than 

male Kiss1r KO mice. More specifically, the changes in plasma metabolic markers 

following leptin treatment in GNX Kiss1r female WT mice were not consistent with GNX 

Kiss1r KO female mice. This lack of change may indicate peripheral leptin resistance in 

Kiss1r KO mice and the “net effect” of c-peptide and amylin would potentially reduce 

glucose uptake and endogenous glucose production in the Kiss1r KO (Gedulin, Rink & 

Young 1997; Jones & Hattersley 2013; Sakurai, Dobbs & Unger 1975). The response to 

leptin in GNX female WT mice appears to be beneficial towards glucose metabolism. In 

male WT mice, the major change was that ghrelin treatment increased plasma YY 

concentration and these changes did not occur in male Kiss1r KO mice possibly indicating 

a form of peripheral ghrelin resistance. Male Kiss1r KO mice exhibit a less pronounced 

metabolic phenotype than in female Kiss1r KO mice as they have previously shown 

normal body weight and glucose regulation which was consistent with gonad intact males 

(Tolson et al. 2014). In this thesis, this overall suggests that despite GNX, female WT 

mice may be more sensitive to alterations in glucose metabolism than males.  

Focusing on glucose metabolism in the liver (Chapter 6), there is a limitation to 

investigating changes in gluconeogenic gene expression to indicate gluconeogenic rate. 

While these genes are useful for understanding experimental effects on these 

gluconeogenic enzymes (Chung et al. 2015; Pan et al. 2012), this needs to be cautiously 

interpreted as this does not mirror whole body glucose homeostasis (Chung et al. 2015). 

Gluconeogenesis also occurs in the kidney, though just not to the same extent as the liver 

(Chung et al. 2015; Wallace & Barritt 2001). Additional validation using specific in vivo 

measurements via the measurements of total glucose turnover or glucose flux would be 

useful for future studies. Though these measurements would also need to be carefully 

interpreted as the body is in continuous adjustment and there no golden standard for 

measuring gluconeogenesis in vivo (Chung et al. 2015). Subsequently, in vivo studies are 

harder to replicate, therefore examining gluconeogenic gene expression provides a good 

indication of whether rate limiting enzymes lead to a possible reduction or increase in 
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gluconeogenesis (Chung et al. 2015). Therefore, it is important to consider multiple rate 

limiting enzymes in the overall interpretation to indicate gluconeogenic rate. 

Gluconeogenesis has been demonstrated to drive kisspeptin production (Song et al. 2014). 

To test the proposed hypothesis of impaired kisspeptin signalling on having a direct role 

in stimulating the gluconeogenesis process, perhaps the testing of biochemical pathways 

such cAMP from the previous study, may help establish a more certain direct or indirect 

role of the relationship between kisspeptin, the liver and glucose metabolism. 

Furthermore, Oil Red O staining in Chapter 6 can also have its own limitations as this 

technique does not distinguish between the types of lipids and is not effective to be 

performed on WAT and BAT due to their high lipid content (Mehlem et al. 2013). Despite 

this, Oil Red O staining is effective in the determination of neutral lipids and identifying 

signs of hepatic steatosis and as a helpful diagnostic measure of NAFLD. To elucidate 

whether Kiss1r KO mice would show progressive signs towards NAFLD, a future study 

could assess pro inflammatory gene expression in the liver to determine whether these 

mice have just hepatic steatosis or NAFLD. Increased inflammation in the liver may help 

discriminate the classification between hepatic steatosis and NAFLD (Day & James 1998; 

Neuschwander-Tetri & Caldwell 2003) in Kiss1r KO livers. Furthermore, an additional 

measurement of liver triglyceride content would further compliment the ORO staining in 

Kiss1r KO mice would strengthen these ORO staining results. 

In this thesis, the liver and plasma were examined in Chapter 6 and identified alterations 

in glucose metabolism in the liver and plasma to occur at 20 weeks. Though the pancreas, 

a major tissue implicated in glucose metabolism, was not investigated in this thesis. The 

pancreas secretes glucagon from α cells and insulin from β cells to control blood glucose 

levels (Hussain, Song & Wolfe 2015) where Kiss1 and Kiss1r has been previously shown 

to be expressed (Hauge-Evans et al. 2006; Kotani et al. 2001) and described (Silvestre et 

al. 2008; Vikman & Ahrén 2009) on pancreatic islet cells. A pancreas specific Kiss1r KO 

mice when fasted, showed no effect on glucose stimulated insulin secretion but some 

slight increases in insulin levels (Song et al. 2014). Examining pancreatic gene expression 

for glucose metabolic genes in Kiss1r KO mice would be an interesting avenue to pursue 

in future experiments. This may support the notion in this thesis that alterations in glucose 

metabolism are a consequence of the altered adiposity in Kiss1r KO mice.   

All experiments in this thesis used qRT-PCR, which determines gene expression via the 

standardisation against three housekeeping genes (Vandesompele et al. 2002). However, 
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this technique does not provide data in regards to protein levels as it just gives directional 

changes in mRNA expression. In Chapter 6, reduced BAT uncoupling protein 1 mRNA 

may not correspond in changes in UCP1 protein. Furthermore, it would be hard to 

determine as shown in Chapter 5, whether an increase in Pomc mRNA and body weight 

with no change in Npy mRNA can be reconciled without further confirmation of protein 

measurements. Overall, this demonstrates that mRNA levels alone in this thesis may be 

difficult to relate or infer to protein expression. Hence, using Western Blot, which 

measures protein levels would be clearly beneficial. The use of Western Blot would also 

be appropriate to strengthen skeletal muscle AMPKα2 gene expression results in Chapter 

6. AMPK is activated when phosphorylated (Hawley et al. 1996; Stein et al. 2000), 

therefore, identifying the percentage between phosphorylated AMPK and total AMPK 

for the level of AMPK activation would be useful (Martin et al. 2006) for a future 

experiment in Kiss1r KO mice. This will clearly determine whether AMPK has been 

activated to stimulate energy consuming metabolic pathways (Hardie, Ross & Hawley 

2012). This would also help support a proposed hypothesis in whether impaired 

kisspeptin signalling directly affects skeletal muscle AMPK signalling and therefore 

function.  

In this thesis and previous studies (Tolson et al. 2016; Tolson et al. 2014), this Kiss1r KO 

mouse model may be considered as a moderate genetic obesity model, especially in 

female mice. An animal model of obesity needs to show a distinct obese phenotype plus 

show some of the comorbidities of obesity like diabetes like syndromes (Lutz & Woods 

2012) These Kiss1r KO mice do exhibit increased adiposity and reduced energy 

expenditure as early as 6 weeks and glucose intolerance at 10 weeks (Tolson et al. 2016; 

Tolson et al. 2014). Despite lack of hyperphagia (Tolson et al. 2016; Tolson et al. 2014), 

the Kiss1r KO mice shows most of these characteristics of an animal model of obesity. 

This thesis also demonstrated that these mice are also hyperleptinemic with alterations in 

BAT uncoupling protein 1 gene expression at 8 weeks of age identifying that the 

development of this obese phenotype in Kiss1r KO mice would originate from the 

periphery. Common genetic obesity models such as ob/ob and db/db mice present with a 

severe obese phenotype with diabetes and fatty liver disease at an earlier age (Chu et al. 

2014; Lin et al. 2000; Yamauchi et al. 2001; Yamauchi et al. 2007). Though in this thesis, 

signs of hepatic steatosis (Chapter 6) was also shown in Kiss1r KO mice though its extent 

to this developing to NAFLD is unknown. This indicates Kiss1r KO mice to not be a 

severe obesity animal model.  
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From past studies (Tolson et al. 2016; Tolson et al. 2014) and this thesis, the prevalence 

of this obese phenotype in Kiss1r KO mice occurs more in males than females. In this 

thesis, sexual dimorphism was prevalent as in Chapter 6, the main changes in skeletal 

muscle was evident in only gonad intact Kiss1r KO males. Despite both males and female 

Kiss1r KO mice have reduced lean mass compared to WT (Tolson et al. 2014), though 

reduced skeletal muscle AMPK2α and LKB1 gene expression occurred in only 20 week 

Kiss1r KO gonad intact males only. As previously noted (Chapter 6), this may be due to 

the effects of oestrogen on skeletal muscle metabolism in the female gonad intact Kiss1r 

KO mice. A past study discovered that skeletal muscle estrogen receptor α female KO 

mice are obese and insulin resistant (Ribas et al. 2016). Subsequently, estrogen promotes 

fatty acid oxidation (Zhu et al. 2013). Women and female rodents exhibit enhanced 

insulin sensitivity in skeletal muscle compared to male counterparts when insulin action 

is standardised to muscle mass (Yki-Järvinen 1984). In 20 week gonad intact Kiss1r KO 

male mice in Chapter 6, lower circulating estrogen levels may account for visibly higher 

plasma insulin, leptin and c-peptide concentrations compared to gonad intact Kiss1r KO 

and WT female mice in Chapter 6. As Kiss1r KO females are hypogonadal, there may be 

low levels of estrogen which may still provide a protective effect towards insulin 

sensitivity in the skeletal muscle and general metabolism in Kiss1r KO female mice.  

Despite absent circulating estrogen levels in GNX Kiss1r KO and WT mice, estrogen can 

also be synthesised and act as a neurosteroid – and locally act on GnRH neurons (Kenealy 

et al. 2013). However, the role of neurosteroids on metabolism has not been well 

investigated. There is also the implication of genetic sex on possible sex differences in 

phenotype. This core genotype model comprises of mice which sex chromosome 

compliment (XX vs XY) would be unrelated to gonadal sex (Arnold & Chen 2009). In 

this thesis, it would be hard to determine the role of genetic sex as for these Kiss1r KO 

and WT mice, chromosome testing or gendertyping was not widely performed as sex was 

determined mainly by presence of gonads (testes or vaginal opening) during gonadectomy 

surgery or by early animal monitoring. Conversely, the use of gonadectomy has been 

extensively used over the years in regards to kisspeptin signalling to explore feedback 

mechanisms (Smith et al. 2007; Smith et al. 2005a; Smith et al. 2005b) and to separate 

the confounding factor of sex steroids on metabolism (Tolson et al. 2016; Tolson et al. 

2014). Clearly, gonadectomy cannot overcome the actions of neurosteroids and the 

numerous sexual dimorphisms throughout this thesis may be generated by these sex 

steroids (Shi, Seeley & Clegg 2009).  
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This thesis further characterised the obese phenotype in Kiss1r KO mice. In the future, 

we would endeavour to examine further mechanisms behind the obese phenotype shown 

with impaired kisspeptin signalling. In Chapter 6, Kiss1r KO mice exhibit reduced BAT 

uncoupling protein 1 gene expression at 8 weeks of age, prior to the development of the 

obese phenotype. BAT thermogenesis is regulated by the sympathetic nervous system 

(Cannon & Nedergaard 2004; Contreras et al. 2015). Therefore, a future experiment could 

involve the use of denervation or stimulation strategies of the sympathetic nervous system 

(Stefanidis et al. 2018; Verty, Allen & Oldfield 2009; Wiedmann, Stefanidis & Oldfield 

2017) in WT and Kiss1r KO mice to determine whether sympathetic outflow may be 

implicated in this obese phenotype. This could be measured as early as 6 weeks as a 

previous study showed reduced energy expenditure in Kiss1r KO mice at this age (Tolson 

et al. 2016). It would be important to measure basal uncoupling protein 1 gene expression 

and its corresponding protein levels in Kiss1r KO mice prior to this 

denervation/stimulation. In addition, the mechanism behind the reduced food intake in 

Kiss1r KO mice is still not well understood. While Chapter 5 did indicate reduced Pomc 

gene expression and hence anorexigenic drive in the Kiss1r KO mice, this alteration was 

sex steroid dependent. A different approach to this uncertainty would be to examine 

feeding behaviour and motivation in Kiss1r KO mice, which may provide information on 

why these mice tend to eat less and may also relate to reductions in energy expenditure. 

Overall, the experiments in this thesis have enabled the investigation of the development 

of the obese phenotype in Kiss1r KO mice by examining alterations in hypothalamic 

feeding circuits and peripheral metabolic genes. It has been now discovered that the obese 

phenotype is unlikely to originate from alterations in the appetite regulating system of the 

hypothalamus. This is as alterations in Pomc gene expression in gonad intact Kiss1r KO 

mice contributed to the decrease in food intake (Tolson et al. 2016; Tolson et al. 2014). 

Whether Kiss1r KO mice exhibit ghrelin and/or leptin resistance has been shown 

uncertain within this thesis as in GNX female Kiss1r KO mice, leptin and ghrelin 

administration altered Pomc gene expression demonstrating an intact hypothalamic 

feeding circuit. In this thesis, impaired peripheral mechanisms were identified, 

highlighted by reduced BAT uncoupling protein 1 and increased WAT leptin gene 

expression (evidence for leptin resistance) was evident in Kiss1r KO mice at 8 weeks, 

just prior to the changes in body weight. This indicates that these changes likely originate 

directly from impaired kisspeptin signalling. Overall, this thesis provides further 

clarification of the reciprocal relationship between reproduction and metabolism and 
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proposes kisspeptin signalling to be vital for this. Kiss1r KO mice clearly develop an 

obese and diabetic phenotype and this may provide some therapeutical potential for 

kisspeptin treatment as a tool for treating obesity, but clearly more work is needed.   

 



  159 

Chapter 9 - References 

 

Abbud, W, Habinowski, S, Zhang, JZ, Kendrew, J, Elkairi, FS, Kemp, BE, Witters, LA 

& Ismail-Beigi, F 2000, 'Stimulation of AMP-activated protein kinase (AMPK) 

is associated with enhancement of Glut1-mediated glucose transport', Archives 

of Biochemistry and Biophysics, vol. 380, no. 2, pp. 347-352 

Adrian, TE, Ferri, GL, Bacarese-Hamilton, AJ, Fuessl, HS, Polak, JM & Bloom, SR 

1985a, 'Human distribution and release of a putative new gut hormone, peptide 

YY', Gastroenterology, vol. 89, no. 5, pp. 1070-1077 

Adrian, TE, Savage, AP, Sagor, GR, Allen, JM, Bacarese-Hamilton, AJ, Tatemoto, K, 

Polak, JM & Bloom, SR 1985b, 'Effect of peptide YY on gastric, pancreatic, and 

biliary function in humans', Gastroenterology, vol. 89, no. 3, pp. 494-499 

Ahima, RS 2000, 'Leptin and the neuroendocrinology of fasting', Frontiers of Hormone 

Research, vol. 26, pp. 42-56 

Andrews, ZB 2011, 'Central mechanisms involved in the orexigenic actions of ghrelin', 

Peptides, vol. 32, no. 11, pp. 2248-2255 

Andrews, ZB, Liu, ZW, Walllingford, N, Erion, DM, Borok, E, Friedman, JM, Tschöp, 

MH, Shanabrough, M, Cline, G, et al. 2008, 'UCP2 mediates ghrelin's action on 

NPY/AgRP neurons by lowering free radicals', Nature, vol. 454, no. 7206, pp. 

846-851 

Andrikopoulos, S, Massa, CM, Aston-Mourney, K, Funkat, A, Fam, BC, Hull, RL, 

Kahn, SE & Proietto, J 2005, 'Differential effect of inbred mouse strain 

(C57BL/6, DBA/2, 129T2) on insulin secretory function in response to a high 

fat diet', Journal of Endocrinology, vol. 187, no. 1, pp. 45-53 

Andrikopoulos, S & Proietto, J 1995, 'The biochemical basis of increased hepatic 

glucose production in a mouse model of type 2 (non-insulin-dependent) diabetes 

mellitus', Diabetologia, vol. 38, no. 12, pp. 1389-1396 

Aponte, Y, Atasoy, D & Sternson, SM 2011, 'AGRP neurons are sufficient to 

orchestrate feeding behavior rapidly and without training', Nature Neuroscience, 

vol. 14, no. 3, pp. 351-355 

Arita, Y, Kihara, S, Ouchi, N, Takahashi, M, Maeda, K, Miyagawa, JI, Hotta, K, 

Shimomura, I, Nakamura, T, et al. 1999, 'Paradoxical decrease of an adipose-

specific protein, adiponectin, in obesity', Biochemical and Biophysical Research 

Communications, vol. 257, no. 1, pp. 79-83 



Chapter 9 – References  160 

Arnold, AP & Chen, X 2009, 'What does the "four core genotypes" mouse model tell us 

about sex differences in the brain and other tissues?', Frontiers of 

Neuroendocrinology, vol. 30, no. 1, pp. 1-9 

Arsenijevic, D, Onuma, H, Pecqueur, C, Raimbault, S, Manning, BS, Miroux, B, 

Couplan, E, Alves-Guerra, MC, Goubern, M, et al. 2000, 'Disruption of the 

uncoupling protein-2 gene in mice reveals a role in immunity and reactive 

oxygen species production', Nature Genetics, vol. 26, no. 4, pp. 435-439 

Asterholm, IW, Rutkowski, JM, Fujikawa, T, Cho, YR, Fukuda, M, Tao, C, Wang, ZV, 

Gupta, RK, Elmquist, JK, et al. 2014, 'Elevated resistin levels induce central 

leptin resistance and increased atherosclerotic progression in mice', 

Diabetologia, vol. 57, no. 6, pp. 1209-1218 

Atasoy, D, Betley, JN, Su, HH & Sternson, SM 2012, 'Deconstruction of a neural circuit 

for hunger', Nature, vol. 488, no. 7410, pp. 172-177 

Backholer, K, Smith, J & Clarke, IJ 2009, 'Melanocortins may stimulate reproduction 

by activating orexin neurons in the dorsomedial hypothalamus and kisspeptin 

neurons in the preoptic area of the ewe', Endocrinology, vol. 150, no. 12, pp. 

5488-5497 

Backholer, K, Smith, JT, Rao, A, Pereira, A, Iqbal, J, Ogawa, S, Li, Q & Clarke, IJ 

2010, 'Kisspeptin cells in the ewe brain respond to leptin and communicate with 

neuropeptide Y and proopiomelanocortin cells', Endocrinology, vol. 151, no. 5, 

pp. 2233-2243 

Barker-Gibb, ML, Scott, CJ, Boublik, JH & Clarke, IJ 1995, 'The role of neuropeptide 

Y (NPY) in the control of LH secretion in the ewe with respect to season, NPY 

receptor subtype and the site of action in the hypothalamus', Journal of 

Endocrinology, vol. 147, no. 3, pp. 565-579 

Barnes, BR, Ryder, JW, Steiler, TL, Fryer, LG, Carling, D & Zierath, JR 2002, 

'Isoform-specific regulation of 5' AMP-activated protein kinase in skeletal 

muscle from obese Zucker (fa/fa) rats in response to contraction', Diabetes, vol. 

51, no. 9, pp. 2703-2708 

Barsh, GS & Schwartz, MW 2002, 'Genetic approaches to studying energy balance: 

Perception and integration', Nature Reviews Genetics, vol. 3, no. 8, pp. 589-600 

Bartelt, A, Bruns, OT, Reimer, R, Hohenberg, H, Ittrich, H, Peldschus, K, Kaul, MG, 

Tromsdorf, UI, Weller, H, et al. 2011, 'Brown adipose tissue activity controls 

triglyceride clearance', Nature Medicine, vol. 17, no. 2, pp. 200-206 



Chapter 9 – References  161 

Batterham, RL, Cowley, MA, Small, CJ, Herzog, H, Cohen, MA, Dakin, CL, Wren, 

AM, Brynes, AE, Low, MJ, et al. 2002, 'Gut hormone PYY3-36 physiologically 

inhibits food intake', Nature, vol. 418, no. 6898, pp. 650-654 

Batterham, RL, Heffron, H, Kapoor, S, Chivers, JE, Chandarana, K, Herzog, H, Le 

Roux, CW, Thomas, EL, Bell, JD, et al. 2006, 'Critical role for peptide YY in 

protein-mediated satiation and body-weight regulation', Cell Metabolism, vol. 4, 

no. 3, pp. 223-233 

Beale, EG, Harvey, BJ & Forest, C 2007, 'PCK1 and PCK2 as candidate diabetes and 

obesity genes', Cell Biochemistry and Biophysics, vol. 48, no. 2-3, pp. 89-95 

Bell, CG, Walley, AJ & Froguel, P 2005, 'The genetics of human obesity', Nature 

Reviews Genetics, vol. 6, no. 3, pp. 221-234 

Berg, AH, Combs, TP, Du, X, Brownlee, M & Scherer, PE 2001, 'The adipocyte-

secreted protein Acrp30 enhances hepatic insulin action', Nature Medicine, vol. 

7, no. 8, pp. 947-953 

Bonen, A, Dyck, DJ, Ibrahimi, A & Abumrad, NA 1999, 'Muscle contractile activity 

increases fatty acid metabolism and transport and FAT/CD36', American 

Journal of Physiology, vol. 276, no. 4 Pt 1, pp. E642-E649 

Boss, O, Samec, S, Paoloni-Giacobino, A, Rossier, C, Dulloo, A, Seydoux, J, Muzzin, P 

& Giacobino, JP 1997, 'Uncoupling protein-3: a new member of the 

mitochondrial carrier family with tissue-specific expression', FEBS Letters, vol. 

408, no. 1, pp. 39-42 

Boström, P, Andersson, L, Rutberg, M, Perman, J, Lidberg, U, Johansson, BR, 

Fernandez-Rodriguez, J, Ericson, J, Nilsson, T, et al. 2007, 'SNARE proteins 

mediate fusion between cytosolic lipid droplets and are implicated in insulin 

sensitivity', Nature Cell Biology, vol. 9, no. 11, pp. 1286-1293 

Bowe, JE, Foot, VL, Amiel, SA, Huang, GC, Lamb, M, Lakey, JRT, Jones, PM & 

Persaud, SJ 2012, 'GPR54 peptide agonists stimulate insulin secretion from 

murine, porcine and human islets', Islets, vol. 4, no. 1, doi:10.4161/isl.4.1.18261 

Bowe, JE, King, AJ, Kinsey-Jones, JS, Foot, VL, Li, XF, O'Byrne, KT, Persaud, SJ & 

Jones, PM 2009, 'Kisspeptin stimulation of insulin secretion: Mechanisms of 

action in mouse islets and rats', Diabetologia, vol. 52, no. 5, pp. 855-862 

Briggs, DI & Andrews, ZB 2011, 'Metabolic status regulates ghrelin function on energy 

homeostasis', Neuroendocrinology, vol. 93, no. 1, pp. 48-57 



Chapter 9 – References  162 

Briggs, DI, Enriori, PJ, Lemus, MB, Cowley, MA & Andrews, ZB 2010, 'Diet-induced 

obesity causes ghrelin resistance in arcuate NPY/AgRP neurons', 

Endocrinology, vol. 151, no. 10, pp. 4745-4755 

Briggs, DI, Lockie, SH, Benzler, J, Wu, Q, Stark, R, Reichenbach, A, Hoy, AJ, Lemus, 

MB, Coleman, HA, et al. 2014, 'Evidence that diet-induced hyperleptinemia, but 

not hypothalamic gliosis, causes ghrelin resistance in NPY/AgRP neurons of 

male mice', Endocrinology, vol. 155, no. 7, pp. 2411-2422 

Briggs, DI, Lockie, SH, Wu, Q, Lemus, MB, Stark, R & Andrews, ZB 2013, 'Calorie-

restricted weight loss reverses high-fat diet-induced ghrelin resistance, which 

contributes to rebound weight gain in a ghrelin-dependent manner', 

Endocrinology, vol. 154, no. 2, pp. 709-717 

Brown, RE, Imran, SA, Ur, E & Wilkinson, M 2008, 'KiSS-1 mRNA in adipose tissue 

is regulated by sex hormones and food intake', Molecular and Cellular 

Endocrinology, vol. 281, no. 1-2, pp. 64-72 

Browning, JD & Horton, JD 2004, 'Molecular mediators of hepatic steatosis and liver 

injury', Journal of Clinical Investigation, vol. 114, no. 2, pp. 147-152 

Bruning, JC, Gautam, D, Burks, DJ, Gillette, J, Schubert, M, Orban, PC, Klein, R, 

Krone, W, Muller-Wieland, D, et al. 2000, 'Role of brain insulin receptor in 

control of body weight and reproduction', Science, vol. 289, no. 5487, pp. 2122-

2125 

Bryzgalova, G, Lundholm, L, Portwood, N, Gustafsson, J-Å, Khan, A, Efendic, S & 

Dahlman-Wright, K 2008, 'Mechanisms of antidiabetogenic and body weight-

lowering effects of estrogen in high-fat diet-fed mice', American Journal of 

Physiology - Endocrinology and Metabolism, vol. 295, no. 4, 

doi:10.1152/ajpendo.90248.2008 

Buettner, R, Scholmerich, J & Bollheimer, LC 2007, 'High-fat diets: modeling the 

metabolic disorders of human obesity in rodents', Obesity, vol. 15, no. 4, pp. 

798-808 

Cadenas, S, Buckingham, JA, Samec, S, Seydoux, J, Din, N, Dulloo, AG & Brand, MD 

1999, 'UCP2 and UCP3 rise in starved rat skeletal muscle but mitochondrial 

proton conductance is unchanged', FEBS Letters, vol. 462, no. 3, pp. 257-260 

Cannon, B & Nedergaard, J 2004, 'Brown Adipose Tissue: Function and Physiological 

Significance', Physiological Reviews, vol. 84, no. 1, pp. 277-359 

Cao, W, Medvedev, AV, Daniel, KW & Collins, S 2001, 'β-adrenergic activation of p38 

MAP kinase in adipocytes: cAMP induction of the uncoupling protein 1 (UCP1) 



Chapter 9 – References  163 

gene requires p38 map kinase', Journal of Biological Chemistry, vol. 276, no. 

29, pp. 27077-27082 

Carling, D, Zammit, VA & Hardie, DG 1987, 'A common bicyclic protein kinase 

cascade inactivates the regulatory enzymes of fatty acid and cholesterol 

biosynthesis', FEBS Letters, vol. 223, no. 2, pp. 217-222 

Castellano, JM, Navarro, VM, Fernandez-Fernandez, R, Nogueiras, R, Tovar, S, Roa, J, 

Vazquez, MJ, Vigo, E, Casanueva, FF, et al. 2005, 'Changes in hypothalamic 

KiSS-1 system and restoration of pubertal activation of the reproductive axis by 

kisspeptin in undernutrition', Endocrinology, vol. 146, no. 9, pp. 3917-3925 

Castellano, JM, Navarro, VM, Fernández-Fernández, R, Roa, J, Vigo, E, Pineda, R, 

Dieguez, C, Aguilar, E, Pinilla, L, et al. 2006, 'Expression of hypothalamic 

KiSS-1 system and rescue of defective gonadotropic responses by kisspeptin in 

streptozotocin-induced diabetic male rats', Diabetes, vol. 55, no. 9, pp. 2602-

2610 

Challis, BG, Coll, AP, Yeo, GS, Pinnock, SB, Dickson, SL, Thresher, RR, Dixon, J, 

Zahn, D, Rochford, JJ, et al. 2004, 'Mice lacking pro-opiomelanocortin are 

sensitive to high-fat feeding but respond normally to the acute anorectic effects 

of peptide-YY(3-36)', Proceedings of the National Academy of Sciences of the 

United States of America, vol. 101, no. 13, pp. 4695-4700 

Chan, CB, De Leo, D, Joseph, JW, McQuaid, TS, Ha, XF, Xu, F, Tsushima, RG, 

Pennefather, PS, Salapatek, AMF, et al. 2001, 'Increased uncoupling protein-2 

levels in β-cells are associated with impaired glucose-stimulated insulin 

secretion: Mechanism of action', Diabetes, vol. 50, no. 6, pp. 1302-1310 

Chehab, FF 2000, 'Leptin as a regulator of adipose mass and reproduction', Trends in 

Pharmacological Sciences, vol. 21, no. 8, pp. 309-314 

Chen, X, Huang, L, Tan, HY, Li, H, Wan, Y, Cowley, M, Veldhuis, JD & Chen, C 

2017, 'Deficient melanocortin-4 receptor causes abnormal reproductive 

neuroendocrine profile in female mice', Reproduction, vol. 153, no. 3, pp. 267-

276 

Cheung, CC, Thornton, JE, Kuijper, JL, Weigle, DS, Clifton, DK & Steiner, RA 1997, 

'Leptin is a metabolic gate for the onset of puberty in the female rat', 

Endocrinology, vol. 138, no. 2, pp. 855-858 

Chowen, JA, Argente, J, Vician, L, Clifton, DK & Steiner, RA 1990, 'Pro-

opiomelanocortin messenger RNA in hypothalamic neurons is increased by 



Chapter 9 – References  164 

testosterone through aromatization to estradiol', Neuroendocrinology, vol. 52, 

no. 6, pp. 581-588 

Chu, MJJ, Hickey, AJR, Tagaloa, S, Zhang, L, Dare, AJ, MacDonald, JR, Yeong, ML, 

Bartlett, ASJR & Phillips, ARJ 2014, 'Ob/ob mouse livers show decreased 

oxidative phosphorylation efficiencies and anaerobic capacities after cold 

ischemia', PLOS ONE, vol. 9, no. 6, doi:10.1371/journal.pone.0100609 

Chung, ST, Chacko, SK, Sunehag, AL & Haymond, MW 2015, 'Measurements of 

Gluconeogenesis and Glycogenolysis: A Methodological Review', Diabetes, vol. 

64, no. 12, pp. 3996-4010 

Clarke, IJ, Smith, JT, Henry, BA, Oldfield, BJ, Stefanidis, A, Millar, RP, Sari, IP, Chng, 

K, Fabre-Nys, C, et al. 2012, 'Gonadotropin-inhibitory hormone is a 

hypothalamic peptide that provides a molecular switch between reproduction 

and feeding', Neuroendocrinology, vol. 95, no. 4, pp. 305-316 

Clarkson, J & Herbison, AE 2006, 'Postnatal development of kisspeptin neurons in 

mouse hypothalamus; sexual dimorphism and projections to gonadotropin-

releasing hormone neurons', Endocrinology, vol. 147, no. 12, pp. 5817-5825 

Combs, TP, Berg, AH, Obici, S, Scherer, PE & Rossetti, L 2001, 'Endogenous glucose 

production is inhibited by the adipose-derived protein Acrp30', Journal of 

Clinical Investigation, vol. 108, no. 12, pp. 1875-1881 

Commins, SP, Watson, PM, Padgett, MA, Dudley, A, Argyropoulos, G & Gettys, TW 

1999, 'Induction of uncoupling protein expression in brown and white adipose 

tissue by leptin', Endocrinology, vol. 140, no. 1, pp. 292-300 

Compagnucci, CV, Compagnucci, GE, Lomniczi, A, Mohn, C, Vacas, I, Cebral, E, 

Elverdin, JC, Friedman, SM, Rettori, V, et al. 2002, 'Effect of nutritional stress 

on the hypothalamo-pituitary-gonadal axis in the growing male rat', 

NeuroImmunoModulation, vol. 10, no. 3, pp. 153-162 

Consoli, A, Nurjhan, N, Reilly Jr, JJ, Bier, DM & Gerich, JE 1990, 'Mechanism of 

increased gluconeogenesis in noninsulin-dependent diabetes mellitus: Role of 

alterations in systemic, hepatic, and muscle lactate and alanine metabolism', 

Journal of Clinical Investigation, vol. 86, no. 6, pp. 2038-2045 

Contreras, C, Gonzalez, F, Ferno, J, Dieguez, C, Rahmouni, K, Nogueiras, R & Lopez, 

M 2015, 'The brain and brown fat', Annals of Medicine, vol. 47, no. 2, pp. 150-

168 

Coppari, R, Ichinose, M, Lee, CE, Pullen, AE, Kenny, CD, McGovern, RA, Tang, V, 

Liu, SM, Ludwig, T, et al. 2005, 'The hypothalamic arcuate nucleus: a key site 



Chapter 9 – References  165 

for mediating leptin's effects on glucose homeostasis and locomotor activity', 

Cell Metabolism, vol. 1, no. 1, pp. 63-72 

Costford, SR, Chaudhry, SN, Salkhordeh, M & Harper, ME 2006, 'Effects of the 

presence, absence, and overexpression of uncoupling protein-3 on adiposity and 

fuel metabolism in congenic mice', American Journal of Physiology - 

Endocrinology and Metabolism, vol. 290, no. 6, pp. E1304-E1312 

Cowley, MA, Smart, JL, Rubinstein, M, Cerdán, MG, Diano, S, Horvath, TL, Cone, RD 

& Low, MJ 2001, 'Leptin activates anorexigenic POMC neurons through a 

neural network in the arcuate nucleus', Nature, vol. 411, no. 6836, pp. 480-484 

Cowley, MA, Smith, RG, Diano, S, Tschop, M, Pronchuk, N, Grove, KL, Strasburger, 

CJ, Bidlingmaier, M, Esterman, M, et al. 2003, 'The distribution and mechanism 

of action of ghrelin in the CNS demonstrates a novel hypothalamic circuit 

regulating energy homeostasis', Neuron, vol. 37, no. 4, pp. 649-661 

Cravo, RM, Frazao, R, Perello, M, Osborne-Lawrence, S, Williams, KW, Zigman, JM, 

Vianna, C & Elias, CF 2013, 'Leptin Signaling in Kiss1 Neurons Arises after 

Pubertal Development', PLOS ONE, vol. 8, no. 3, 

doi:10.1371/journal.pone.0058698 

Cravo, RM, Margatho, LO, Osborne-Lawrence, S, Donato, J, Atkin, S, Bookout, AL, 

Rovinsky, S, Frazão, R, Lee, CE, et al. 2011, 'Characterization of Kiss1 neurons 

using transgenic mouse models', Neuroscience, vol. 173, pp. 37-56 

Cui, H, López, M & Rahmouni, K 2017, 'The cellular and molecular bases of leptin and 

ghrelin resistance in obesity', Nature Reviews Endocrinology, vol. 13, no. 6, pp. 

338-351 

d'Anglemont de Tassigny, X, Fagg, LA, Carlton, MB & Colledge, WH 2008, 

'Kisspeptin can stimulate gonadotropin-releasing hormone (GnRH) release by a 

direct action at GnRH nerve terminals', Endocrinology, vol. 149, no. 8, pp. 

3926-3932 

Day, CP & James, OFW 1998, 'Steatohepatitis: A tale of two 'Hits'?', Gastroenterology, 

vol. 114, no. 4 I, pp. 842-845 

de Luca, C, Kowalski, TJ, Zhang, Y, Elmquist, JK, Lee, C, Kilimann, MW, Ludwig, T, 

Liu, SM & Chua, SC, Jr. 2005, 'Complete rescue of obesity, diabetes, and 

infertility in db/db mice by neuron-specific LEPR-B transgenes', Journal of 

Clinical Investigation, vol. 115, no. 12, pp. 3484-3493 

De Roux, N, Genin, E, Carel, JC, Matsuda, F, Chaussain, JL & Milgrom, E 2003, 

'Hypogonadotropic hypogonadism due to loss of function of the KiSS1-derived 



Chapter 9 – References  166 

peptide receptor GPR54', Proceedings of the National Academy of Sciences of 

the United States of America, vol. 100, no. 19, pp. 10972-10976 

Deziel, MR, Lippes, HA, Rampal, AL & Jung, CY 1989, 'Phosphorylation of the human 

erythrocyte glucose transporter by protein kinase C: Localization of the site of in 

vivo and in vitro phosphorylation', International Journal of Biochemistry, vol. 

21, no. 7, pp. 807-814 

Diano, S & Horvath, TL 2012, 'Mitochondrial uncoupling protein 2 (UCP2) in glucose 

and lipid metabolism', Trends in Molecular Medicine, vol. 18, no. 1, pp. 52-58 

Divall, SA, Williams, TR, Carver, SE, Koch, L, Bruning, JC, Kahn, CR, Wondisford, F, 

Radovick, S & Wolfe, A 2010, 'Divergent roles of growth factors in the GnRH 

regulation of puberty in mice', Journal of Clinical Investigation, vol. 120, no. 8, 

pp. 2900-2909 

Dodd, GT, Decherf, S, Loh, K, Simonds, SE, Wiede, F, Balland, E, Merry, TL, 

Münzberg, H, Zhang, ZY, et al. 2015, 'Leptin and insulin act on POMC neurons 

to promote the browning of white fat', Cell, vol. 160, no. 1-2, pp. 88-104 

Donato, J, Jr., Cravo, RM, Frazao, R, Gautron, L, Scott, MM, Lachey, J, Castro, IA, 

Margatho, LO, Lee, S, et al. 2011, 'Leptin's effect on puberty in mice is relayed 

by the ventral premammillary nucleus and does not require signaling in Kiss1 

neurons', Journal of Clinical Investigation, vol. 121, no. 1, pp. 355-368 

Drew, B, Phaneuf, S, Dirks, A, Selman, C, Gredilla, R, Lezza, A, Barja, G & 

Leeuwenburgh, C 2003, 'Effects of aging and caloric restriction on 

mitochondrial energy production in gastrocnemius muscle and heart', Am J 

Physiol Regul Integr Comp Physiol, vol. 284, no. 2, pp. R474-80 

Duan, J, Choi, YH, Hartzell, D, Della-Fera, MA, Hamrick, M & Baile, CA 2007, 

'Effects of subcutaneous leptin injections on hypothalamic gene profiles in lean 

and ob/ob mice', Obesity, vol. 15, no. 11, pp. 2624-2633 

Dudek, M, Kołodziejski, PA, Pruszyńska-Oszmałek, E, Sassek, M, Ziarniak, K, Nowak, 

KW & Sliwowska, JH 2016, 'Effects of high-fat diet-induced obesity and 

diabetes on Kiss1 and GPR54 expression in the hypothalamic-pituitary-gonadal 

(HPG) axis and peripheral organs (fat, pancreas and liver) in male rats', 

Neuropeptides, vol. 56, pp. 41-49 

Dungan, HM, Gottsch, ML, Zeng, H, Gragerov, A, Bergmann, JE, Vassilatis, DK, 

Clifton, DK & Steiner, RA 2007, 'The role of kisspeptin-GPR54 signaling in the 

tonic regulation and surge release of gonadotropin-releasing hormone/luteinizing 

hormone', Journal of Neuroscience, vol. 27, no. 44, pp. 12088-12095 



Chapter 9 – References  167 

Duval, C, Thissen, U, Keshtkar, S, Accart, B, Stienstra, R, Boekschoten, MV, Roskams, 

T, Kersten, S & Muller, M 2010, 'Adipose tissue dysfunction signals progression 

of hepatic steatosis towards nonalcoholic steatohepatitis in C57BL/6 mice', 

Diabetes, vol. 59, no. 12, pp. 3181-3191 

Elmquist, JK, Elias, CF & Saper, CB 1999, 'From lesions to leptin: Hypothalamic 

control of food intake and body weight', Neuron, vol. 22, no. 2, pp. 221-232 

Enerbäck, S, Jacobsson, A, Simpson, EM, Guerra, C, Yamashita, H, Harper, ME & 

Kozak, LP 1997, 'Mice lacking mitochondrial uncoupling protein are cold-

sensitive but not obese', Nature, vol. 387, no. 6628, pp. 90-94 

Estrada, KM, Clay, CM, Pompolo, S, Smith, JT & Clarke, IJ 2006, 'Elevated KiSS-1 

expression in the arcuate nucleus prior to the cyclic preovulatory gonadotrophin-

releasing hormone/lutenising hormone surge in the ewe suggests a stimulatory 

role for kisspeptin in oestrogen-positive feedback', Journal of 

Neuroendocrinology, vol. 18, no. 10, pp. 806-809 

Evans, JJ & Anderson, GM 2012, 'Balancing ovulation and anovulation: integration of 

the reproductive and energy balance axes by neuropeptides', Human 

Reproduction Update, vol. 18, no. 3, pp. 313-332 

Faulds, MH, Zhao, C, Dahlman-Wright, K & Gustafsson, JA 2012, 'The diversity of sex 

steroid action: regulation of metabolism by estrogen signaling', Journal of 

Endocrinology, vol. 212, no. 1, pp. 3-12 

Feldmann, HM, Golozoubova, V, Cannon, B & Nedergaard, J 2009, 'UCP1 Ablation 

Induces Obesity and Abolishes Diet-Induced Thermogenesis in Mice Exempt 

from Thermal Stress by Living at Thermoneutrality', Cell Metabolism, vol. 9, 

no. 2, pp. 203-209 

Fernández-Fernández, R, Tena-Sempere, M, Navarro, VM, Barreiro, ML, Castellano, 

JM, Aguilar, E & Pinilla, L 2005, 'Effects of ghrelin upon gonadotropin-

releasing hormone and gonadotropin secretion in adult female rats: In vivo and 

in vitro studies', Neuroendocrinology, vol. 82, no. 5-6, pp. 245-255 

Fischer, AW, Hoefig, CS, Abreu-Vieira, G, de Jong, JM, Petrovic, N, Mittag, J, 

Cannon, B & Nedergaard, J 2016, 'Leptin Raises Defended Body Temperature 

without Activating Thermogenesis', Cell Reports, vol. 14, no. 7, pp. 1621-1631 

Fischer, K, Ruiz, HH, Jhun, K, Finan, B, Oberlin, DJ, Van Der Heide, V, Kalinovich, 

AV, Petrovic, N, Wolf, Y, et al. 2017, 'Alternatively activated macrophages do 

not synthesize catecholamines or contribute to adipose tissue adaptive 

thermogenesis', Nature Medicine, vol. 23, no. 5, pp. 623-630 



Chapter 9 – References  168 

Fleury, C, Neverova, M, Collins, S, Raimbault, S, Champigny, O, Levi-Meyrueis, C, 

Bouillaud, F, Seldin, MF, Surwit, RS, et al. 1997, 'Uncoupling protein-2: a novel 

gene linked to obesity and hyperinsulinemia', Nature Genetics, vol. 15, no. 3, pp. 

269-272 

Forbes, S, Li, XF, Kinsey-Jones, J & O'Byrne, K 2009, 'Effects of ghrelin on Kisspeptin 

mRNA expression in the hypothalamic medial preoptic area and pulsatile 

luteinising hormone secretion in the female rat', Neuroscience Letters, vol. 460, 

no. 2, pp. 143-147 

Foretz, M, Hebrard, S, Leclerc, J, Zarrinpashneh, E, Soty, M, Mithieux, G, Sakamoto, 

K, Andreelli, F & Viollet, B 2010, 'Metformin inhibits hepatic gluconeogenesis 

in mice independently of the LKB1/AMPK pathway via a decrease in hepatic 

energy state', The Journal of Clinical Investigation, vol. 120, no. 7, pp. 2355-69 

Frederich, RC, Hamann, A, Anderson, S, Lollmann, B, Lowell, BB & Flier, JS 1995, 

'Leptin levels reflect body lipid content in mice: evidence for diet-induced 

resistance to leptin action', Nature Medicine, vol. 1, no. 12, pp. 1311-1314 

Fruebis, J, Tsao, TS, Javorschi, S, Ebbets-Reed, D, Erickson, MRS, Yen, FT, Bihain, 

BE & Lodish, HF 2001, 'Proteolytic cleavage product of 30-kDa adipocyte 

complement-related protein increases fatty acid oxidation in muscle and causes 

weight loss in mice', Proceedings of the National Academy of Sciences of the 

United States of America, vol. 98, no. 4, pp. 2005-2010 

Frühbeck, G 2006, 'Intracellular signalling pathways activated by leptin', Biochemical 

Journal, vol. 393, no. 1, pp. 7-20 

Fu, LY & van den Pol, AN 2010, 'Kisspeptin directly excites anorexigenic 

proopiomelanocortin neurons but inhibits orexigenic neuropeptide Y cells by an 

indirect synaptic mechanism', Journal of Neuroscience, vol. 30, no. 30, pp. 

10205-10219 

Funes, S, Hedrick, JA, Vassileva, G, Markowitz, L, Abbondanzo, S, Golovko, A, Yang, 

S, Monsma, FJ & Gustafson, EL 2003, 'The KiSS-1 receptor GPR54 is essential 

for the development of the murine reproductive system', Biochemical and 

Biophysical Research Communications, vol. 312, no. 4, pp. 1357-1363 

Furuta, M, Funabashi, T & Kimura, F 2001, 'Intracerebroventricular administration of 

ghrelin rapidly suppresses pulsatile luteinizing hormone secretion in 

ovariectomized rats', Biochemical and Biophysical Research Communications, 

vol. 288, no. 4, pp. 780-785 



Chapter 9 – References  169 

Gao, H, Bryzgalova, G, Hedman, E, Khan, A, Efendic, S, Gustafsson, JÅ & Dahlman-

Wright, K 2006, 'Long-term administration of estradiol decreases expression of 

hepatic lipogenic genes and improves insulin sensitivity in ob/ob mice: A 

possible mechanism is through direct regulation of signal transducer and 

activator of transcription 3', Molecular Endocrinology, vol. 20, no. 6, pp. 1287-

1299 

Gao, Y, He, JR & Kapcala, LP 1997, 'Estrogen inhibits hypothalamic pro-

opiomelanocortin gene expression in hypothalamic neuronal cultures', Brain 

Research Molecular Brain Research, vol. 45, no. 2, pp. 340-344 

Gaytan, F, Gaytan, M, Castellano, JM, Romero, M, Roa, J, Aparicio, B, Garrido, N, 

Sanchez-Criado, JE, Millar, RP, et al. 2009, 'KiSS-1 in the mammalian ovary: 

distribution of kisspeptin in human and marmoset and alterations in KiSS-1 

mRNA levels in a rat model of ovulatory dysfunction', American Journal of 

Physiology - Endocrinology and Metabolism, vol. 296, no. 3, pp. E520-E531 

Ge, F, Lobdell Iv, H, Zhou, S, Hu, C & Berk, PD 2010, 'Digital analysis of hepatic 

sections in mice accurately quantitates triglycerides and selected properties of 

lipid droplets', Experimental Biology and Medicine, vol. 235, no. 11, pp. 1282-

1286 

Gedulin, BR, Rink, TJ & Young, AA 1997, 'Dose-response for glucagonostatic effect of 

amylin in rats', Metabolism, vol. 46, no. 1, pp. 67-70 

Ghanayem, BI, Bai, R, Kissling, GE, Travlos, G & Hoffler, U 2010, 'Diet-induced 

obesity in male mice is associated with reduced fertility and potentiation of 

acrylamide-induced reproductive toxicity', Biology of Reproduction, vol. 82, no. 

1, pp. 96-104 

Gimeno, RE, Dembski, M, Weng, X, Deng, N, Shyjan, AW, Gimeno, CJ, Iris, F, Ellis, 

SJ, Woolf, EA, et al. 1997, 'Cloning and characterization of an uncoupling 

protein homolog: a potential molecular mediator of human thermogenesis', 

Diabetes, vol. 46, no. 5, pp. 900-906 

Gong, DW, He, Y & Reitman, ML 1999, 'Genomic organization and regulation by 

dietary fat of the uncoupling protein 3 and 2 genes', Biochemical and 

Biophysical Research Communications, vol. 256, no. 1, pp. 27-32 

Gonzalez, AA, Kumar, R, Mulligan, JD, Davis, AJ & Saupe, KW 2004, 'Effects of 

aging on cardiac and skeletal muscle AMPK activity: Basal activity, allosteric 

activation, and response to in vivo hypoxemia in mice', American Journal of 



Chapter 9 – References  170 

Physiology - Regulatory Integrative and Comparative Physiology, vol. 287, no. 

5 56-5, pp. R1270-R1275 

Goodman, RL, Coolen, LM, Anderson, GM, Hardy, SL, Valent, M, Connors, JM, 

Fitzgerald, ME & Lehman, MN 2004, 'Evidence that dynorphin plays a major 

role in mediating progesterone negative feedback on gonadotropin-releasing 

hormone neurons in sheep', Endocrinology, vol. 145, no. 6, pp. 2959-2967 

Goodman, RL, Coolen, LM & Lehman, MN 2014, 'A role for neurokinin B in pulsatile 

GnRH secretion in the ewe', Neuroendocrinology, vol. 99, no. 1, pp. 18-32 

Goodman, RL, Lehman, MN, Smith, JT, Coolen, LM, De Oliveira, CVR, 

Jafarzadehshirazi, MR, Pereira, A, Iqbal, J, Caraty, A, et al. 2007, 'Kisspeptin 

neurons in the arcuate nucleus of the ewe express both dynorphin A and 

neurokinin B', Endocrinology, vol. 148, no. 12, pp. 5752-5760 

Goodpaster, BH, He, J, Watkins, S & Kelley, DE 2001, 'Skeletal muscle lipid content 

and insulin resistance: Evidence for a paradox in endurance-trained athletes', 

Journal of Clinical Endocrinology and Metabolism, vol. 86, no. 12, pp. 5755-

5761 

Goodyear, LJ & Kahn, BB 1998, 'Exercise, glucose transport, and insulin sensitivity', 

Annual Review of Medicine, vol. 49, pp. 235-261 

Gottsch, ML, Clifton, DK & Steiner, RA 2009, 'From KISS1 to kisspeptins: An 

historical perspective and suggested nomenclature', Peptides, vol. 30, no. 1, pp. 

4-9 

Gottsch, ML, Cunningham, MJ, Smith, JT, Popa, SM, Acohido, BV, Crowley, WF, 

Seminara, S, Clifton, DK & Steiner, RA 2004, 'A role for kisspeptins in the 

regulation of gonadotropin secretion in the mouse', Endocrinology, vol. 145, no. 

9, pp. 4073-4077 

Gottsch, ML, Popa, SM, Lawhorn, JK, Qiu, J, Tonsfeldt, KJ, Bosch, MA, Kelly, MJ, 

Rønnekleiv, OK, Sanz, E, et al. 2011, 'Molecular properties of Kiss1 neurons in 

the arcuate nucleus of the mouse', Endocrinology, vol. 152, no. 11, pp. 4298-

4309 

Grounds, MD, Terrill, JR, Radley-Crabb, HG, Robertson, T, Papadimitriou, J, Spuler, S 

& Shavlakadze, T 2014, 'Lipid accumulation in dysferlin-deficient muscles', The 

American Journal of Pathology, vol. 184, no. 6, pp. 1668-1676 

Hahn, TM, Breininger, JF, Baskin, DG & Schwartz, MW 1998, 'Coexpression of Agrp 

and NPY in fasting-activated hypothalamic neurons', Nature Neuroscience, vol. 

1, no. 4, pp. 271-272 



Chapter 9 – References  171 

Halaas, JL, Gajiwala, KS, Maffei, M, Cohen, SL, Chait, BT, Rabinowitz, D, Lallone, 

RL, Burley, SK & Friedman, JM 1995, 'Weight-reducing effects of the plasma 

protein encoded by the obese gene', Science, vol. 269, no. 5223, pp. 543-546 

Han, SK, Gottsch, ML, Lee, KJ, Popa, SM, Smith, JT, Jakawich, SK, Clifton, DK, 

Steiner, RA & Herbison, AE 2005, 'Activation of gonadotropin-releasing 

hormone neurons by kisspeptin as a neuroendocrine switch for the onset of 

puberty', Journal of Neuroscience, vol. 25, no. 49, pp. 11349-11356 

Hansen, PA, Nolte, LA, Chen, MM & Holloszy, JO 1998, 'Increased GLUT-4 

translocation mediates enhanced insulin sensitivity of muscle glucose transport 

after exercise', Journal of Applied Physiology, vol. 85, no. 4, pp. 1218-1222 

Hardie, DG & Hawley, SA 2001, 'AMP-activated protein kinase: the energy charge 

hypothesis revisited', Bioessays, vol. 23, no. 12, pp. 1112-1119 

Hardie, DG, Ross, FA & Hawley, SA 2012, 'AMPK: A nutrient and energy sensor that 

maintains energy homeostasis', Nature Reviews Molecular Cell Biology, vol. 13, 

no. 4, pp. 251-262 

Harms, M & Seale, P 2013, 'Brown and beige fat: Development, function and 

therapeutic potential', Nature Medicine, vol. 19, no. 10, pp. 1252-1263 

Harper, ME, Dent, R, Monemdjou, S, Bézaire, V, Van Wyck, L, Wells, G, Kavaslar, 

GN, Gauthier, A, Tesson, F, et al. 2002, 'Decreased mitochondrial proton leak 

and reduced expression of uncoupling protein 3 in skeletal muscle of obese diet-

resistant women', Diabetes, vol. 51, no. 8, pp. 2459-2466 

Hartter, E, Svoboda, T, Ludvik, B, Schuller, M, Lell, B, Kuenburg, E, Brunnbauer, M, 

Woloszczuk, W & Prager, R 1991, 'Basal and stimulated plasma levels of 

pancreatic amylin indicate its co-secretion with insulin in humans', 

Diabetologia, vol. 34, no. 1, pp. 52-54 

Hauge-Evans, AC, Richardson, CC, Milne, HM, Christie, MR, Persaud, SJ & Jones, 

PM 2006, 'A role for kisspeptin in islet function', Diabetologia, vol. 49, no. 9, 

pp. 2131-2135 

Hawley, SA, Boudeau, J, Reid, JL, Mustard, KJ, Udd, L, Mäkelä, TP, Alessi, DR & 

Hardie, DG 2003, 'Complexes between the LKB1 tumor suppressor, STRADα/β 

and MO25α/β are upstream kinases in the AMP-activated protein kinase 

cascade', Journal of Biology, vol. 2, no. 4, doi:10.1186/1475-4924-2-28 

Hawley, SA, Davison, M, Woods, A, Davies, SP, Beri, RK, Carling, D & Hardie, DG 

1996, 'Characterization of the AMP-activated protein kinase kinase from rat 

liver and identification of threonine 172 as the major site at which it 



Chapter 9 – References  172 

phosphorylates AMP-activated protein kinase', Journal of Biological Chemistry, 

vol. 271, no. 44, pp. 27879-27887 

Hawley, SA, Pan, DA, Mustard, KJ, Ross, L, Bain, J, Edelman, AM, Frenguelli, BG & 

Hardie, DG 2005, 'Calmodulin-dependent protein kinase kinase-beta is an 

alternative upstream kinase for AMP-activated protein kinase', Cell Metabolism, 

vol. 2, no. 1, pp. 9-19 

Hayashi, T, Wojtaszewski, JF & Goodyear, LJ 1997, 'Exercise regulation of glucose 

transport in skeletal muscle', American Journal of Physiology, vol. 273, no. 6, Pt 

1, pp. E1039-10351 

Heilig, CW, Saunders, T, Brosius, FC, Moley, K, Heilig, K, Baggs, R, Guo, L & 

Conner, D 2003, 'Glucose transporter-1-deficient mice exhibit impaired 

development and deformities that are similar to diabetic embryopathy', 

Proceedings of the National Academy of Sciences, vol. 100, no. 26, p. 15613 

Herbison, AE 2008, 'Estrogen positive feedback to gonadotropin-releasing hormone 

(GnRH) neurons in the rodent: the case for the rostral periventricular area of the 

third ventricle (RP3V)', Brain Research Reviews, vol. 57, no. 2, pp. 277-287 

Herbison, AE, de Tassigny, X, Doran, J & Colledge, WH 2010, 'Distribution and 

postnatal development of Gpr54 gene expression in mouse brain and 

gonadotropin-releasing hormone neurons', Endocrinology, vol. 151, no. 1, pp. 

312-21 

Hidekitamura, JK, Shimizu, T, Ishii, S, Sugihara, H & Wakabayashi, I 2000, 'Central 

effect of ghrelin, an endogenous growth hormone secretagogue, on 

hypothalamic peptide gene expression', Endocrinology, vol. 141, no. 12, pp. 

4797-4800 

Higo, S, Iijima, N & Ozawa, H 2017, 'Characterisation of Kiss1r (Gpr54)-Expressing 

Neurones in the Arcuate Nucleus of the Female Rat Hypothalamus', Journal of 

Neuroendocrinology, vol. 29, no. 2, doi:10.1111/jne.12452 

Hill, JO, Wyatt, HR & Peters, JC 2012, 'Energy balance and obesity', Circulation, vol. 

126, no. 1, pp. 126-132 

Hoffman, GE, Le, WW, Franceschini, I, Caraty, A & Advis, JP 2011, 'Expression of fos 

and in vivo median eminence release of LHRH identifies an active role for 

preoptic area kisspeptin neurons in synchronized surges of LH and LHRH in the 

ewe', Endocrinology, vol. 152, no. 1, pp. 214-222 

Højlund, K, Mustard, KJ, Stæhr, P, Hardie, DG, Beck-Nielsen, H, Richter, EA & 

Wojtaszewski, JFP 2004, 'AMPK activity and isoform protein expression are 



Chapter 9 – References  173 

similar in muscle of obese subjects with and without type 2 diabetes', American 

Journal of Physiology - Endocrinology and Metabolism, vol. 286, no. 2 49-2, 

pp. E239-E244 

Hotta, K, Funahashi, T, Bodkin, NL, Ortmeyer, HK, Arita, Y, Hansen, BC & 

Matsuzawa, Y 2001, 'Circulating concentrations of the adipocyte protein 

adiponectin are decreased in parallel with reduced insulin sensitivity during the 

progression to type 2 diabetes in rhesus monkeys', Diabetes, vol. 50, no. 5, pp. 

1126-1133 

Hsieh, AC & Carlson, LD 1957, 'Role of adrenaline and noradrenaline in chemical 

regulation of heat production', The American Journal of Physiology, vol. 190, 

no. 2, pp. 243-246 

Hu, E, Liang, P & Spiegelman, BM 1996, 'AdipoQ is a novel adipose-specific gene 

dysregulated in obesity', Journal of Biological Chemistry, vol. 271, no. 18, pp. 

10697-10703 

Hurley, RL, Anderson, KA, Franzone, JM, Kemp, BE, Means, AR & Witters, LA 2005, 

'The Ca2+/calmodulin-dependent protein kinase kinases are AMP-activated 

protein kinase kinases', Journal of Biological Chemistry, vol. 280, no. 32, pp. 

29060-29066 

Hussain, MA, Song, WJ & Wolfe, A 2015, 'There is Kisspeptin - And Then There is 

Kisspeptin', Trends in Endocrinology and Metabolism, vol. 26, no. 10, pp. 564-

572 

Huszar, D, Lynch, CA, Fairchild-Huntress, V, Dunmore, JH, Fang, Q, Berkemeier, LR, 

Gu, W, Kesterson, RA, Boston, BA, et al. 1997, 'Targeted disruption of the 

melanocortin-4 receptor results in obesity in mice', Cell, vol. 88, no. 1, pp. 131-

141 

Iqbal, J, Kurose, Y, Canny, B & Clarke, IJ 2006, 'Effects of central infusion of ghrelin 

on food intake and plasma levels of growth hormone, luteinizing hormone, 

prolactin, and cortisol secretion in sheep', Endocrinology, vol. 147, no. 1, pp. 

510-519 

Irwig, MS, Fraley, GS, Smith, JT, Acohido, BV, Popa, SM, Cunningham, MJ, Gottsch, 

ML, Clifton, DK & Steiner, RA 2004, 'Kisspeptin activation of gonadotropin 

releasing hormone neurons and regulation of KiSS-1 mRNA in the male rat', 

Neuroendocrinology, vol. 80, no. 4, pp. 264-272 

Jones, AG & Hattersley, AT 2013, 'The clinical utility of C-peptide measurement in the 

care of patients with diabetes', Diabetic Medicine, vol. 30, no. 7, pp. 803-817 



Chapter 9 – References  174 

Jones, ML 2008, 'Lipids', in J Bancroft & M Gamble, (eds), Theory and Practice of 

Histological Techinques, 6th edn, pp. 193-194 

Kahn, BB, Alquier, T, Carling, D & Hardie, DG 2005, 'AMP-activated protein kinase: 

ancient energy gauge provides clues to modern understanding of metabolism', 

Cell Metabolism, vol. 1, no. 1, pp. 15-25 

Kalamatianos, T, Grimshaw, SE, Poorun, R, Hahn, JD & Coen, CW 2008, 'Fasting 

reduces KiSS-1 expression in the anteroventral periventricular nucleus (AVPV): 

Effects of fasting on the expression of kiSS-1 and neuropeptide Y in the AVPV 

or arcuate nucleus of female rats', Journal of Neuroendocrinology, vol. 20, no. 9, 

pp. 1089-1097 

Kalra, SP & Crowley, WR 1984, 'Norepinephrine-like effects of neuropeptide Y on LH 

release in the rat', Life Sciences, vol. 35, no. 11, pp. 1173-1176 

Kamegai, J, Tamura, H, Shimizu, T, Ishii, S, Sugihara, H & Wakabayashi, I 2001, 

'Chronic Central Infusion of Ghrelin Increases Hypothalamic Neuropeptide Y 

and Agouti-Related Protein mRNA Levels and Body Weight in Rats', Diabetes, 

vol. 50, no. 7-12, pp. 2438-2443 

Kane, S, Sano, H, Liu, SC, Asara, JM, Lane, WS, Garner, CC & Lienhard, GE 2002, 'A 

method to identify serine kinase substrates. Akt phosphorylates a novel 

adipocyte protein with a Rab GTPase-activating protein (GAP) domain', Journal 

of Biological Chemistry, vol. 277, no. 25, pp. 22115-22118 

Katz, EB, Stenbit, AE, Hatton, K, DePinho, R & Charron, MJ 1995, 'Cardiac and 

adipose tissue abnormalities but not diabetes in mice deficient in GLUT4', 

Nature, vol. 377, no. 6545, pp. 151-155 

Kauffman, AS, Jin, HP, McPhie-Lalmansingh, AA, Gottsch, ML, Bodo, C, Hohmann, 

JG, Pavlova, MN, Rohde, AD, Clifton, DK, et al. 2007, 'The kisspeptin receptor 

GPR54 is required for sexual differentiation of the brain and behavior', Journal 

of Neuroscience, vol. 27, no. 33, pp. 8826-8835 

Kenealy, BP, Kapoor, A, Guerriero, KA, Keen, KL, Garcia, JP, Kurian, JR, Ziegler, TE 

& Terasawa, E 2013, 'Neuroestradiol in the hypothalamus contributes to the 

regulation of gonadotropin releasing hormone release', Journal of Neuroscience, 

vol. 33, no. 49, pp. 19051-19059 

Kersten, S, Desvergne, B & Wahli, W 2000, 'Roles of PPARs in health and disease', 

Nature, vol. 405, no. 6785, pp. 421-424 

Kim, GL, Dhillon, SS & Belsham, DD 2010, 'Kisspeptin directly regulates neuropeptide 

Y synthesis and secretion via the ERK1/2 and p38 mitogen-activated protein 



Chapter 9 – References  175 

kinase signaling pathways in NPY-secreting hypothalamic neurons', 

Endocrinology, vol. 151, no. 10, pp. 5038-5047 

Kinoshita, M, Tsukamura, H, Adachi, S, Matsui, H, Uenoyama, Y, Iwata, K, Yamada, 

S, Inoue, K, Ohtaki, T, et al. 2005, 'Involvement of central metastin in the 

regulation of preovulatory luteinizing hormone surge and estrous cyclicity in 

female rats', Endocrinology, vol. 146, no. 10, pp. 4431-4436 

Kirilov, M, Clarkson, J, Liu, X, Roa, J, Campos, P, Porteous, R, Schutz, G & Herbison, 

AE 2013, 'Dependence of fertility on kisspeptin-Gpr54 signaling at the GnRH 

neuron', Nature Communications, vol. 4, doi:10.1038/ncomms3492 

Klenke, U, Taylor-Burds, C & Wray, S 2014, 'Metabolic influences on reproduction: 

Adiponectin attenuates GnRH neuronal activity in female mice', Endocrinology, 

vol. 155, no. 5, pp. 1851-1863 

Klingenberg, M 1999, 'Uncoupling Protein—A Useful Energy Dissepator', Journal of 

Bioenergetics and Biomembranes, vol. 31, no. 5, pp. 419-430 

Knight, ZA, Hannan, KS, Greenberg, ML & Friedman, JM 2010, 'Hyperleptinemia Is 

Required for the Development of Leptin Resistance', PLOS ONE, vol. 5, no. 6, 

doi:10.1371/journal.pone.0011376 

Koch, CE, Lowe, C, Pretz, D, Steger, J, Williams, LM & Tups, A 2014, 'High-fat diet 

induces leptin resistance in leptin-deficient mice', Journal of 

Neuroendocrinology, vol. 26, no. 2, pp. 58-67 

Koh, HJ, Brandauer, J & Goodyear, LJ 2008, 'LKB1 and AMPK and the regulation of 

skeletal muscle metabolism', Current Opinion in Clinical Nutrition and 

Metabolic Care, vol. 11, no. 3, pp. 227-232 

Kojima, M, Hosoda, H, Date, Y, Nakazato, M, Matsuo, H & Kangawa, K 1999, 'Ghrelin 

is a growth-hormone-releasing acylated peptide from stomach', Nature, vol. 402, 

no. 6762, pp. 656-660 

Korner, J, Chua, SC, Jr., Williams, JA, Leibel, RL & Wardlaw, SL 1999, 'Regulation of 

hypothalamic proopiomelanocortin by leptin in lean and obese rats', 

Neuroendocrinology, vol. 70, no. 6, pp. 377-383 

Kotani, M, Detheux, M, Vandenbogaerde, A, Communi, D, Vanderwinden, JM, Le 

Poul, E, Brézillon, S, Tyldesley, R, Suarez-Huerta, N, et al. 2001, 'The 

Metastasis Suppressor Gene KiSS-1 Encodes Kisspeptins, the Natural Ligands 

of the Orphan G Protein-coupled Receptor GPR54', Journal of Biological 

Chemistry, vol. 276, no. 37, pp. 34631-34636 



Chapter 9 – References  176 

Krashes, MJ, Lowell, BB & Garfield, AS 2016, 'Melanocortin-4 receptor-regulated 

energy homeostasis', Nature Neuroscience, vol. 19, no. 2, pp. 206-219 

Krook, A, Digby, J, O'Rahilly, S, Zierath, JR & Wallberg-Henriksson, H 1998, 

'Uncoupling protein 3 is reduced in skeletal muscle of NIDDM patients', 

Diabetes, vol. 47, no. 9, pp. 1528-1531 

Lan, H, Rabaglia, ME, Stoehr, JP, Nadler, ST, Schueler, KL, Zou, F, Yandell, BS & 

Attie, AD 2003, 'Gene expression profiles of nondiabetic and diabetic obese 

mice suggest a role of hepatic lipogenic capacity in diabetes susceptibility', 

Diabetes, vol. 52, no. 3, pp. 688-700 

Langin, D, Larrouy, D, Barbe, P, Millet, L, Viguerie-Bascands, N, Andreelli, F, Laville, 

M & Vidal, H 1999, 'Uncoupling protein-2 (UCP2) and uncoupling protein-3 

(UCP3) expression in adipose tissue and skeletal muscle in humans', 

International Journal of Obesity and Related Metabolic Disorders - Journal of 

the International Association for the Study of Obesity, vol. 23, Suppl 6, pp. S64-

67 

Lapatto, R, Pallais, JC, Zhang, D, Chan, YM, Mahan, A, Cerrato, F, Wei, WL, 

Hoffman, GE & Seminara, SB 2007, 'Kiss1-/- mice exhibit more variable 

hypogonadism than Gpr54 -/- mice', Endocrinology, vol. 148, no. 10, pp. 4927-

4936 

Lee, DH, Ahn, J, Jang, YJ, Ha, TY & Jung, CH 2016, 'Zingiber mioga reduces weight 

gain, insulin resistance and hepatic gluconeogenesis in diet-induced obese mice', 

Experimental and Therapeutic Medicine, vol. 12, no. 1, pp. 369-376 

Lee, DK, Nguyen, T, O'Neill, GP, Cheng, R, Liu, Y, Howard, AD, Coulombe, N, Tan, 

CP, Tang-Nguyen, AT, et al. 1999, 'Discovery of a receptor related to the 

galanin receptors', FEBS Letters, vol. 446, no. 1, pp. 103-107 

Lehman, M, Hileman, S & Goodman, R 2013, 'Neuroanatomy of the Kisspeptin 

Signaling System in Mammals: Comparative and Developmental Aspects', in 

AS Kauffman & JT Smith, (eds), Kisspeptin Signaling in Reproductive Biology, 

vol. 784, pp. 27-62. Springer New York. 

Levene, AP, Kudo, H, Armstrong, MJ, Thursz, MR, Gedroyc, WM, Anstee, QM & 

Goldin, RD 2012, 'Quantifying hepatic steatosis - more than meets the eye', 

Histopathology, vol. 60, no. 6, pp. 971-981 

Lewis, GF, Carpentier, A, Adeli, K & Giacca, A 2002, 'Disordered fat storage and 

mobilization in the pathogenesis of insulin resistance and type 2 diabetes', 

Endocrine Reviews, vol. 23, no. 2, pp. 201-229 



Chapter 9 – References  177 

Li, B, Nolte, LA, Ju, JS, Dong Ho, H, Coleman, T, Holloszy, JO & Semenkovich, CF 

2000, 'Skeletal muscle respiratory uncoupling prevents diet-induced obesity and 

insulin resistance in mice', Nature Medicine, vol. 6, no. 10, pp. 1115-1120 

Li, Q, Roa, A, Clarke, IJ & Smith, JT 2012, 'Seasonal variation in the gonadotropin-

releasing hormone response to kisspeptin in sheep: Possible kisspeptin 

regulation of the kisspeptin receptor', Neuroendocrinology, vol. 96, no. 3, pp. 

212-221 

Libinaki, R, Heffernan, M, Jiang, WJ, Ogru, E, Ignjatovic, V, Gianello, R, Trickey, L, 

Taylor, M & Ng, F 1999, 'Effects of genetic and diet-induced obesity on lipid 

metabolism', IUBMB Life, vol. 48, no. 1, pp. 109-113 

Lin, HZ, Yang, SQ, Chuckaree, C, Kuhajda, F, Ronnet, G & Diehl, AM 2000, 

'Metformin reverses fatty liver disease in obese, leptin-deficient mice', Nature 

Medicine, vol. 6, no. 9, pp. 998-1003 

Liu, Y, Wan, Q, Guan, Q, Gao, L & Zhao, J 2006, 'High-fat diet feeding impairs both 

the expression and activity of AMPKa in rats' skeletal muscle', Biochemical and 

Biophysical Research Communications, vol. 339, no. 2, pp. 701-707 

Lockie, SH, Stefanidis, A, Oldfield, BJ & Perez-Tilve, D 2013, 'Brown adipose tissue 

thermogenesis in the resistance to and reversal of obesity: A potential new 

mechanism contributing to the metabolic benefits of proglucagon-derived 

peptides', Adipocyte, vol. 2, no. 4, pp. 196-200 

Louis, GW, Greenwald-Yarnell, M, Phillips, R, Coolen, LM, Lehman, MN & Myers, 

MG, Jr. 2011, 'Molecular mapping of the neural pathways linking leptin to the 

neuroendocrine reproductive axis', Endocrinology, vol. 152, no. 6, pp. 2302-

2310 

Luque, RM, Kineman, RD & Tena-Sempere, M 2007, 'Regulation of hypothalamic 

expression of KiSS-1 and GPR54 genes by metabolic factors: Analyses using 

mouse models and a cell line', Endocrinology, vol. 148, no. 10, pp. 4601-4611 

Luquet, S, Perez, FA, Hnasko, TS & Palmiter, RD 2005, 'NPY/AgRP neurons are 

essential for feeding in adult mice but can be ablated in neonates', Science, vol. 

310, no. 5748, pp. 683-685 

Lutz, TA & Woods, SC 2012, 'Overview of Animal Models of Obesity', Current 

Protocols in Pharmacology, no. Suppl.58, doi:10.1002/0471141755.ph0561s58 

MacDougald, OA & Lane, MD 1995, 'Transcriptional regulation of gene expression 

during adipocyte differentiation', Annual Review of Biochemistry, vol. 64, pp. 

345-371 



Chapter 9 – References  178 

Maeda, K, Okubo, K, Shimomura, I, Funahashi, T, Matsuzawa, Y & Matsubara, K 

1996, 'cDNA cloning and expression of a novel adipose specific collagen-like 

factor, apM1 (adipose most abundant gene transcript 1)', Biochemical and 

Biophysical Research Communications, vol. 221, no. 2, pp. 286-289 

Magnusson, I, Rothman, DL, Katz, LD, Shulman, RG & Shulman, GI 1992, 'Increased 

rate of gluconeogenesis in type II diabetes mellitus. A 13C nuclear magnetic 

resonance study', Journal of Clinical Investigation, vol. 90, no. 4, pp. 1323-1327 

Marchesini, G, Brizi, M, Blanchi, G, Tomassetti, S, Bugianesi, E, Lenzi, M, 

McCullough, AJ, Natale, S, Forlani, G, et al. 2001, 'Nonalcoholic Fatty Liver 

Disease: A Feature of the Metabolic Syndrome', Diabetes, vol. 50, no. 8, pp. 

1844-1850 

Martin, TL, Alquier, T, Asakura, K, Furukawa, N, Preitner, F & Kahn, BB 2006, 'Diet-

induced Obesity Alters AMP Kinase Activity in Hypothalamus and Skeletal 

Muscle', Journal of Biological Chemistry, vol. 281, no. 28, pp. 18933-18941 

Martini, AC, Fernandez-Fernandez, R, Tovar, S, Navarro, VM, Vigo, E, Vazquez, MJ, 

Davies, JS, Thompson, NM, Aguilar, E, et al. 2006, 'Comparative analysis of the 

effects of ghrelin and unacylated ghrelin on luteinizing hormone secretion in 

male rats', Endocrinology, vol. 147, no. 5, pp. 2374-2382 

Masaki, T, Yoshimatsu, H, Chiba, S & Sakata, T 2000, 'Impaired response of UCP 

family to cold exposure in diabetic (db/db) mice', American Journal of 

Physiology - Regulatory, Integrative and Comparative Physiology, vol. 279, no. 

4, pp. R1305-R1309 

Matsuda, J, Hosoda, K, Itoh, H, Son, C, Doi, K, Hanaoka, I, Inoue, G, Nishimura, H, 

Yoshimasa, Y, et al. 1998, 'Increased adipose expression of the uncoupling 

protein-3 gene by thiazolidinediones in Wistar fatty rats and in cultured 

adipocytes', Diabetes, vol. 47, no. 11, pp. 1809-1814 

Matsuda, J, Hosoda, K, Itoh, H, Son, C, Doi, K, Tanaka, T, Fukunaga, Y, Inoue, G, 

Nishimura, H, et al. 1997, 'Cloning of rat uncoupling protein-3 and uncoupling 

protein-2 cDNAs: their gene expression in rats fed high-fat diet', FEBS Letters, 

vol. 418, no. 1-2, pp. 200-204 

Matsui, H, Takatsu, Y, Kumano, S, Matsumoto, H & Ohtaki, T 2004, 'Peripheral 

administration of metastin induces marked gonadotropin release and ovulation in 

the rat', Biochemical and Biophysical Research Communications, vol. 320, no. 

2, pp. 383-388 



Chapter 9 – References  179 

Mayer, C & Boehm, U 2011, 'Female reproductive maturation in the absence of 

kisspeptin/GPR54 signaling', Nature Neuroscience, vol. 14, no. 6, pp. 704-710 

McAllen, RM, Tanaka, M, Ootsuka, Y & McKinley, MJ 2010, 'Multiple 

thermoregulatory effectors with independent central controls', European Journal 

of Applied Physiology, vol. 109, no. 1, pp. 27-33 

McGarry, JD & Brown, NF 1997, 'The mitochondrial carnitine palmitoyltransferase 

system. From concept to molecular analysis', The European Journal of 

Biochemistry, vol. 244, no. 1, pp. 1-14 

Mehlem, A, Hagberg, CE, Muhl, L, Eriksson, U & Falkevall, A 2013, 'Imaging of 

neutral lipids by oil red O for analyzing the metabolic status in health and 

disease', Nature Protocols, vol. 8, no. 6, pp. 1149-1154 

Mei, S, Yang, X, Guo, H, Gu, H, Zha, L, Cai, J, Li, X, Liu, Z, Bennett, BJ, et al. 2014, 

'A Small Amount of Dietary Carbohydrate Can Promote the HFD-Induced 

Insulin Resistance to a Maximal Level', PLOS ONE, vol. 9, no. 7, 

doi:10.1371/journal.pone.0100875 

Memon, RA, Hotamisligil, GS, Wiesbrock, SM, Uysal, KT, Faggioni, R, Moser, AH, 

Feingold, KR & Grunfeld, C 2000, 'Upregulation of uncoupling protein 2 

mRNA in genetic obesity: Lack of an essential role for leptin, hyperphagia, 

increased tissue lipid content, and TNF-α', Biochimica et Biophysica Acta - 

Molecular and Cell Biology of Lipids, vol. 1484, no. 1, pp. 41-50 

Merrill, GF, Kurth, EJ, Hardie, DG & Winder, WW 1997, 'AICA riboside increases 

AMP-activated protein kinase, fatty acid oxidation, and glucose uptake in rat 

muscle', American Journal of Physiology, vol. 273, no. 6 Pt 1, pp. E1107-1112 

Messager, S, Chatzidaki, EE, Ma, D, Hendrick, AG, Zahn, D, Dixon, J, Thresher, RR, 

Malinge, I, Lomet, D, et al. 2005, 'Kisspeptin directly stimulates gonadotropin-

releasing hormone release via G protein-coupled receptor 54', Proceedings of the 

National Academy of Sciences of the United States of America, vol. 102, no. 5, 

pp. 1761-1766 

Mihaylova, MM & Shaw, RJ 2011, 'The AMPK signalling pathway coordinates cell 

growth, autophagy and metabolism', Nature Cell Biology, vol. 13, no. 9, pp. 

1016-23 

Min, L, Soltis, K, Reis, ACS, Xu, S, Kuohung, W, Jain, M, Carroll, RS & Kaiser, UB 

2014, 'Dynamic kisspeptin receptor trafficking modulates kisspeptin-mediated 

calcium signaling', Molecular Endocrinology, vol. 28, no. 1, pp. 16-27 



Chapter 9 – References  180 

Mittelman-Smith, MA, Williams, H, Krajewski-Hall, SJ, Lai, J, Ciofi, P, McMullen, NT 

& Rance, NE 2012a, 'Arcuate kisspeptin/neurokinin B/dynorphin (KNDy) 

neurons mediate the estrogen suppression of gonadotropin secretion and body 

weight', Endocrinology, vol. 153, no. 6, pp. 2800-2812 

Mittelman-Smith, MA, Williams, H, Krajewski-Hall, SJ, McMullen, NT & Rance, NE 

2012b, 'Role for kisspeptin/neurokinin B/dynorphin (KNDy) neurons in 

cutaneous vasodilatation and the estrogen modulation of body temperature', 

Proceedings of the National Academy of Sciences of the United States of 

America, vol. 109, no. 48, pp. 19846-19851 

Mohamed-Ali, V, Pinkney, JH & Coppack, SW 1998, 'Adipose tissue as an endocrine 

and paracrine organ', International Journal of Obesity, vol. 22, no. 12, pp. 1145-

1158 

Møller, CL, Pedersen, SB, Richelsen, B, Conde-Frieboes, KW, Raun, K, Grove, KL & 

Wulff, BS 2015, 'Melanocortin agonists stimulate lipolysis in human adipose 

tissue explants but not in adipocytes', BMC Research Notes, vol. 8, no. 1, p. 559 

Morton, GJ, Cummings, DE, Baskin, DG, Barsh, GS & Schwartz, MW 2006, 'Central 

nervous system control of food intake and body weight', Nature, vol. 443, no. 

7109, pp. 289-295 

Mössenböck, K, Vegiopoulos, A, Rose, AJ, Sijmonsma, TP, Herzig, S & Schafmeier, T 

2014, 'Browning of white adipose tissue uncouples glucose uptake from insulin 

signaling', PLOS ONE, vol. 9, no. 10 

Muir, AI, Chamberlain, L, Elshourbagy, NA, Michalovich, D, Moore, DJ, Calamari, A, 

Szekeres, PG, Sarau, HM, Chambers, JK, et al. 2001, 'AXOR12, a Novel Human 

G Protein-coupled Receptor, Activated by the Peptide KiSS-1', Journal of 

Biological Chemistry, vol. 276, no. 31, pp. 28969-28975 

Murthy, MSR & Pande, SV 1987, 'Malonyl-CoA binding site and the overt carnitine 

palmitoyltransferase activity reside on the opposite sides of the outer 

mitochondrial membrane', Proceedings of the National Academy of Sciences of 

the United States of America, vol. 84, no. 2, pp. 378-382 

Musi, N, Fujii, N, Hirshman, MF, Ekberg, I, Fröberg, S, Ljungqvist, O, Thorell, A & 

Goodyear, LJ 2001, 'AMP-activated protein kinase (AMPK) is activated in 

muscle of subjects with type 2 diabetes during exercise', Diabetes, vol. 50, no. 5, 

pp. 921-927 



Chapter 9 – References  181 

Nakano, Y, Tobe, T, Choi-Miura, NH, Mazda, T & Tomita, M 1996, 'Isolation and 

characterization of GBP28, a novel gelatin-binding protein purified from human 

plasma', Journal of Biochemistry, vol. 120, no. 4, pp. 803-812 

Navarro, VM 2013, 'Interactions Between Kisspeptins and Neurokinin B', in AS 

Kauffman & JT Smith, (eds), Kisspeptin Signaling in Reproductive Biology, pp. 

325-347. Springer New York, New York, NY. 

Nedergaard, J & Cannon, B 2003, 'The 'novel' 'uncoupling' UCP2 and UCP3: What do 

they really do? Pros and cons for suggested functions', Experimental Physiology, 

vol. 88, no. 1, pp. 65-84 

Nedergaard, J, Golozoubova, V, Matthias, A, Asadi, A, Jacobsson, A & Cannon, B 

2001, 'UCP1: The only protein able to mediate adaptive non-shivering 

thermogenesis and metabolic inefficiency', Biochimica et Biophysica Acta - 

Bioenergetics, vol. 1504, no. 1, pp. 82-106 

Nègre-Salvayre, A, Hirtz, C, Carrera, G, Cazenave, R, Troly, M, Salvayre, R, Pénicaud, 

L & Casteilla, L 1997, 'A role for uncoupling protein-2 as a regulator of 

mitochondrial hydrogen peroxide generation', FASEB Journal, vol. 11, no. 10, 

pp. 809-815 

Nestor, CC, Qiu, J, Padilla, SL, Zhang, C, Bosch, MA, Fan, W, Aicher, SA, Palmiter, 

RD, Rønnekleiv, OK, et al. 2016, 'Optogenetic Stimulation of Arcuate Nucleus 

Kiss1 Neurons Reveals a Steroid-Dependent Glutamatergic Input to POMC and 

AgRP Neurons in Male Mice', Molecular Endocrinology, vol. 30, no. 6, pp. 630-

644 

Neuschwander-Tetri, BA & Caldwell, SH 2003, 'Nonalcoholic steatohepatitis: 

Summary of an AASLD Single Topic Conference', Hepatology, vol. 37, no. 5, 

pp. 1202-1219 

Nguyen, KD, Qiu, Y, Cui, X, Goh, YPS, Mwangi, J, David, T, Mukundan, L, 

Brombacher, F, Locksley, RM, et al. 2011, 'Alternatively activated macrophages 

produce catecholamines to sustain adaptive thermogenesis', Nature, vol. 480, no. 

7375, pp. 104-108 

Nicholls, DG & Locke, RM 1984, 'Thermogenic mechanisms in brown fat', 

Physiological Reviews, vol. 64, no. 1, pp. 1-64 

Nordfors, L, Hoffstedt, J, Nyberg, B, Thörne, A, Arner, P, Schalling, M & Lönnqvist, F 

1998, 'Reduced gene expression of UCP2 but not UCP3 in skeletal muscle of 

human obese subjects', Diabetologia, vol. 41, no. 8, pp. 935-939 



Chapter 9 – References  182 

Nordlie, RC, Foster, JD & Lange, AJ 1999, 'Regulation of glucose production by the 

liver', Annual Review of Nutrition, vol. 19, pp. 379-406 

Novaira, HJ, Sonko, ML, Hoffman, G, Koo, Y, Ko, C, Wolfe, A & Radovick, S 2014, 

'Disrupted kisspeptin signaling in GnRH neurons leads to hypogonadotrophic 

hypogonadism', Molecular Endocrinology, vol. 28, no. 2, pp. 225-238 

Oberkofler, H, Liu, YM, Esterbauer, H, Hell, E, Krempler, F & Patsch, W 1998, 

'Uncoupling protein-2 gene: Reduced mRNA expression in intraperitoneal 

adipose tissue of obese humans', Diabetologia, vol. 41, no. 8, pp. 940-946 

Ogata, R, Matsuzaki, T, Iwasa, T, Kiyokawa, M, Tanaka, N, Kuwahara, A, Yasui, T & 

Irahara, M 2009, 'Hypothalamic Ghrelin suppresses pulsatile secretion of 

luteinizing hormone via beta-endorphin in ovariectomized rats', 

Neuroendocrinology, vol. 90, no. 4, pp. 364-370 

Ohtaki, T, Shintani, Y, Honda, S, Matsumoto, H, Hori, A, Kanehashi, K, Terao, Y, 

Kumano, S, Takatsu, Y, et al. 2001, 'Metastasis suppressor gene KiSS-1 encodes 

peptide ligand of a G-protein-coupled receptor', Nature, vol. 411, no. 6837, pp. 

613-617 

Pan, D, Mao, C, Zou, T, Yao, AY, Cooper, MP, Boyartchuk, V & Wang, YX 2012, 'The 

histone demethylase Jhdm1a regulates hepatic gluconeogenesis', PLOS Genetics, 

vol. 8, no. 6, doi:10.1371/journal.pgen.1002761 

Pasquali, R, Patton, L & Gambineri, A 2007, 'Obesity and infertility', Current Opinion 

in Endocrinology, Diabetes and Obesity, vol. 14, no. 6, pp. 482-487 

Patel, HR, Qi, Y, Hawkins, EJ, Hileman, SM, Elmquist, JK, Imai, Y & Ahima, RS 

2006, 'Neuropeptide Y deficiency attenuates responses to fasting and high-fat 

diet in obesity-prone mice', Diabetes, vol. 55, no. 11, pp. 3091-3098 

Patterson, M, Murphy, KG, Thompson, EL, Patel, S, Ghatei, MA & Bloom, SR 2006, 

'Administration of kisspeptin-54 into discrete regions of the hypothalamus 

potently increases plasma luteinising hormone and testosterone in male adult 

rats', Journal of Neuroendocrinology, vol. 18, no. 5, pp. 349-354 

Patti, ME & Corvera, S 2010, 'The role of mitochondria in the pathogenesis of type 2 

diabetes', Endocrine Reviews, vol. 31, no. 3, pp. 364-395 

Pecqueur, C, Bui, T, Gelly, C, Hauchard, J, Barbot, C, Bouillaud, F, Ricquier, D, 

Miroux, B & Thompson, CB 2008, 'Uncoupling protein-2 controls proliferation 

by promoting fatty acid oxidation and limiting glycolysis-derived pyruvate 

utilization', FASEB Journal, vol. 22, no. 1, pp. 9-18 



Chapter 9 – References  183 

Perello, M, Scott, MM, Sakata, I, Lee, CE, Chuang, JC, Osborne-Lawrence, S, 

Rovinsky, SA, Elmquist, JK & Zigman, JM 2012, 'Functional implications of 

limited leptin receptor and ghrelin receptor coexpression in the brain', Journal of 

Comparative Neurology, vol. 520, no. 2, pp. 281-294 

Perriello, G, Pampanelli, S, Del Sindaco, P, Lalli, C, Ciofetta, M, Volpi, E, Santeusanio, 

F, Brunetti, P & Bolli, GB 1997, 'Evidence of increased systemic glucose 

production and gluconeogenesis in an early stage of NIDDM', Diabetes, vol. 46, 

no. 6, pp. 1010-1016 

Pielecka-Fortuna, J, Chu, Z & Moenter, SM 2008, 'Kisspeptin acts directly and 

indirectly to increase gonadotropin-releasing hormone neuron activity and its 

effects are modulated by estradiol', Endocrinology, vol. 149, no. 4, pp. 1979-

1986 

Pilkis, SJ & Granner, DK 1992, 'Molecular physiology of the regulation of hepatic 

gluconeogenesis and glycolysis', Annual Review of Physiology, vol. 54, pp. 885-

909 

Poling, MC, Shieh, MP, Munaganuru, N, Luo, E & Kauffman, AS 2014, 'Examination 

of the influence of leptin and acute metabolic challenge on RFRP-3 neurons of 

mice in development and adulthood', Neuroendocrinology, vol. 100, no. 4, pp. 

317-333 

Pompolo, S, Pereira, A, Estrada, KM & Clarke, IJ 2006, 'Colocalization of kisspeptin 

and gonadotropin-releasing hormone in the ovine brain', Endocrinology, vol. 

147, no. 2, pp. 804-810 

Popa, C, Netea, MG, van Riel, PL, van der Meer, JW & Stalenhoef, AF 2007, 'The role 

of TNF-alpha in chronic inflammatory conditions, intermediary metabolism, and 

cardiovascular risk', Journal of Lipid Research, vol. 48, no. 4, pp. 751-762 

Popa, SM, Moriyama, RM, Caligioni, CS, Yang, JJ, Cho, CM, Concepcion, TL, Oakley, 

AE, Lee, IH, Sanz, E, et al. 2013, 'Redundancy in kiss1 expression safeguards 

reproduction in the mouse', Endocrinology, vol. 154, no. 8, pp. 2784-2794 

Price, NT, Jackson, VN, van der Leij, FR, Cameron, JM, Travers, MT, Bartelds, B, 

Huijkman, NC & Zammit, VA 2003, 'Cloning and expression of the liver and 

muscle isoforms of ovine carnitine palmitoyltransferase 1: residues within the 

N-terminus of the muscle isoform influence the kinetic properties of the 

enzyme', Biochemical Journal, vol. 372, no. Pt 3, pp. 871-879 

Pruszynska-Oszmalek, E, Kolodziejski, PA, Sassek, M & Sliwowska, JH 2017, 

'Kisspeptin-10 inhibits proliferation and regulates lipolysis and lipogenesis 



Chapter 9 – References  184 

processes in 3T3-L1 cells and isolated rat adipocytes', Endocrine, vol. 56, no. 1, 

doi:10.1007/s12020-017-1248-y 

Qiu, J, Fang, Y, Bosch, MA, Ronnekleiv, OK & Kelly, MJ 2011, 'Guinea pig kisspeptin 

neurons are depolarized by leptin via activation of TRPC channels', 

Endocrinology, vol. 152, no. 4, pp. 1503-1514 

Qiu, X, Dowling, AR, Marino, JS, Faulkner, LD, Bryant, B, Bruning, JC, Elias, CF & 

Hill, JW 2013, 'Delayed puberty but normal fertility in mice with selective 

deletion of insulin receptors from Kiss1 cells', Endocrinology, vol. 154, no. 3, 

pp. 1337-1348 

Qiu, Y, Nguyen, KD, Odegaard, JI, Cui, X, Tian, X, Locksley, RM, Palmiter, RD & 

Chawla, A 2014, 'Eosinophils and type 2 cytokine signaling in macrophages 

orchestrate development of functional beige fat', Cell, vol. 157, no. 6, pp. 1292-

1308 

Quennell, JH, Howell, CS, Roa, J, Augustine, RA, Grattan, DR & Anderson, GM 2011, 

'Leptin deficiency and diet-induced obesity reduce hypothalamic kisspeptin 

expression in mice', Endocrinology, vol. 152, no. 4, pp. 1541-1550 

Quennell, JH, Mulligan, AC, Tups, A, Liu, X, Phipps, SJ, Kemp, CJ, Herbison, AE, 

Grattan, DR & Anderson, GM 2009, 'Leptin indirectly regulates gonadotropin-

releasing hormone neuronal function', Endocrinology, vol. 150, no. 6, pp. 2805-

2812 

Ramaiah, A, Hathaway, JA & Atkinson, DE 1964, 'Adenylate as a Metabolic Regulator. 

Effect of Yeast Phosphofructokinase Kinetics', Journal of Biological Chemistry, 

vol. 239, pp. 3619-3622 

Rasmussen, BB & Winder, WW 1997, 'Effect of exercise intensity on skeletal muscle 

malonyl-CoA and acetyl-CoA carboxylase', Journal of Applied Physiology, vol. 

83, no. 4, pp. 1104-1109 

Ribas, V, Drew, BG, Zhou, Z, Phun, J, Kalajian, NY, Soleymani, T, Daraei, P, Widjaja, 

K, Wanagat, J, et al. 2016, 'Skeletal muscle action of estrogen receptor  is 

critical for the maintenance of mitochondrial function and metabolic 

homeostasis in females', Science Translational Medicine, vol. 8, no. 334, 

doi:10.1126/scitranslmed.aad3815 

Ricquier, D 2011, 'Uncoupling protein 1 of brown adipocytes, the only uncoupler: a 

historical perspective', Frontiers in Endocrinology, vol. 2, 

doi:10.3389/fendo.2011.00085 



Chapter 9 – References  185 

Roa, J, Garcia-Galiano, D, Varela, L, Sánchez-Garrido, MA, Pineda, R, Castellano, JM, 

Ruiz-Pino, F, Romero, M, Aguilar, E, et al. 2009, 'The mammalian target of 

rapamycin as novel central regulator of puberty onset via modulation of 

hypothalamic Kiss1 system', Endocrinology, vol. 150, no. 11, pp. 5016-5026 

Roa, J & Herbison, AE 2012, 'Direct regulation of GnRH neuron excitability by arcuate 

nucleus POMC and NPY neuron neuropeptides in female mice', Endocrinology, 

vol. 153, no. 11, pp. 5587-5599 

Roach, WG, Chavez, JA, Mîinea, CP & Lienhard, GE 2007, 'Substrate specificity and 

effect on GLUT4 translocation of the Rab GTPase-activating protein Tbc1d1', 

Biochemical Journal, vol. 403, no. 2, pp. 353-358 

Roberts, PJ & Der, CJ 2007, 'Targeting the Raf-MEK-ERK mitogen-activated protein 

kinase cascade for the treatment of cancer', Oncogene, vol. 26, no. 22, pp. 3291-

3310 

Rogers, J & Mitchell Jr, GW 1952, 'The relation of obesity to menstrual disturbances', 

New England Journal of Medicine, vol. 247, no. 2, pp. 53-55 

Rothwell, NJ & Stock, MJ 1979, 'A role for brown adipose tissue in diet-induced 

thermogenesis', Nature, vol. 281, no. 5726, pp. 31-35 

Rousset, S, Alves-Guerra, M-C, Mozo, J, Miroux, B, Cassard-Doulcier, A-M, 

Bouillaud, F & Ricquier, D 2004, 'The Biology of Mitochondrial Uncoupling 

Proteins', Diabetes, vol. 53, no. Suppl 1, doi:10.2337/diabetes.53.2007.S130 

Ruderman, NB, Saha, AK, Vavvas, D & Witters, LA 1999, 'Malonyl-CoA, fuel sensing, 

and insulin resistance', American Journal of Physiology - Endocrinology and 

Metabolism, vol. 276, no. 1 pp. E1-E18 

Sakamoto, K & Holman, GD 2008, 'Emerging role for AS160/TBC1D4 and TBC1D1 in 

the regulation of GLUT4 traffic', American Journal of Physiology - 

Endocrinology and Metabolism, vol. 295, no. 1, pp. E29-E37 

Sakurai, H, Dobbs, RE & Unger, RH 1975, 'The role of glucagon in the pathogenesis of 

the endogenous hyperglycemia of diabetes mellitus', Metabolism, vol. 24, no. 

11, pp. 1287-1297 

Samec, S, Seydoux, J & Dulloo, AG 1999, 'Skeletal muscle UCP3 and UCP2 gene 

expression in response to inhibition of free fatty acid flux through mitochondrial 

β-oxidation', Pflügers Archive European Journal of Physiology, vol. 438, no. 4, 

pp. 452-457 



Chapter 9 – References  186 

Sanz, E, Quintana, A, Deem, JD, Steiner, RA, Palmiter, RD & McKnight, GS 2015, 

'Fertility-regulating kiss1 neurons arise from hypothalamic pomc-expressing 

progenitors', Journal of Neuroscience, vol. 35, no. 14, pp. 5549-5556 

Scherer, PE, Williams, S, Fogliano, M, Baldini, G & Lodish, HF 1995, 'A novel serum 

protein similar to C1q, produced exclusively in adipocytes', Journal of 

Biological Chemistry, vol. 270, no. 45, pp. 26746-26749 

Schrauwen, P & Hesselink, M 2002, 'UCP2 and UCP3 in muscle controlling body 

metabolism', Journal of Experimental Biology, vol. 205, no. 15, pp. 2275-2285 

Schrauwen, P, Hesselink, MKC, Blaak, EE, Borghouts, LB, Schaart, G, Saris, WHM & 

Keizer, HA 2001a, 'Uncoupling protein 3 content is decreased in skeletal muscle 

of patients with type 2 diabetes', Diabetes, vol. 50, no. 12, pp. 2870-2873 

Schrauwen, P, Hoppeler, H, Billeter, R, Bakker, AH & Pendergast, DR 2001b, 'Fiber 

type dependent upregulation of human skeletal muscle UCP2 and UCP3 mRNA 

expression by high-fat diet', International Journal of Obesity and Related 

Metabolic Disorders - Journal of the International Association for the Study of 

Obesity, vol. 25, no. 4, pp. 449-456 

Schwartz, MW, Figlewicz, DP, Baskin, DG, Woods, SC & Porte, D, Jr. 1992, 'Insulin in 

the brain: a hormonal regulator of energy balance', Endocrine Reviews, vol. 13, 

no. 3, pp. 387-414 

Schwartz, MW, Seeley, RJ, Woods, SC, Weigle, DS, Campfield, LA, Burn, P & Baskin, 

DG 1997, 'Leptin increases hypothalamic pro-opiomelanocortin mRNA 

expression in the rostral arcuate nucleus', Diabetes, vol. 46, no. 12, pp. 2119-

2123 

Seminara, SB, Dipietro, MJ, Ramaswamy, S, Crowley, WF, Jr. & Plant, TM 2006, 

'Continuous human metastin 45-54 infusion desensitizes G protein-coupled 

receptor 54-induced gonadotropin-releasing hormone release monitored 

indirectly in the juvenile male Rhesus monkey (Macaca mulatta): a finding with 

therapeutic implications', Endocrinology, vol. 147, no. 5, pp. 2122-2126 

Seminara, SB, Messager, S, Chatzidaki, EE, Thresher, RR, Acierno Jr, JS, Shagoury, 

JK, Bo-Abbas, Y, Kuohung, W, Schwinof, KM, et al. 2003, 'The GPR54 Gene 

as a Regulator of Puberty', New England Journal of Medicine, vol. 349, no. 17, 

pp. 1614-1627 

Shahab, M, Mastronardi, C, Seminara, SB, Crowley, WF, Ojeda, SR & Plant, TM 2005, 

'Increased hypothalamic GPR54 signaling: A potential mechanism for initiation 



Chapter 9 – References  187 

of puberty in primates', Proceedings of the National Academy of Sciences of the 

United States of America, vol. 102, no. 6, pp. 2129-2134 

Shaw, RJ, Kosmatka, M, Bardeesy, N, Hurley, RL, Witters, LA, DePinho, RA & 

Cantley, LC 2004, 'The tumor suppressor LKB1 kinase directly activates AMP-

activated kinase and regulates apoptosis in response to energy stress', 

Proceedings of the National Academy of Sciences of the United States of 

America, vol. 101, no. 10, pp. 3329-3335 

Shi, H, Seeley, RJ & Clegg, DJ 2009, 'Sexual differences in the control of energy 

homeostasis', Frontiers of Neuroendocrinology, vol. 30, no. 3, pp. 396-404 

Silvestre, RA, Egido, EM, Hernández, R & Marco, J 2008, 'Kisspeptin-13 inhibits 

insulin secretion without affecting glucagon or somatostatin release: Study in the 

perfused rat pancreas', Journal of Endocrinology, vol. 196, no. 2, pp. 283-290 

Simerly, RB 2002, 'Wired for reproduction: organization and development of sexually 

dimorphic circuits in the mammalian forebrain', Annual Review of Neuroscience, 

vol. 25, pp. 507-536 

Sinchak, K & Wagner, EJ 2012, 'Estradiol signaling in the regulation of reproduction 

and energy balance', Frontiers of Neuroendocrinology, vol. 33, no. 4, pp. 342-

363 

Small, CJ, Stanley, SA & Bloom, SR 2002, 'Appetite control and reproduction: leptin 

and beyond', Seminars in Reproductive Medicine, vol. 20, no. 4, pp. 389-398 

Smith, JT 2013, 'Sex steroid regulation of kisspeptin circuits', Advances in Experimental 

Medicine and Biology, vol. 784, pp. 275-295 

Smith, JT, Acohido, BV, Clifton, DK & Steiner, RA 2006a, 'KiSS-1 neurones are direct 

targets for leptin in the ob/ob mouse', Journal of Neuroendocrinology, vol. 18, 

no. 4, pp. 298-303 

Smith, JT, Clay, CM, Caraty, A & Clarke, IJ 2007, 'KiSS-1 messenger ribonucleic acid 

expression in the hypothalamus of the ewe is regulated by sex steroids and 

season', Endocrinology, vol. 148, no. 3, pp. 1150-1157 

Smith, JT, Coolen, LM, Kriegsfeld, LJ, Sari, IP, Jaafarzadehshirazi, MR, Maltby, M, 

Bateman, K, Goodman, RL, Tilbrook, AJ, et al. 2008, 'Variation in kisspeptin 

and RFamide-related peptide (RFRP) expression and terminal connections to 

gonadotropin-releasing hormone neurons in the brain: A novel medium for 

seasonal breeding in the sheep', Endocrinology, vol. 149, no. 11, pp. 5770-5782 



Chapter 9 – References  188 

Smith, JT, Cunningham, MJ, Rissman, EF, Clifton, DK & Steiner, RA 2005a, 

'Regulation of Kiss1 gene expression in the brain of the female mouse', 

Endocrinology, vol. 146, no. 9, pp. 3686-3692 

Smith, JT, Dungan, HM, Stoll, EA, Gottsch, ML, Braun, RE, Eacker, SM, Clifton, DK 

& Steiner, RA 2005b, 'Differential regulation of KiSS-1 mRNA expression by 

sex steroids in the brain of the male mouse', Endocrinology, vol. 146, no. 7, pp. 

2976-2984 

Smith, JT, Li, Q, Pereira, A & Clarke, IJ 2009, 'Kisspeptin neurons in the ovine arcuate 

nucleus and preoptic area are involved in the preovulatory luteinizing hormone 

surge', Endocrinology, vol. 150, no. 12, pp. 5530-5538 

Smith, JT, Li, Q, Yap, KS, Shahab, M, Roseweir, AK, Millar, RP & Clarke, IJ 2011, 

'Kisspeptin is essential for the full preovulatory LH surge and stimulates GnRH 

release from the isolated ovine median eminence', Endocrinology, vol. 152, no. 

3, pp. 1001-1012 

Smith, JT, Popa, SM, Clifton, DK, Hoffman, GE & Steiner, RA 2006b, 'Kiss1 neurons 

in the forebrain as central processors for generating the preovulatory luteinizing 

hormone surge', Journal of Neuroscience, vol. 26, no. 25, pp. 6687-6694 

Smith, JT, Reichenbach, A, Lemus, M, Mani, BK, Zigman, JM & Andrews, ZB 2013, 

'An eGFP-expressing subpopulation of growth hormone secretagogue receptor 

cells are distinct from kisspeptin, tyrosine hydroxylase, and RFamide-related 

peptide neurons in mice', Peptides, vol. 47, pp. 45-53 

Smith, JT, Shahab, M, Pereira, A, Pau, KYF & Clarke, IJ 2010, 'Hypothalamic 

expression of KISS1 and gonadotropin inhibitory hormone genes during the 

menstrual cycle of a non-human primate', Biology of Reproduction, vol. 83, no. 

4, pp. 568-577 

Söllner, TH 2007, 'Lipid droplets highjack SNAREs', Nature Cell Biology, vol. 9, no. 

11, pp. 1219-1220 

Song, CK, Jackson, RM, Harris, RBS, Richard, D & Bartness, TJ 2005, 'Melanocortin-4 

receptor mRNA is expressed in sympathetic nervous system outflow neurons to 

white adipose tissue', American Journal of Physiology - Regulatory Integrative 

and Comparative Physiology, vol. 289, no. 5 58-5, pp. R1467-R1476 

Song, S, Andrikopoulos, S, Filippis, C, Thorburn, AW, Khan, D & Proietto, J 2001, 

'Mechanism of fat-induced hepatic gluconeogenesis: effect of metformin', 

American Journal of Physiology - Endocrinology and Metabolism, vol. 281, no. 

2, pp. E275-E282 



Chapter 9 – References  189 

Song, WJ, Mondal, P, Wolfe, A, Alonso, LC, Stamateris, R, Ong, BWT, Lim, OC, 

Yang, KS, Radovick, S, et al. 2014, 'Glucagon regulates hepatic kisspeptin to 

impair insulin secretion', Cell Metabolism, vol. 19, no. 4, pp. 667-681 

Spiegelman, BM & Flier, JS 1996, 'Adipogenesis and obesity: Rounding out the big 

picture', Cell, vol. 87, no. 3, pp. 377-389 

Sriwijitkamol, A, Ivy, JL, Christ-Roberts, C, DeFronzo, RA, Mandarino, LJ & Musi, N 

2006, 'LKB1-AMPK signaling in muscle from obese insulin-resistant Zucker 

rats and effects of training', American Journal of Physiology - Endocrinology 

and Metabolism, vol. 290, no. 5, pp. E925-E932 

Stapleton, D, Mitchelhill, KI, Gao, G, Widmer, J, Michell, BJ, Teh, T, House, CM, 

Fernandez, CS, Cox, T, et al. 1996, 'Mammalian AMP-activated protein kinase 

subfamily', Journal of Biological Chemistry, vol. 271, no. 2, pp. 611-614 

Staron, RS, Hagerman, FC, Hikida, RS, Murray, TF, Hostler, DP, Crill, MT, Ragg, KE 

& Toma, K 2000, 'Fiber type composition of the vastus lateralis muscle of young 

men and women', Journal of Histochemistry and Cytochemistry, vol. 48, no. 5, 

pp. 623-629 

Stefanidis, A, Wiedmann, NM, Tyagi, S, Allen, AM, Watt, MJ & Oldfield, BJ 2018, 

'Insights into the neurochemical signature of the Innervation of Beige Fat', 

Molecular Metabolism, doi:10.1016/j.molmet.2018.01.024 

Stein, SC, Woods, A, Jones, NA, Davison, MD & Carling, D 2000, 'The regulation of 

AMP-activated protein kinase by phosphorylation', Biochemical Journal, vol. 

345, no. pt 3, pp. 437-443 

Steinberg, GR & Kemp, BE 2009, 'AMPK in Health and Disease', Physiological 

Reviews, vol. 89, no. 3, pp. 1025-1078 

Steinberg, GR, Michell, BJ, van Denderen, BJW, Watt, MJ, Carey, AL, Fam, BC, 

Andrikopoulos, S, Proietto, J, Görgün, CZ, et al. 2006, 'Tumor necrosis factor α-

induced skeletal muscle insulin resistance involves suppression of AMP-kinase 

signaling', Cell Metabolism, vol. 4, no. 6, pp. 465-474 

Steinberg, GR, Smith, AC, Van Denderen, BJW, Chen, Z, Murthy, S, Campbell, DJ, 

Heigenhauser, GJF, Dyck, DJ & Kemp, BE 2004, 'AMP-activated protein kinase 

is not down-regulated in human skeletal muscle of obese females', Journal of 

Clinical Endocrinology and Metabolism, vol. 89, no. 9, pp. 4575-4580 

Steiner, DF, Cunningham, D, Spigelman, L & Aten, B 1967, 'Insulin biosynthesis: 

Evidence for a precursor', Science, vol. 157, no. 3789, pp. 697-700 



Chapter 9 – References  190 

Stengel, A, Wang, L, Goebel-Stengel, M & Tache, Y 2011, 'Centrally injected 

kisspeptin reduces food intake by increasing meal intervals in mice', 

Neuroreport, vol. 22, no. 5, pp. 253-257 

Strissel, KJ, Stancheva, Z, Miyoshi, H, Perfield Ii, JW, DeFuria, J, Jick, Z, Greenberg, 

AS & Obin, MS 2007, 'Adipocyte death, adipose tissue remodeling, and obesity 

complications', Diabetes, vol. 56, no. 12, pp. 2910-2918 

Sun, Y, Ahmed, S & Smith, RG 2003, 'Deletion of Ghrelin Impairs neither Growth nor 

Appetite', Molecular and Cellular Biology, vol. 23, no. 22, pp. 7973-7981 

Surwit, RS, Kuhn, CM, Cochrane, C, McCubbin, JA & Feinglos, MN 1988, 'Diet-

induced type II diabetes in C57BL/6J mice', Diabetes, vol. 37, no. 9, pp. 1163-

1167 

Surwit, RS, Wang, S, Petro, AE, Sanchis, D, Raimbault, S, Ricquier, D & Collins, S 

1998, 'Diet-induced changes in uncoupling proteins in obesity-prone and 

obesity-resistant strains of mice', Proceedings of the National Academy of 

Sciences of the United States of America, vol. 95, no. 7, pp. 4061-4065 

Szymanski, LA, Schneider, JE, Friedman, MI, Ji, H, Kurose, Y, Blache, D, Rao, A, 

Dunshea, FR & Clarke, IJ 2007, 'Changes in insulin, glucose and ketone bodies, 

but not leptin or body fat content precede restoration of luteinising hormone 

secretion in ewes', Journal of Neuroendocrinology, vol. 19, no. 6, pp. 449-460 

Takata, K, Kasahara, T, Kasahara, M, Ezaki, O & Hirano, H 1990, 

'Erythrocyte/HEPG2-type glucose transporter is concentrated in cells of blood-

tissue barriers', Biochemical and Biophysical Research Communications, vol. 

173, no. 1, pp. 67-73 

Tariq, AR, Shahab, M, Clarke, IJ, Pereira, A, Smith, JT, Khan, SUH, Sultan, J, Javed, S 

& Anwar, T 2013, 'Kiss1 and Kiss1 receptor expression in the rhesus monkey 

testis: A possible local regulator of testicular function', Central European 

Journal of Biology, vol. 8, no. 10, pp. 968-974 

Tena-Sempere, M 2007, 'Roles of ghrelin and leptin in the control of reproductive 

function', Neuroendocrinology, vol. 86, no. 3, pp. 229-241 

Terao, Y, Kumano, S, Takatsu, Y, Hattori, M, Nishimura, A, Ohtaki, T & Shintani, Y 

2004, 'Expression of KiSS-1, a metastasis suppressor gene, in trophoblast giant 

cells of the rat placenta', Biochimica et Biophysica Acta - Gene Structure and 

Expression, vol. 1678, no. 2-3, pp. 102-110 

Thermal Commission, I 2001, 'Glossary of terms for thermal physiology. Third edition. 

Revised by The Commission for Thermal Physiology of the International Union 



Chapter 9 – References  191 

of Physiological Sciences (IUPS Thermal Commission)', Japan Journal of 

Physiology, vol. 51, pp. 245-280 

Thomas, GB, Mercer, JE, Karalis, T, Rao, A, Cummins, JT & Clarke, IJ 1990, 'Effect of 

restricted feeding on the concentrations of growth hormone (GH), 

gonadotropins, and prolactin (PRL) in plasma, and on the amounts of messenger 

ribonucleic acid for GH, gonadotropin subunits, and PRL in the pituitary glands 

of adult ovariectomized ewes', Endocrinology, vol. 126, no. 3, pp. 1361-1367 

Tolson, KP, Garcia, C, Delgado, I, Marooki, N & Kauffman, AS 2016, 'Metabolism and 

energy expenditure, but not feeding or glucose tolerance, are impaired in young 

Kiss1r KO female mice', Endocrinology, doi:10.1210/en.2016-1501 

Tolson, KP, Garcia, C, Yen, S, Simonds, S, Stefanidis, A, Lawrence, A, Smith, JT & 

Kauffman, AS 2014, 'Impaired kisspeptin signaling decreases metabolism and 

promotes glucose intolerance and obesity', Journal of Clinical Investigation, vol. 

124, no. 7, pp. 3075-3079 

Tomas, E, Tsao, T-S, Saha, AK, Murrey, HE, Zhang, Cc, Itani, SI, Lodish, HF & 

Ruderman, NB 2002, 'Enhanced muscle fat oxidation and glucose transport by 

ACRP30 globular domain: Acetyl–CoA carboxylase inhibition and AMP-

activated protein kinase activation', Proceedings of the National Academy of 

Sciences of the United States of America, vol. 99, no. 25, pp. 16309-16313 

Tortoriello, DV, McMinn, J & Chua, SC 2004, 'Dietary-induced obesity and 

hypothalamic infertility in female DBA/2J mice', Endocrinology, vol. 145, no. 3, 

pp. 1238-1247 

Trayhurn, P, Thurlby, PL, Woodward, CJH & James, WPT 1979, 'Thermoregulation in 

genetically obese rodents: the relationship to metabolic efficiency', in MFW 

Festing, (ed) Animal Models of Obesity, pp. 191-203. Palgrave Macmillan UK, 

London. 

True, C, Kirigiti, MA, Kievit, P, Grove, KL & Smith, MS 2011, 'Leptin is not the 

critical signal for kisspeptin or luteinising hormone restoration during exit from 

negative energy balance', Journal of Neuroendocrinology, vol. 23, no. 11, pp. 

1099-1112 

True, C, Verma, S, Grove, KL & Smith, MS 2013, 'Cocaine- and amphetamine-

regulated transcript is a potent stimulator of gnrh and kisspeptin cells and may 

contribute to negative energy balance-induced reproductive inhibition in 

females', Endocrinology, vol. 154, no. 8, pp. 2821-2832 



Chapter 9 – References  192 

Tschop, M, Smiley, DL & Heiman, ML 2000, 'Ghrelin induces adiposity in rodents', 

Nature, vol. 407, no. 6806, pp. 908-913 

Tschöp, M, Weyer, C, Tataranni, PA, Devanarayan, V, Ravussin, E & Heiman, ML 

2001, 'Circulating ghrelin levels are decreased in human obesity', Diabetes, vol. 

50, no. 4, pp. 707-709 

Tung, YC, Piper, SJ, Yeung, D, O'Rahilly, S & Coll, AP 2006, 'A comparative study of 

the central effects of specific proopiomelancortin (POMC)-derived melanocortin 

peptides on food intake and body weight in pomc null mice', Endocrinology, vol. 

147, no. 12, pp. 5940-7 

Valera, A, Pujol, A, Pelegrin, M & Bosch, F 1994, 'Transgenic mice overexpressing 

phosphoenolpyruvate carboxykinase develop non-insulin-dependent diabetes 

mellitus', Proceedings of the National Academy of Sciences of the United States 

of America, vol. 91, no. 19, pp. 9151-9154 

Vandesompele, J, De Preter, K, Pattyn, F, Poppe, B, Van Roy, N, De Paepe, A & 

Speleman, F 2002, 'Accurate normalization of real-time quantitative RT-PCR 

data by geometric averaging of multiple internal control genes', Genome Biol, 

vol. 3, no. 7, doi:10.1186/gb-2002-3-7-research0034 

Varela, L & Horvath, TL 2012, 'Leptin and insulin pathways in POMC and AgRP 

neurons that modulate energy balance and glucose homeostasis', EMBO Reports, 

vol. 13, no. 12, doi:10.1038/embor.2012.174 

Verhoeven, AJ, Woods, A, Brennan, CH, Hawley, SA, Hardie, DG, Scott, J, Beri, RK 

& Carling, D 1995, 'The AMP-activated protein kinase gene is highly expressed 

in rat skeletal muscle. Alternative splicing and tissue distribution of the mRNA', 

The European Journal of Biochemistry, vol. 228, no. 2, pp. 236-243 

Verty, ANA, Allen, AM & Oldfield, BJ 2009, 'The effects of rimonabant on brown 

adipose tissue in rat: Implications for energy expenditure', Obesity, vol. 17, no. 

2, pp. 254-261 

Vihko, V, Salminen, A & Rantamäki, J 1978, 'Acid hydrolase activity in red and white 

skeletal muscle of mice during a two-week period following exhausting 

exercise', Pflügers Archive European Journal of Physiology, vol. 378, no. 2, pp. 

99-106 

Vikman, J & Ahrén, B 2009, 'Inhibitory effect of kisspeptins on insulin secretion from 

isolated mouse islets', Diabetes, Obesity and Metabolism, vol. 11, no. Suppl. 4, 

pp. 197-201 



Chapter 9 – References  193 

Vockley, J & Whiteman, DAH 2002, 'Defects of mitochondrial β-oxidation: A growing 

group of disorders', Neuromuscular Disorders, vol. 12, no. 3, pp. 235-246 

Vrang, N, Kristensen, P, Tang-Christensen, M & Larsen, PJ 2002, 'Effects of leptin on 

arcuate pro-opiomelanocortin and cocaine-amphetamine-regulated transcript 

expression are independent of circulating levels of corticosterone', Journal of 

Neuroendocrinology, vol. 14, no. 11, pp. 880-886 

Wahab, F, Atika, B, Shahab, M & Behr, R 2016, 'Kisspeptin signalling in the 

physiology and pathophysiology of the urogenital system', Nature Reviews 

Urology, vol. 13, no. 1, pp. 21-32 

Wahab, F, Bano, R, Jabeen, S, Irfan, S & Shahab, M 2010, 'Effect of peripheral 

kisspeptin administration on adiponectin, leptin, and resistin secretion under fed 

and fasting conditions in the adult male rhesus monkey (Macaca mulatta)', 

Hormone and Metabolic Research, vol. 42, no. 8, pp. 570-574 

Wahren, J, Sato, Y & Ostman, J 1984, 'Turnover and splanchnic metabolism of free 

fatty acids and ketones in insulin-dependent diabetics at rest and in response to 

exercise', Journal of Clinical Investigation, vol. 73, no. 5, pp. 1362-1376 

Waldeck-Weiermair, M, Malli, R, Naghdi, S, Trenker, M, Kahn, MJ & Graier, WF 

2010, 'The contribution of UCP2 and UCP3 to mitochondrial Ca2+ uptake is 

differentially determined by the source of supplied Ca2+', Cell Calcium, vol. 47, 

no. 5, pp. 433-440 

Wallace, JC & Barritt, GJ 2001, 'Gluconeogenesis',  Encyclopedia of Life Sciences. John 

Wiley & Sons, Ltd. 

Watt, MJ, Dzamko, N, Thomas, WG, Rose-John, S, Ernst, M, Carling, D, Kemp, BE, 

Febbraio, MA & Steinberg, GR 2006, 'CNTF reverses obesity-induced insulin 

resistance by activating skeletal muscle AMPK', Nature Medicine, vol. 12, no. 5, 

pp. 541-548 

Weigle, DS, Selfridge, LE, Schwartz, MW, Seeley, RJ, Cummings, DE, Havel, PJ, 

Kuijper, JL & BeltrandelRio, H 1998, 'Elevated free fatty acids induce 

uncoupling protein 3 expression in muscle: A potential explanation for the effect 

of fasting', Diabetes, vol. 47, no. 2, pp. 298-302 

Weyer, C, Funahashi, T, Tanaka, S, Hotta, K, Matsuzawa, Y, Pratley, RE & Tataranni, 

PA 2001, 'Hypoadiponectinemia in obesity and type 2 diabetes: close association 

with insulin resistance and hyperinsulinemia', Journal of Clinical Endocrinology 

and Metabolism, vol. 86, no. 5, pp. 1930-1935 



Chapter 9 – References  194 

White, CL, Whittington, A, Barnes, MJ, Wang, Z, Bray, GA & Morrison, CD 2009, 'HF 

diets increase hypothalamic PTP1B and induce leptin resistance through both 

leptin-dependent and -independent mechanisms', American Journal of 

Physiology - Endocrinology and Metabolism, vol. 296, no. 2, 

doi:10.1152/ajpendo.90513.2008 

Wiedmann, NM, Stefanidis, A & Oldfield, BJ 2017, 'Characterization of the central 

neural projections to brown, white, and beige adipose tissue', The FASEB 

Journal, vol. 31, no. 11, pp. 4879-4890 

Willesen, MG, Kristensen, P & Romer, J 1999, 'Co-localization of growth hormone 

secretagogue receptor and NPY mRNA in the arcuate nucleus of the rat', 

Neuroendocrinology, vol. 70, no. 5, pp. 306-316 

Winder, WW & Hardie, DG 1996, 'Inactivation of acetyl-CoA carboxylase and 

activation of AMP-activated protein kinase in muscle during exercise', American 

Journal of Physiology, vol. 270, no. 2, Pt 1, pp. E299-E304 

Winder, WW & Hardie, DG 1999, 'AMP-activated protein kinase, a metabolic master 

switch: Possible roles in Type 2 diabetes', American Journal of Physiology - 

Endocrinology and Metabolism, vol. 277, no. 1 ,40-1, pp. E1-E10 

Witczak, CA, Sharoff, CG & Goodyear, LJ 2008, 'AMP-activated protein kinase in 

skeletal muscle: from structure and localization to its role as a master regulator 

of cellular metabolism', Cellular and Molecular Life Sciences, vol. 65, no. 23, 

pp. 3737-3755 

Woods, A, Dickerson, K, Heath, R, Hong, SP, Momcilovic, M, Johnstone, SR, Carlson, 

M & Carling, D 2005, 'Ca2+/calmodulin-dependent protein kinase kinase-beta 

acts upstream of AMP-activated protein kinase in mammalian cells', Cell 

Metabolism, vol. 2, no. 1, pp. 21-33 

Woods, A, Johnstone, SR, Dickerson, K, Leiper, FC, Fryer, LGD, Neumann, D, 

Schlattner, U, Wallimann, T, Carlson, M, et al. 2003, 'LKB1 Is the Upstream 

Kinase in the AMP-Activated Protein Kinase Cascade', Current Biology, vol. 13, 

no. 22, pp. 2004-2008 

World Health Organisation 2000, 'Obesity: preventing and managing the global 

epidemic. Report of a WHO consultation', World Health Organization - 

Technical Report Series, vol. 894, pp. i-xii, 1-253 

Wu, Q, Whiddon, BB & Palmiter, RD 2012, 'Ablation of neurons expressing agouti-

related protein, but not melanin concentrating hormone, in leptin-deficient mice 



Chapter 9 – References  195 

restores metabolic functions and fertility', Proceedings of the National Academy 

of Sciences of the United States of America, vol. 109, no. 8, pp. 3155-3160 

Wu, Z, Zhang, J & Zhao, B 2009, 'Superoxide anion regulates the mitochondrial free ca 

2+ through uncoupling proteins', Antioxidants and Redox Signaling, vol. 11, no. 

8, pp. 1805-1818 

Xu, J, Kirigiti, MA, Grove, KL & Smith, MS 2009, 'Regulation of food intake and 

gonadotropin-releasing hormone/luteinizing hormone during lactation: role of 

insulin and leptin', Endocrinology, vol. 150, no. 9, pp. 4231-4240 

Xu, Y, Nedungadi, TP, Zhu, L, Sobhani, N, Irani, BG, Davis, KE, Zhang, X, Zou, F, 

Gent, LM, et al. 2011, 'Distinct hypothalamic neurons mediate estrogenic effects 

on energy homeostasis and reproduction', Cell Metabolism, vol. 14, no. 4, pp. 

453-465 

Yamauchi, T, Kamon, J, Ito, Y, Tsuchida, A, Yokomizo, T, Kita, S, Sugiyama, T, 

Miyagishi, M, Hara, K, et al. 2003a, 'Cloning of adiponectin receptors that 

mediate antidiabetic metabolic effects', Nature, vol. 423, no. 6941, pp. 762-769 

Yamauchi, T, Kamon, J, Minokoshi, Y, Ito, Y, Waki, H, Uchida, S, Yamashita, S, 

Noda, M, Kita, S, et al. 2002, 'Adiponectin stimulates glucose utilization and 

fatty-acid oxidation by activating AMP-activated protein kinase', Nature 

Medicine, vol. 8, no. 11, pp. 1288-1295 

Yamauchi, T, Kamon, J, Waki, H, Imai, Y, Shimozawa, N, Hioki, K, Uchida, S, Ito, Y, 

Takakuwa, K, et al. 2003b, 'Globular adiponectin protected ob/ob mice from 

diabetes and ApoE-deficient mice from atherosclerosis', Journal of Biological 

Chemistry, vol. 278, no. 4, pp. 2461-2468 

Yamauchi, T, Kamon, J, Waki, H, Terauchi, Y, Kubota, N, Hara, K, Mori, Y, Ide, T, 

Murakami, K, et al. 2001, 'The fat-derived hormone adiponectin reverses insulin 

resistance associated with both lipoatrophy and obesity', Nature Medicine, vol. 

7, no. 8, pp. 941-946 

Yamauchi, T, Nio, Y, Maki, T, Kobayashi, M, Takazawa, T, Iwabu, M, Okada-Iwabu, 

M, Kawamoto, S, Kubota, N, et al. 2007, 'Targeted disruption of AdipoR1 and 

AdipoR2 causes abrogation of adiponectin binding and metabolic actions', 

Nature Medicine, vol. 13, no. 3, pp. 332-339 

Yaswen, L, Diehl, N, Brennan, MB & Hochgeschwender, U 1999, 'Obesity in the 

mouse model of pro-opiomelanocortin deficiency responds to peripheral 

melanocortin', Nature Medicine, vol. 5, no. 9, pp. 1066-1070 



Chapter 9 – References  196 

Yki-Järvinen, H 1984, 'Sex and insulin sensitivity', Metabolism, vol. 33, no. 11, pp. 

1011-1015 

Yoon, JC, Puigserver, P, Chen, G, Donovan, J, Wu, Z, Rhee, J, Adelmant, G, Stafford, 

J, Kahn, CR, et al. 2001, 'Control of hepatic gluconeogenesis through the 

transcriptional coactivator PGC-1', Nature, vol. 413, no. 6852, pp. 131-138 

Yu, C, Chen, Y, Cline, GW, Zhang, D, Zong, H, Wang, Y, Bergeron, R, Kim, JK, 

Cushman, SW, et al. 2002, 'Mechanism by which fatty acids inhibit insulin 

activation of insulin receptor substrate-1 (IRS-1)-associated phosphatidylinositol 

3-kinase activity in muscle', Journal of Biological Chemistry, vol. 277, no. 52, 

pp. 50230-50236 

Zachariou, V, Duman, RS & Nestler, EJ 2012, 'Chapter 21 - G Proteins A2 - Brady, 

Scott T', in GJ Siegel, RW Albers & DL Price, (eds), Basic Neurochemistry 

(Eighth Edition), pp. 411-422. Academic Press, New York. 

Zhang, CY, Baffy, G, Perret, P, Krauss, S, Peroni, O, Grujic, D, Hagen, T, Vidal-Puig, 

AJ, Boss, O, et al. 2001, 'Uncoupling protein-2 negatively regulates insulin 

secretion and is a major link between obesity, β cell dysfunction, and type 2 

diabetes', Cell, vol. 105, no. 6, pp. 745-755 

Zhao, FQ, Glimm, DR & Kennelly, JJ 1993, 'Distribution of mammalian facilitative 

glucose transporter messenger RNA in bovine tissues', International Journal of 

Biochemistry, vol. 25, no. 12, pp. 1897-1903 

Zhao, FQ & Keating, AF 2007, 'Functional properties and genomics of glucose 

transporters', Current Genomics, vol. 8, no. 2, pp. 113-128 

Zhou, L, Park, SY, Xu, L, Xia, X, Ye, J, Su, L, Jeong, KH, Hur, JH, Oh, H, et al. 2015, 

'Insulin resistance and white adipose tissue inflammation are uncoupled in 

energetically challenged Fsp27-deficient mice', Nature Communications, vol. 6, 

doi:10.1038/ncomms6949 

Zhou, M, Lin, BZ, Coughlin, S, Vallega, G & Pilch, PF 2000, 'UCP-3 expression in 

skeletal muscle: effects of exercise, hypoxia, and AMP-activated protein kinase', 

American Journal of Physiology - Endocrinology and Metabolism, vol. 279, no. 

3, pp. E622-E629 

Zhou, QY, Quaife, CJ & Palmiter, RD 1995, 'Targeted disruption of the tyrosine 

hydroxylase gene reveals that catecholamines are required for mouse fetal 

development', Nature, vol. 374, no. 6523, pp. 640-643 

Zhu, L, Brown, WC, Cai, Q, Krust, A, Chambon, P, McGuinness, OP & Stafford, JM 

2013, 'Estrogen treatment after ovariectomy protects against fatty liver and may 



Chapter 9 – References  197 

improve pathway-selective insulin resistance', Diabetes, vol. 62, no. 2, pp. 424-

434 

Zigman, JM, Bouret, SG & Andrews, ZB 2016, 'Obesity Impairs the Action of the 

Neuroendocrine Ghrelin System', Trends in Endocrinology and Metabolism, vol. 

27, no. 1, pp. 54-63 

Zigman, JM, Jones, JE, Lee, CE, Saper, CB & Elmquist, JK 2006, 'Expression of 

ghrelin receptor mRNA in the rat and the mouse brain', Journal of Comparative 

Neurology, vol. 494, no. 3, pp. 528-548 

Zisman, A, Peroni, OD, Abel, ED, Michael, MD, Mauvais-Jarvis, F, Lowell, BB, 

Wojtaszewski, JF, Hirshman, MF, Virkamaki, A, et al. 2000, 'Targeted 

disruption of the glucose transporter 4 selectively in muscle causes insulin 

resistance and glucose intolerance', Nature Medicine, vol. 6, no. 8, pp. 924-928 



  198 

 




