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Abstract 

Introduction  

Non-shivering thermogenesis in brown adipose tissue (BAT), mediated by a 

unique uncoupling protein (UCP1), is essential for metabolic adaptation birth in 

large mammals such as sheep. BAT then undergoes substantial changes as 

UCP1 is gradually lost and replaced with white adipose tissue (WAT) which 

mainly acts as a fat storage tissue. Given BAT can be retained into later life a 

better understanding of this process could enable the maintenance of BAT 

function by modifying its transition to WAT in early life. Ultimately this could 

provide a potential target to prevent obesity in adulthood. 

Methods  

It remains unclear as to whether anatomical location determines a fat depots 

response to changes in maternal diet during postnatal development. I, 

therefore, carried out a study that entailed the data mining of microarrays and 

lipidomic data generated from the major fat depots in young sheep. The sternal, 

perirenal and epicardial depots were studied, which all possess large amounts 

of UCP1 at birth and were compared with the subcutaneous depot which has 

little UCP1 and the omental depot which only appears after birth and does not 

contain UCP1. This investigation was undertaken by applying machine learning 

algorithms and weighted gene co-expression networks analyses, during the 

specific time period of 7 to 28 days of age, which is characterised by the 

transition of BAT into WAT in young sheep. In addition, I examined whether 

modifying the mother's milk fat content through fatty acid supplementation, 

could increase the fatty acid availability and delay the rate at which UCP1 was 
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lost. This was achieved by investigating the impact of supplementing the 

maternal diet with 3% of canola oil from the day of delivery through the first 28 

days of lactation. 

Results 

By using the gene network analyses, I established that each depot exhibited 

different gene expression profiles during development. This further 

demonstrated that the anatomical location modulated this process as each depot 

displayed succinct arrays of modules consisting of co-expressed gene indicating 

their unique biological function. It included the capability of mitochondrial 

biogenesis which was associated with adipocyte differentiation in response to 

local environmental stimuli. Brown like depots were also distinguished 

functionally, for lipid metabolism in perirenal, angiogenesis in sternal, and 

cardiomyocyte cell differentiation in epicardial. In white adipocyte depots, i.e. 

omental and subcutaneous, high-lighted genes were mainly involved in growth 

and cell maturation function. 

In addition, the result of supplementing the maternal diet with 3% of canola oil  

revealed a lower rate of loss of mitochondrial gene expression within the sternal, 

perirenal, omental and subcutaneous depots, specifically in BAT depots (i.e. 

perirenal and sternal), that enables a high capacity of non-shivering 

thermogenesis in early life. The lipidomic analyses further demonstrated that 

the perirenal depot was the only one to exhibit a modified lipid profile to the 

dietary intervention at 28 days of age when BAT was mostly converted into 

WAT. 
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Conclusion  

In conclusion, manipulation of the maternal diet by enhancing milk fatty acid 

content in early life delays losing of mitochondrial genes expression, in the 

offsprings adipose tissue. This response is modulated by age and anatomical 

location. These findings suggest that modulating the maternal diet impacts on 

postnatal fat development, for which the longer term outcomes now need 

establishing. 
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1 Introduction 

Obesity is increasingly becoming a health issue worldwide. An individual with a 

body mass index (BMI) higher than 25 is defined as overweight, and those above 

29.9 they are considered to be obese (WHO, 2015). I will now focus on reviewing 

recent literature regarding the topic of obesity, and more specifically the role of 

brown adipose tissue (BAT).  The effects of early-life nutritional interventions 

on BAT development will also be considered as part of my thesis. 

1.1 Overweight and obesity 

According to the World Health Organisation (WHO, 2015), obesity is defined as 

an excessive accumulation of fat that presents a risk to health and this is now 

considered to be a major public health problem. There is a need to understand 

the consequences of being either overweight or obese in a detailed manner, as 

it is not limited to any specific country. It is an issue that has wide-ranging 

implications all over the world. The incidence of obesity worldwide tripled 

between 1975 and 2016 (WHO, 2016), and it has been estimated that up to  1.9 

billion adults are now overweight (39% of all men and 40% of all women). Of 

these over 650 million adults were found to be obese according to the WHO 

classification (WHO, 2016). The number of overweight children under the age 

of five is estimated to be over 41 million; half of these children live in Asia and 

one quarter in Africa (WHO, 2016). India is considered, among countries of the 

developing world, the nation with the most significant proportion of obese 

people (WHO, 2016). Obesity is also an increasing issue in China, where 100 

million people are considered to be obese. Other countries showing similar 

trends include Germany (Freemark, 2010), the United Kingdom (Wright and 

Harwood, 2012)  and Brazil (Nee, 2013). Kuwait is another country showing a 
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high risk of obesity, as the last record of the World Obesity Federation (WOF) 

static in 2014 indicated that almost half of men and around 30% of women over 

18 were classified as overweight, with nearly the same percentage of men and 

woman classified as obese (see Figure 1-1). 

During the last decade, the number of obese/overweight men and women in the 

United Kingdom has increased from 13.2% and 16.4% to 23.8% and 26% 

respectively (HSCIC, 2014). In 2014, 22.5% of children (aged 4–5) and 33.5% 

of children (aged 6) were categorised as obese or overweight. Moreover, obese 

children are more likely to become obese adults and have a higher risk of 

developing diseases such as hypertension, non-alcoholic fatty liver and type 2 

diabetes (HSCIC, 2014). 

BMI is not a suitable criterion for defining the relative weight of children because 

of the rapid growth rate they exhibit compared with mature adults. Additionally, 

there are differences in growth rates in children depending on their sex, and to 

get a better idea of potential obesity issues the use of sex-specific growth charts 

is recommended (Barlow and Dietz, 1998). In the UK, for example, the standard 

measure is the British Growth Chart that was established in 1990 (UK 1990). 

Different charts from the WHO and the Centre for Disease Control and 

Prevention (CDC) are commonly used in other countries (WHO, 2016). On the 

British growth chart, children above the 95th percentile or higher are classified 

as obese, while children between the 85 and 95th percentile are considered 

overweight (NICE and Care, 2006) (Lean, 1989). 
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Figure 1-1: The universal distribution of obesity 

Data obtained from the World Obesity Federation (WOF) representing the 
prevalence of obesity in more than 50 countries. Where the scale shows the 

percentage of individuals with obesity, grey shows no obesity data obtainable. 
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1.2 Causes and treatment 

The World Health Organisation officially classified obesity as a disease in 1990.  

It is a chronic condition with a mortality rate of 6% (National Audit Office, 2011). 

Furthermore, the majority of people considered as obese have a higher risk of 

developing diseases by the age of 40, and most will need to undergo a medical 

intervention before they are aged 60 (Lean et al., 1998). However, obesity is a 

complicated condition, and its treatment cannot be as simple as telling someone 

to eat less (Sharma et al., 2009). 

Obesity has been defined as an epidemic due to its potential impact on public 

health (Kelly et al., 2008, Gahagan, 2005). A greater understanding of the 

underlying causes could help to develop new treatments or interventions to 

promote weight loss. Several reasons for obesity and overweight have been 

identified, of which the main one is an energy imbalance between food intake 

that is too high and a low level of energy expenditure, which will lead to 

increased fat accumulation (Murano et al., 2005) see Figure 1-2. 
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Figure 1-2: The potential effects of genes and environment on adiposity  

Summary of the potential effect of genes and environment on adiposity 
assessed by body mass index (BMI): on the left the ‘traditional environment’, 

which shows low food intake and high energy expenditure (leptogenic) whereas 

the right part shows the (obesogenic). (Adapted from Bouchard, 2007). 
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1.3 Adipose tissue 

Adipose tissue is a complex, metabolically active endocrine organ that produces 

a range of different molecules with profound local and systemic effects (Tiraby 

and Langin, 2003). When adipose tissue is formed, it results in the construction 

of a large endocrine organ that has a separate and distinct anatomy (Cinti, 

2011). All mammals possess this endocrine organ, of which there are two main 

types of adipocyte, white and brown. They have different roles in the body and 

their function can vary depending on the environmental conditions. White 

adipose tissue (WAT) primarily acts as an energy source to be mobilised when 

food availability is restricted, while brown adipose tissue (BAT) is required to 

regulate body temperature during cold exposure (Enerbäck, 2010). These 

tissues are referred to as ‘adipocytes’ as they consist of lipid and triglycerides. 

However, they are classified differently depending on the cellular distribution of 

lipids in each cell, as WAT is considered unilocular, while BAT is multilocular 

(Cinti, 2006). They are present in different colours and locations around the 

body. If a brownish colour is observed when visually examining the depot, this 

indicates it is primarily BAT. If the colour is found to be white, then the depot is 

mostly WAT (Akabas et al., 2012). Those depots found immediately below the 

skin are defined as subcutaneous whereas depots present in the body trunk are 

described as visceral depots.  

The performance and function of these two types of adipose tissue can be 

reorganised in the early stages of life (Budge et al., 2009). It is important to 

consider the process of adipose tissue formation as a process that continues 

throughout the life cycle. BAT could contribute to reducing obesity by reversing 
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the excess WAT mass in overweight people (Budge et al., 2009). This will be 

discussed in more detail later on. 

1.3.1 White adipose tissue (WAT) 

WAT is a significant depot in the body in which excess energy is accumulated 

(Enerbäck, 2010). It consists of single large lipid droplets that can vary greatly 

in size (Cinti, 2006). The cytoplasm that bounds the nucleus is thicker than in 

other regions of the cell. Mitochondria in WAT are extended and contain more 

organelles that can be recognised under microscopic examination, and the cell 

is bound by a peripheral lamina (Cinti, 2006). WAT is considered the most 

abundant of adipose tissues, along with stromal vasculature tissue, another 

component of fatty tissue. It is distributed in subcutaneous and visceral depots 

(see Table 1-1). 

The subcutaneous depot is found around the abdomen and under the skin, while 

the visceral depot surrounds organs in the perigonadal, retroperitoneal and 

intra-abdominal regions (Gesta et al., 2007). The primary role of WAT is to 

provide a source of energy storage, i.e. mobilising fat, when the body needs it, 

as an energy source that is dependent on food availability. Furthermore, in some 

organs, WAT has the capacity to regulate metabolic rate. It also plays a vital 

role in the overall regulation of substrate metabolism within the body and 

therefore contributes to energy homeostasis. In addition, WAT is responsible for 

the release of cytokines and other hormones, which can regulate the body’s 

metabolism, insulin sensitivity, in other tissues such as muscle, liver and the 

brain (Gesta et al., 2007). For example, WAT regulates leptin secretion and can, 

therefore, regulate food intake (Cinti, 2006). WAT also plays a role in the 
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inflammation process and glucose homeostasis (Cousin et al., 1999, Shimomura 

et al., 1998) but excessive accumulation results in obesity (see Table 1-1). 

1.3.2  Brown adipose tissue (BAT) 

BAT usually appears in newborn mammals and, in contrast with WAT, contains 

an abundance of smaller lipid droplets and a much higher amount of 

mitochondria (Sidossis and Kajimura, 2015). BAT has more blood vessels than 

WAT since it has a higher requirement for oxygen than most tissues (Cinti, 

2006). It has an entirely different function from WAT as its primary function is 

to burn fat in order to generate heat. It is defined by the presence of a unique 

uncoupling protein, (UCP)1, located within the inner mitochondria, and it has 

the ability to rapidly increase energy expenditure by the oxidation of free fatty 

acids (FFA) and glucose (Cinti, 2006). More specifically, it uncouples respiration 

from Adenosine Triphosphate (ATP) synthesis (Cannon and Nedergaard, 2004). 

In the majority of mammals studied to date, it appears that BAT plays a vital 

role in the body’s defence system by regulating its temperature when exposed 

to cold and by increasing energy expenditure (Sidossis and Kajimura, 2015). It 

also enables the newborn to effectively adapt following cold exposure to the 

extrauterine environment (Saely et al., 2012). In adults, BAT has potential 

significance when it comes to regulating energy balance and the onset of obesity 

(Cannon and Nedergaard, 2004). In this respect, it is important to consider that 

BAT has the capacity to produce up to 300 W/kg of tissue, compared to all other 

tissues that can only produce 1 W/kg (Cannon and Nedergaard, 2004). In 

addition to BAT’s presence is in both small (Kozak and Koza, 2009) and large 
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mammals at birth (Symonds et al., 2012), it is perceived that it could play a 

possible role in energy expenditure in human adult (Nedergaard et al., 2007).  

 

Figure 1-3: Histology of white (A) and brown (B) fat cells of sheep 
perirenal depot at 7 and 28 days of age 

White adipocyte characterised by a single lipid droplet (unilocular) surrounded 
by cytoplasm containing a small number of mitochondria and nucleus. Brown 
adipocytes are smaller in size and have multiple lipid droplets (multilocular) 

holding the nucleus and a higher number of mitochondria within the cytoplasm. 
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Table 1-1: Differences between white and brown adipocytes 

 (adapted from Frühbeck et al., 2009). 

Characteristic White adipose tissue  Brown adipose tissue  

Primary 

Function 

-Depots of stored energy 

-Hormone release, such as leptin 

and adiponectin, which regulate 

energy balance 

 

Heat generation 

 

Main depot 

locations 

Subcutaneous: abdominal, 

perirenal, gluteal region and 

inguinal, Visceral: intra-abdominal 

retroperitoneal, and perigonadal 

regions 

 

 

Mediastinal 

Thyroid/tracheal 

perirenal 

supraclavicular 

 

Colour 
White, very variable from light to 

firm yellowish 

Brown, from light 

pinkish to dark red 

Vascularisation Sufficient amount of vascularised Highly vascularisation 

The nervous 

system control 

adipocyte 

Sympathetic and parasympathetic Sympathetic 

Adipocyte 

shape 

Variable from spherical to 

polyhedral 
Polygonal 

Size Variable (25-200mm) Much smaller (16-60mm) 

Nucleus 
Peripheral semilunar flattened only 

2-3% of the cell volume 

Oval or round shape   

Centrally located 

Lipid droplets 

Unilocular, in unusually large, lipid 

droplet occupies 90% of the cell 

volume 

Multilocular, several small 

lipid droplets 

Mitochondria Less, small, elongated More, large, round 

Cytoplasm Thin, stretched in the slim rim 
Overextended around the 

cell 
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1.3.2.1 BAT and its role in obesity 

As far as the role of BAT in obesity is concerned, its abundance is usually 

negatively correlated with the amount of WAT (Hamann et al., 1996) and with 

BMI (Vijgen et al., 2011). Maximally, the contribution of BAT to daily heat 

production, assuming 50g of BAT in an adult human, is 20% (Ouellet et al., 

2012). Prevention or a reduction in the rate at which BAT is lost through 

adulthood could, therefore, increase energy expenditure (Tam et al., 2012).  

1.3.2.2 BAT is present in small amounts in adults 

It is assumed that BAT is present in the newborn, and disappears with age 

(Lean, 1989). More recently, significant metabolic activity within BAT has been 

found in adults (Saito et al., 2009) through the use of fludeoxyglucose (FDG) in 

positron emission tomography (PET). A number of research studies have 

subsequently examined possible methods of activating BAT in adult humans 

(Leff and Granneman, 2010). 

1.3.2.3 BAT and the influence of variations in season and 

temperature   

Cold temperatures play a primary role in the activation of BAT (Saito et al., 

2009, Brine, 2006), which activates the sympathetic nervous system (SNS), 

thereby increasing norepinephrine (NE) concentration in plasma. Season also 

plays a vital role in stimulating BAT, which is higher in winter than in summer 

(Au-Yong et al., 2009). The effects and consequences of photoperiod can also 

be examined with ambient temperature, which fluctuates to a lesser extent 

(Saito et al., 2009). However, this process is sensitive and profoundly affected 

by both the magnitude of cold exposure and photoperiod. It has been shown 
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that photoperiod in sheep (Bassett et al., 1988) and day length in humans 

(Steger et al., 1983) increases the plasma concentration of the hormone 

prolactin (Symonds, Budge et al., 2011) which is inversely associated with the 

abundance of its receptor (i.e. PRLR) (Auchtung et al., 2005). Another study 

found that the abundance of UCP1 declined in parallel with the loss of PRLR 

within one month after birth (Pearce et al., 2005). This finding supports the 

suggestion that PRLRs could play a role in foetal BAT development (Virtanen et 

al., 2009) and stimulate BAT function in the newborn (Viengchareun et al., 

2008). Therefore, PRLP could be a key regulator of BAT development in the 

foetus (Symonds et al., 1998) and later adipose tissue composition (Symonds 

et al., 2011). 

1.3.2.4 Age and brown adipose tissue       

It is acknowledged that BAT activity decreases with age in adults (Yoneshiro et 

al., 2011). For example, in a study of 213 healthy participants aged 20-73 years, 

50% of people in their twenties showed a BAT response to cold exposure, 

compared with 10% of in people aged 50-60 (Yoneshiro et al., 2011). These 

findings are in accord with those of Symonds et al. (2012), who used thermal 

imaging to measure supraclavicular BAT activity (Symonds et al., 2012). When 

comparing younger to older children by using positron emission tomography 

(PET)/computed tomography (CT) it was also found that BAT activity is much 

higher in children than adults under similar conditions, and the most significant  

activity of BAT was seen in 13 to 15-year-olds (Drubach et al., 2011, Gilsanz et 

al., 2012).  
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1.3.2.5 BMI and brown adipose tissue   

Both BMI and BAT activity are inversely proportionate in children and adults 

(Saito, 2013). For example, in a study comprising 24 healthy people aged 18-

32, 14 of whom were overweight or obese (BMI > 25), and 10 with a healthy 

BMI (< 25), BAT activity decreased with raised BMI (van Marken Lichtenbelt et 

al., 2009). In 2014 Robinson et al. used infrared thermography in 55 healthy 

children aged 6-11 years in a typical school environment and found that the 

temperature of the supraclavicular region, that is the primary site of BAT in 

humans, decreased with increased BMI centile (Robinson et al., 2014). 

1.3.2.6 BAT markers 

As far as BAT markers are concerned, the primary one is UCP1, which plays a 

significant part in thermogenesis (Cannon and Nedergaard, 2004). Other 

molecular markers include peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α), the master regulator of UCP1 transcription 

(Frühbeck et al., 2009), cell death-inducing DFFA-like effector; PR domain 

containing 16 (PRDM 16), which has a significant impact on brown fat (Kajimura 

et al., 2010); and  potassium channel, subfamily K, member 3  (KCNK3) (Pope 

et al., 2014), which could be used as a gene marker of BAT when comparing 

with WAT (Svensson et al., 2011) (see Figure 1-4). 

1.3.3 Transdifferentiation between BAT and WAT 

The transdifferentiation of adipose tissue is the process of conversion adipocytes 

from brown to white fatty tissue (Cinti, 2006). After birth, it has been proposed 

that brown adipocytes gradually lose their specificity and turn to WAT, and thus 

lose UCP1, blood vessels and nerves. At the same time, BAT could gain the 
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ability to activate the leptin gene (Cinti, 2006) which plays a role in WAT 

development (Mostyn et al., 2003), and considered to be the primary WAT 

marker (Cinti et al., 1997). The process of transdifferentiation seems to be 

reversible and has been termed the browning of WAT (Pope et al., 2014). This 

process could increase energy expenditure and, therefore, could help to prevent 

obesity; this has been illustrated in rodents (Wu et al., 2013). The distribution 

of white and brown adipocytes is affected by a range of environmental and other 

related conditions including age, species, and nutrition (Snitker et al., 2009). 

For example, one study shows that beiging of white adipose tissue could be 

induced by  β3-adrenoceptor agonist pharmacologic treatment in obese diabetic 

mice (Himms-Hagen et al., 2000) (Jimenez et al., 2003). In addition, another 

study has suggested that a hormone called irisin, which is released following 

muscular contraction, may contribute to the process of browning (Lee et al., 

2014). However, the mechanism of action by which irisin enhances the 

transdifferentiation process is still unclear and contentious (Aldiss et al., 2017). 

Other studies have found that cold exposure improves the transdifferentiation 

from white to BAT (Enerbäck, 2010, Murano et al., 2005). Overall this process 

is sensitive to which fat depot is studied (Sacks and Symonds, 2013), a factor 

that will be discussed in more detail later. 
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1.3.4 Beige adipose tissue  

Beige adipocytes are another critical aspect to consider (Ishibashi and Seale, 

2010, Clarke et al., 2007). Beige and brown adipocytes are similar in several 

ways.  For instance, they have an enriched mitochondrion, and they express 

UCP1 and multilocular lipid droplets.  However, the two depots (i.e. brown and 

beige) were found to be different in terms of cell size, gene markers (i.e. 

homeobox (HOX) C9 and short stature homeobox (SHOX) (Walden et al., 2012), 

and the amount of the UCP1 expressed (Bostrom et al., 2012). Furthermore, 

they develop from a different cell lineage (see Figure 1-4). It has been shown 

that classic BAT originates from the central dermomyotome that also produces 

epaxial muscle and dorsal demise (Atit et al., 2006). This result was confirmed 

by lineage-tracing studies, showing that myocytes and brown adipocytes alone 

originate from precursor cells that express Myogenic factor 5- progenitors 

(Myf5), a gene responsible for the formation of myogenic regulatory factor MYF-

5. The development of brown adipocytes in WAT depots in adults, which 

facilitates thermogenic capacity, is usually a result of chronic adrenergic 

activation during exposure to cold (Cousin et al., 1992). In animals, who mainly 

depend on shivering to sustain a normal body temperature, it has been found 

that the expansion of BAT is accompanied by a gradual increase in non-shivering 

thermogenesis (Cannon and Nedergaard, 2004). BAT has been termed 

‘recruitable,’ ‘brite’ (brown in white) or beige adipocytes, with the term 

‘recruitable,’ being applied widely. 
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Figure 1-4: Brown and beige adipose tissue cell lineage 

(a)Myf5 progenitor population produces the adipocytes. Ppar-y cooperates with 

Ebf2 to enhance expression of PR domain containing 16 (Prdm16) which drives 
brown fat cell fate. Norepinephrine (NE) turns active the thermogenesis in 
mature adipocytes. A β3 agonist is secreted by sympathetic neurons. NE signals 

increase the reactions of PGC-1α, which is a coactivator, which helps carry out 
gene programming. (b) β-adrenergic stimulation in inguinal fat activates the 

denovo differentiation of precursor cells. There is a likelihood that mature white 
fat cells can turn into beige cells. Research has found that the caloric surplus in 
epididymal makes the bipotent progenitors break down into adipocytes and β-

adrenergic activators stimulate the growth of adipocyte. In addition, 
Thiazolidinedione (TZD) agonists of Ppar-y increasing the stability of Prdm 16 

and also through the Sirt1-dependent deacetylation of Ppar-y. This turns the 
Prdm16 into Ppar-y target genes. β-adrenergic signals motivate the activities of 
Pgc-1α.several receptors targeting PGC-1α to inhibit beige adipocyte growth. 

(Harms and Seale, 2013) 
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1.3.5 Brown and beige stimulation factors   

‘Brite’ ((Petrovic et al., 2010)  or ‘beige’ (Ishibashi and Seale, 2010) adipocytes 

can only be detected in WAT following exposure to cold or other inducers (Cousin 

et al., 1992; Fukui et al., 2000; Guerra et al., 1998)). This dependency on 

external stimuli for induction of UCP1 is a unique characteristic of beige fat 

(Sidossis and Kajimura, 2015). As opposed to beige fat, UCP1 is expressed in 

brown fat cells in comparatively high amounts even without any stimulation. 

These individual difference can be attributed to finding that they arise through 

de novo differentiation from different precursors (Wang and Seale, 2016) which 

allow expression of UCP1 and tend to have increased amounts of mitochondria. 

Under the same conditions, precursors of beige fat undergo adipocyte 

conversion (Sidossis and Kajimura, 2015). However, they fail to activate the 

brown fat induction programme with Peroxisome proliferator-activated receptor 

gamma (PPARG) activators or b-adrenergic agonists (Ohno et al., 2012, Klaus 

et al., 1995, Wu et al., 2012, Petrovic et al., 2010). It is also important to note 

that wholly activated beige adipocytes express UCP1 at about 10% of that found 

in classical brown adipocytes and can undergo uncoupled respiration that is 

mediated by UCP1 (Okamatsu-Ogura et al., 2013, Long et al., 2014) (see Figure 

1-5). 
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The following section will focus on how environmental changes affect cell fate 

specification and how maintenance can be increased while highlighting the 

endocrine factors that mediate the development and function of beige adipocyte 

triggered by the environment.  

1.3.5.1 Exposure to chronic cold 

The peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) 

triggers mitochondrial biogenesis and oxidative metabolism and is essential for 

tolerating exposure to cold (Puigserver et al., 1998), which moderately 

increases its expression. Additionally, when it is knocked out in brown 

preadipocytes, this significantly blunts the UCP1 increase following adrenergic 

signalling (Uldry et al., 2006). 

1.3.5.2 Environmental enrichment 

Mice exposed to an enriched surrounding with complex social and physical 

stimuli show higher whole-body energy use and have elevated resistance to 

obesity induced by diet (Sidossis and Kajimura, 2015). Hypothalamic brain-

derived neurotrophic factor (BDNF) mediates stimulation of the SNS, which is 

linked to the environment and differentiation of beige adipocytes. It has also 

been observed that BDNF hypothalamic overexpression is sufficient for the 

promotion of biogenesis of beige adipocyte and to increase levels of energy 

consumption (Cao et al., 2011).  

1.3.5.3 Endocrine and metabolism 

Previous studies have identified several endocrine mediators of beige and brown 

adipocytes, such as Fibroblast growth factor 19 (FGF19) (Fu et al., 2004), Bone 

morphogenetic protein 7 (BMP7) (Tseng et al., 2008), Fibroblast growth factor 
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21 (FGF21) (Kleiner et al., 2012), and growth differentiation factor-5 (GDF5) 

(Hinoi et al., 2013). In obese humans, a number of negative regulators have 

been shown to block beige and brown adipocytes (Sidossis and Kajimura, 2015). 

For instance, the expression of transforming growth factor beta (TGF-β) 

increases under obese conditions and inhibits the differentiation of beige 

adipocyte. On the other hand, inhibition of TGF-β signalling following genetic 

ablation of Mothers Against DPP Homolog 3 (Smad3), or through the 

administration of TGF-β–neutralising antibody, facilitates browning of WAT and 

protects animals from insulin resistance and obesity triggered by diet (Yadav et 

al., 2011). In the same way, depletion of retaining aldehyde dehydrogenase 1 

(Aldh1), an enzyme that produces retinoic acid or inhibits Notch signalling, 

(Kiefer et al., 2012) enhances WAT browning and elevates energy use in 

rodents.  

1.3.5.4 Transcriptional mediators 

Of the many transcription factors involved in BAT differentiation, two deserve 

particular attention. These are PR domain zinc finger protein 16 (PRDM16) and 

PGC-1a is known to activate the biogenesis of mitochondria and oxidative 

metabolism. It plays a significant role in tolerating cold exposure (Puigserver et 

al., 1998) when gene expression is usually elevated. Conversely, its knockout 

in brown pre-adipocytes significantly blunts the UCP1 increase following 

adrenergic stimulation (Uldry et al., 2006). PRDM16 has been shown to be 

highly expressed in brown adipocytes in comparison to white adipocytes. It 

functions as a transcription factor together with PGC-1α and euchromatic 

histone-lysine N-methyltransferase 1 (EHMT1). PRDM16 overexpression in 
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preadipocytes from WAT depots (i.e. subcutaneous) resulted in an entirely 

brown adipocyte phenotype (Seale et al., 2007, Seale et al., 2011). 

1.3.5.5  Genetic impact on brown, beige, and white adipocyte in 

association with obesity  

Several studies in rodent animals that have shown that there is a significant 

association between propensity of browning in WAT and genetic vulnerability to 

obesity triggered by diet (Kozak, 2011). This genetic susceptibility is associated 

with changes in the expression of UCP1 in WAT but not in interscapular BAT, 

showing the biological role of beige adipose tissue in obesity (Xue et al., 2007). 

Regarding humans, genetic links to the mass of BAT and energy use remain 

unclear. β3-adrenergic receptor (ADRB3) (64 Trp/Arg) and UCP1 

polymorphisms (–3826 A/G) are linked to lower resting energy use and lowered 

cold-induced thermogenesis (Nagai et al., 2011). Additionally, in one study the 

prevalence of BAT was significantly reduced in older adults with polymorphisms 

in the β3-adrenergic receptor genes and UCP1 (Yoneshiro et al., 2013). 

According to two recent studies, genetic variations or mutations in humans 

affect the development and energy use in BAT. EHMT1 is a methyltransferase 

that is localised in the nucleus and is required for the development of beige and 

brown adipocytes (Sidossis and Kajimura, 2015). Lowering the level of whole-

body energy use follows reduced EHMT1, leading to obesity, insulin resistance 

and hepatic steatosis in mice (Ohno et al., 2013). It has been shown that 40% 

to 50% of human patients with insufficient EHMT1 tend to develop obesity-

related conditions (Willemsen et al., 2011). This trend reveals the significance 

of EHMT1 regarding energy homeostasis in humans. 
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In contrast, deletion of the gene that encodes for G-Protein-Coupled Receptor 

(GPCR) leucine-rich-repeat-containing GPCR4 (LGR4) encourages browning of 

WAT, partly by lowering the retinoblastoma 1 (Rb1) gene expression. Mice 

lacking the LGR4 gene are protected from dietary-induced obesity and insulin 

resistance (Wang et al., 2013). Interestingly, a gain-of-function variant (A750T) 

of LGR4 has been linked to obesity among Chinese people (Wang et al., 2013).  

 

Figure 1-5: Summary of external stimulation causes that impact on 

beige adipose tissue development in obese and lean subjects 

 (Sidossis and Kajimura, 2015) 
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1.4 Brown, beige, and white adipose tissue location in different species 

Figure 1-6, 1-7 and 1-8 below demonstrates the anatomical locations of BAT in 

different species, starting with a human in Figure 1-6, as determined using 

positron emission tomography and computed tomography. For example, a small 

amount of BAT can be seen in the neck, including the supraclavicular and 

auxiliary regions. It can also be found in the paravertebral, perirenal, adrenal 

and paraventral regions, and additionally in the area of the major blood vessels 

(e.g. the aorta, along with its main branches: carotid, subclavian, intercostal 

and renal arteries). 

 

 

Figure 1-6: The anatomical location of discrete brown adipose tissue in 
a human 

Measured by positron emission tomography and computed tomography (CT: 

Top), from right to left a coronal section of the thorax, in the middle sagittal 
section at the level of the spine, and left side representing a crosswise section 

at the level of the clavicles (adapted from Tam et al., 2012).  
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In rodents, as discussed previously in section 1.3.4, Myogenic factor 5+ 

progenitors (Myf5+) cells are known as early brown fat or muscle cell 

precursors. The anatomical locations for beige and BAT, in this regard, can be 

perceived as different when it comes to comparing between species. Major 

depots are present in humans in the supraclavicular area (Sacks and Symonds, 

2013), which are not found in rodents, where the primary location of BAT 

markers is the interscapular region (Peirce et al., 2014) (see Figure 1-7). 

 

 

Figure 1-7: Assessment of brown, beige and white adipocyte genes 
markers 

(a) Brown, beige and white adipocytes in rodent compared to (b) human adipose 
tissue, including (c) shared genes markers in the three different depots. 

(Adapted from Peirce et al., 2014).  
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In large mammals such as newborn humans and sheep (Figure 1-8), BAT is 

deposited mainly in late gestation (Lauritzen et al., 2001) and constitutes 

around 1-2% of birth weight (Merklin, 1974, Alexander and Bell, 1975). In 

addition, it seems that adipose tissue can be isolated physically and functionally 

in different anatomical locations. For example, the perirenal-abdominal area is 

the largest fat depot in young sheep (Symonds et al., 2012), accounting for up 

to 80% of total body fat. It is named perirenal because it originates and 

surrounds the kidney. The mass and size of perirenal adipose tissue (PAT) 

increase through late gestation by 30-40% (Alexander (1978), (Vernon et al., 

1981), paralleled by an  increase in UCP1 (Clarke et al., 1997a). During 

pregnancy, foetal PAT develops in order to be able to activate rapidly following 

cold exposure at birth.  

The sternal depot, which is similar to the supraclavicular region and is located 

around the neck in humans (Virtanen et al., 2009), was found to be the second 

major fat depot in sheep after the perirenal (Henry et al., 2017). Furthermore , 

it has been shown that the sternal depot features a high capacity for a 

thermogenic response to a local stimulus including diet (Scotney et al., 2017), 

and cold exposure (van Marken Lichtenbelt et al., 2009) due to retaining a high 

amount of UCP1 in later life (Virtanen et al., 2009).  

Another depot is the epicardial adipose tissue (EAT) which mainly appears after 

birth and is found to feature beige adipocyte characterisations in later life (Sacks 

et al., 2013). EAT accounts for about 80% of the heart’s surface in adults and 

represents nearly a third of its total weight of the heart, with significant variation 

between sexes and individuals (Shirani et al., 1995). It is generally found in the 

interventricular and atrioventricular ridges (Willliams, 1995) and is involved in 
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both energy and lipid metabolism. EAT differs from other fat depots in several 

ways including, but not limited to, its role as a buffer in terms of protecting the 

heart from fatty acid oxidation damage (Iacobellis et al., 2005). In addition, EAT 

is distinguished by exhibiting low rates of glucose utilisation and pronounced 

regression during weight loss (Sacks and Fain, 2007). EAT is also smaller in 

terms of total mass than other fat depots (Sons and Hoffmann, 1985). For 

example, in adult sheep, the mass of this tissue is the lowest compared to the 

other seven types of the depot; on the other hand, it is considered the greatest 

in term of adiposity cell ratio (i.e. the number of cells per gram) (Barber et al., 

2000). EAT is a visceral depot that is used as an indicator of obesity (Sacks and 

Fain, 2007) and it has been suggested to be positively associated with body 

mass (Sons and Hoffmann, 1985). However, more recent autopsy and clinical 

studies have found that BMI and EAT were not well correlated (Shirani et al., 

1995, Corradi et al., 2004, Rabkin, 2007).  
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Figure 1-8: A summary of brown adipose tissue depots location in sheep 

  Adapted from Symonds et al., 2012) 
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1.5 Fatty acids  

1.5.1 Overview  

Fatty acids (FA) are long chains of lipid-carboxylic acid which are present in cell 

membranes and fat depots. They usually exist naturally and contain an 

unbranched chain of carbon atoms which are even in number (between four and 

28). The unbranched chains may be saturated or unsaturated (Nic et al., 1997). 

FA arise from triglycerides or phospholipids and undergo metabolism to produce 

high amounts of ATP. Nonetheless, long chain Fatty acids (with 14 carbon 

molecules or more) are unable to move across the blood-brain barrier (BBB) 

and as a result, they cannot act as a fuel source for the central nervous system. 

On the other hand, medium- (6-12 carbon atoms) and short-chained (less than 

six atoms of carbon) FAs together with ketone bodies and glucose are capable 

of passing the BBB membrane (Vijay and Morris, 2007). 

1.5.2 Classification of fatty acids 

Fatty acids are named with respect to the number of carbons present, the 

degree of saturation, and if present, the geometrical structure and location of 

double bonds. The absence of double bonds in FA indicates that they are linearly 

configured and that they are saturated fatty acids (SFAs) that solidify at room 

temperature. Whenever the double bonds are present, the FAs are unsaturated 

(USFAs). USFAs can have a single, double bond (monounsaturated; MUFAs) or 

two or more double bonds (polyunsaturated; PUFAs) (Lobb and Chow, 2007). 

Unlike SFAs, unsaturated FAs exist in liquid form at room temperature. USFAs 

may also exist within a two-structural placement of trans and cis isomers. The 

position of the hydrogen atoms linked to the double bond of carbon determines 
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the type of FA. FAs are cis if the hydrogen atoms occur on an identical side and 

are trans if the atoms occur on different sides (Figure 1-9). Fatty acids of the 

trans type do not usually occur naturally; they are usually created as a result of 

the industrial activity of hydrogenation (Katan et al., 1995). 

 

Figure 1-9: Structuring of trans and cis double bonds of carbon in fatty 

acids  

Cis indicates that the functional groups are on the same side of the carbon chain 

while trans conveys them on opposing sides. 

 

As illustrated in the above diagram, functional groups of cis occur on the same 

side of the carbon chain whereas those of trans occur on opposite sides. Carbon 

atoms in USFAs are numbered using two approaches; Δ approach or the n/ω 

numbering approach. In the Δ method, atoms from the carboxyl group are 

numbered, whereas, in the n/ω method, numbering starts with the carbon atom 

that is furthest from the carboxyl group (Katan et al., 1995). The Δ approach 

uses the format ‘carbons number-double bonds number- Δ- location of double 

bonds with respect to carboxyl group terminal.’ For example, 16:1 Δ9 means 

that the fatty acid has 16 carbons, a single, double bond and occurs nine carbon 

atoms from the carboxyl group (i.e. palmitoleic acid). The n/ω approach would 
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number the same acid as 16:1 (n-7); this means that the double bond of the 

FA occurs in the seventh furthest carbon atom from the ω-carbon atom, which 

is the most distant carbon atom from the carboxyl group. 

1.5.3 Trans fatty acids (TFAs) 

Primarily, TFAs are UFAs. They have at least one double bond of carbon with 

hydrogen atoms in their chemical structure. According to Wanders et al. (2010), 

TFAs are produced through biohydrogenation within the rumen or due to 

incomplete hydrogenation of unsaturated oils. Ruminant TFAs, such as the 

vaccine and conjugated linoleic acids, occur in small quantities in the meat and 

milk of these animals (Ghafoorunissa, 2008, Iqbal, 2014). The consumption of 

TFAs across different nations is challenging to evaluate as the percentage found 

in the diet varies significantly. However, Sundram et al. (2003) suggested they 

contribute to 7% of the total energy consumption in the Middle East and 

Southern Asia and between 2-3% in the United States of America (USA). Several 

epidemiological studies indicate that industrial TFAs could contribute to the 

incidence of cardiovascular disease. However, no such correlation has been 

attributed to ruminant TFAs (Bolton-Smith et al., 1996, Weggemans et al., 

2004, Lock et al., 2005, Van de Vijver et al., 2000). 
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1.5.4 Essential fatty acids 

As suggested by the name, essential fatty acids (EFAs) are fundamentally 

important  in maintaining and sustaining the development of bodily growth and 

function. Since desaturases are not present in mammalian cells, EFAs cannot be 

synthesised from simple precursors of carbon atoms. Instead, they are acquired 

through the diet (Christie, 1982, Le et al., 2009). The synthesis of downstream 

FAs mainly occurs by means of two EFAs, linoleic (LA, omega-6) and α-linolenic 

(ALA, omega-3) acids (Das, 2006, Le et al., 2009). Mammals lack the Δ12 and 

Δ15 desaturases which inhibit the formation of double bonds beyond the ninth 

carbon of the aliphatic chain. Synthesis of LA and ALA is therefore not possible 

in mammals (Christie, 1982). Diets rich in seed oils such as soya beans, 

sunflower and safflower contain high amounts of LA (AbuGhazaleh et al., 2007) 

whereas ALA is found in oils from soya beans, rapeseed, oats and linseed 

(Shingfield et al., 2010). ALA can also occur in oil from sunflower seeds, albeit 

in small amounts. 

1.5.5 Mechanisms of FAs metabolism in BAT 

The synthesis, metabolism and storage of FAs are crucial in the activation of 

UCP 1 during thermogenesis (Divakaruni and Brand, 2011, Fedorenko et al., 

2012). In order to obtain lipids in BAT, two mechanisms can take place. One 

involves the uptake of FAs through lipogenesis and lipoprotein carriers. The 

second is through de novo FA synthesis (Calderon-Dominguez et al., 2016). The 

lipoprotein lipase enzyme (LPL) provides the highest amount of FAs in BAT, 

which, when synthesised, binds the enzyme at the endothelium cell surface 

(ECS) (Bartelt et al., 2012).  
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Lipids gained from the diet are transported through lymphatic vessels into the 

circulation with the aid of very low-density proteins (VLDP) and chylomicrons 

(Calderon-Dominguez et al., 2016). Upon arrival of the triglyceride-rich 

lipoproteins in the bloodstream, they are hydrolysed into monoacylglycerol and 

FFAs by lipoprotein lipase (Bartelt et al., 2012; Bartelt et al., 2013). Exposing 

mice to a cold environment leads to an increase in FA uptake in the brown 

adipocytes rather than in skeletal muscle (Bartelt et al., 2011). The β3-

adrenergic pathway promotes the expression and activity of LPL and, as a result, 

the FA flow increases in BAT. Raised LPL activity can also cause insulin resistance 

and promote adiposity in mice (Duivenvoorden et al., 2005) and can enhance 

the lipogenic gene expression (Bartelt et al., 2011). When hydrolysis is 

completed, FAs are absorbed into the cellular structure through receptors of the 

plasmatic membrane. The FA binding proteins (FABP) function to transport the 

absorbed FAs to sites where they are stored or used (Calderon-Dominguez et 

al., 2016). 

The synthesis of FAs can arise through lipogenesis in the cytosol of the cell 

cytoplasm. The first stage is the conversion of acetyl-CoA into malonyl-CoA 

through the influence of acetyl-CoA carboxylase (Berg et al., 2011). Fatty acids  

synthetase (FAS) then serval reaction catalyses until the generation of palmitic 

acid (16:0) (Lodhi et al., 2011). The last phase in brown adipocytes consists of 

the elongation of stearoyl-CoA desaturase (SCD) 1 and of very long chain fatty 

acids (ELOVL) 3 (Calderon-Dominguez et al., 2016). Once the process of 

lipogenesis is complete, the synthesised FAs undergo esterification before they 

are oxidised and stored as TG in droplets of lipids (Calderon-Dominguez et al., 

2016) 
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1.5.6 Fatty acids abound and UCP1 gene expression.  

The type influences expression of UCP1 and the amount of the FA consumed.  

Exposure of mice to dietary intervention of PUFAS supplementation (4.3% 

compared with 1.6% within a conventional 9% proportion of fat) for a period of 

two weeks increased UCP1 protein by 41%, thereby indicating that the 

thermogenic potential of brown adipocytes may be boosted by a dietary regimen 

high in PUFAs (Sadurskis et al., 1995). Mice fed on a diet containing fish oil (rich 

in docosahexaenoic acid (DHA) and n-3 eicosapentaenoic acid (EPA)) were 

reported to have enhanced UCP1 expression in brown and beige adipocytes (Kim 

et al., 2015), which may be as a result of the effects of fish oil on SNS. This 

would induce β3-adrenergic receptor gene expression which then binds to NA, 

and in turn, UCP1 is activated (Lowell and Bachman, 2003; Kim et al., 2015; 

Kajimura and Saito, 2014). Conversely, when mice were fed on EPA and DHA 

supplements, no effect on UCP1 was reported (Janovska et al., 2013). In vitro 

treatment of human pre- and mature adipose cells with EPA up-regulates UCP1, 

whereas DHA had no effect (Fleckenstein‐Elsen et al., 2016). 

A diet high in MUFAs fed to adult rats stimulated UCP1 (Rodriguez et al., 2002). 

Lactating and expectant mothers fed on olive oil supplements were also reported 

to show lower weight gain while UCP1 gene expression in their progeny was 

boosted (Priego et al., 2013). In postmenopausal women, utilising olive oil to 

provide dietary fat was shown to initiate diet-induced thermogenesis (DIT) 

(Soares et al., 2004). Westerter (2004) described DIT as an increment in energy 

consumption beyond the basal fasting level as a proportion of the energy 
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content of the consumed diet. Therefore, part of the total energy intake will be 

expended. 

1.6 Lipolysis in the rumen 

1.6.1 Lipid metabolism in the rumen 

In non-ruminants, the digestion and absorption of lipids occur in the stomach 

and the small intestines. For ruminants, on the other hand, the rumen is of great 

significance during this process. Fermentation rates of the rumen depend on the 

type of FAs and therefore this influences the digestive process (Jenkins, 1993). 

Upon digestion of dietary fat, the amount transported to milk fat depends on 

rumen biohydrogenation, digestibility, absorption, and accumulation in the 

adipocytes (Palmquist et al., 1993; Wu et al., 1991).  Numerous studies have 

used supplements of lipids and FAs in order to boost the FA content in milk 

(Chilliard et al., 2000, 2007; Givens and Shingfield, 2006) with the proposition 

that the source of the supplement and FA composition determines the outcome.  

Moreover, variations in the specific content of FAs will influence other FAs.  For 

instance, additives that enhance Conjugated Linoleic Acid (CLA) and/or PUFAs 

content in milk whilst minimising SFAs have been shown to promote the quantity 

of (E)-11-octadecenoic acid (18:1) trans (Lock et al., 2005, Chilliard et al., 

2007, Roy et al., 2007). 

1.6.2 The process of lipolysis 

Lipolysis is the result of hydrolysis of dietary lipids into glycerol and FFAs by  

bacterial lipases (Buccioni et al., 2012). Jenkins (1993) reported that minimal 

amounts of monoglycerides and diglycerides are produced. In turn, the glycerol 

undergoes fermentation to form volatile short chain fatty acids (SCFAs) (Doreau 
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and Ferlay, 1994) that are then absorbed across the wall of the rumen for the 

de novo synthesis of SCFAs and medium chain fatty acids (MCFAs) (Mansbridge 

& Blake, 1997; Buccioni et al., 2012). Produced FAs undergo biohydrogenation 

and may be used in synthesising microbial lipids. The resultant short-chained 

FAs (produced due to lipolysis) undergo absorption and are transferred into the 

bloodstream (Doreau and Ferlay, 1994). The lipids that undergo esterification 

and are subjected to hydrolysis with influence from microbial lipases such as 

phospholipases, a process that results in the formation of free FAs (FFAs) 

(Jenkins, 1993). 
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1.7 The impact of maternal consumption of canola oil during lactation 

on milk fatty acid profile. 

Previous research has established that modifying milk fatty acid content through 

FAs supplementation could be beneficial to human health (Chilliard et al., 2000, 

2007; Dewhurst et al., 2006; Givens and Shingfield, 2006; Lock and Bauman, 

2004; Shingfield et al., 2006); however, there are varying outcomes in different 

species. 

Table 1-2 Summary of established studies on the impact of 
supplementing the maternal diet with canola oil on milk fatty acid 

profile 

Study Species Supplement Outcome 

Mir et al. 

(1999) 
Goats 4/6% canola 

Total fat, C18:0, 

Total CLA 

MCFAs, C16:0 

Okine et al. 

(2003) 
Goats 4/6% canola 

Total fat, MUFAs, 

C18:0, Total CLA 

SFAs, MCFAs, 

C14:0,C16:0, n-3,n-6 

Welter et al. 

(2016) 
Cows 6% canola 

MUFAs, C18:0, n-3,n-

6 

Total fat, PUFAs, 

MCFAs, C14:0, C16:0 

 
PUFAs = polyunsaturated fatty acids, MUFAs = monounsaturated fatty acids, 

SFAs = saturated fatty acids, MCFAs = medium chain fatty acids, CLA = 
conjugated linoleic acid. Blue indicates reduction, while red shows an increase 

in content compared with controls. 
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1.8 Maternal nutrition and birth outcomes  

Human epidemiological studies report that maternal diet, including macro- and 

micronutrients, as well as weight, age and lifestyle could have significant effects 

on the outcomes of pregnancy (Abu-Saad and Fraser, 2010). For example, poor 

nutrition during pregnancy can negatively impact on infant development, which 

may increase the risk of the offspring developing adult cardiovascular disease 

(Stein et al., 1996).  

1.8.1 Manipulation of the maternal diet in different gestational periods  

Some studies have shown that the timing of the manipulation of maternal diet 

could have different outcomes, depending on the stage of gestation (Roseboom 

et al., 2000, Symonds et al., 2004). According to Bispham et al. (2003), 

manipulation of the maternal diet from early to mid-gestation impacts on the 

metabolism of certain maternal hormones including cortisol and leptin. These 

two maternal hormones impact directly and indirectly on foetal adipose tissue 

development and could elevate UCP1 abundance, and hence the amount of BAT 

at term (Mostyn et al., 2003, Mostyn et al., 2002). The respective adaptations 

are also crucial towards sustaining maternal blood plasma glucose that will 

affect the growth of the foetus. Maternal dietary manipulation, especially during 

late gestation, may affect size at birth, which correlates with food consumption, 

and may also reduce plasma glucose by ~30% if the diet is restricted 

(Roseboom et al., 2000, Sebert et al., 2009). 

Enhancing maternal metabolism, by manipulating the diet or through exposure 

to cold, will lead to an increase in BAT development in the fetal perirenal region, 

at least in sheep (Clarke et al., 1997a, Budge et al., 2000). For example, one 
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study in sheep found that allowing the mother to feed according to her appetite 

may increase birth weight while also decreasing white adipose tissue formation 

and promoting BAT (Budge et al., 2000). This will improve the ability of the 

body to adapt to later life and to prevent excess fat mass.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

1.9 Importance of performing animal studies in different species  

For examining the potential biological mechanisms that could control BAT it 

would be considered unethical to conduct invasive studies in humans that 

involve tissue sampling. This is also the case when studying the effect of 

nutritional interventions in early life and its potential impact on later life, for 

which animal modules play a vital role in identifying the mechanisms that could 

explain the development of several diseases, including obesity. However, in 

such cases, the developmental differences between large and small mammals 

should be considered, particularly in terms of the rate of maturation (Pearce et 

al., 2005)  (Lindberg, 1970). Most studies on BAT location, type and function 

have been conducted in rodents (Timmons et al., 2007), in which hypothalamic 

maturity occurs after birth, in contrast with humans where it happens before 

birth (Symonds, 2007). Therefore, the size and type of mammals should be 

considered separately, depending on the research question and on the validity 

of other resources such as experience, equipment, funding and time.  

Because no animal is directly comparable to humans, each module has its 

limitations, which must be considered when examining potential human 

outcomes (McGonigle and Ruggeri, 2014). Sheep are often the preferred module 

when investigating the manipulation of the maternal diet and its impact on the 

foetus (Barry and Anthony, 2008). This is because of standard features in terms 
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of the maturation of the hypothalamus (Clarke et al., 1997b) and in terms of 

the complete develop  organ system (Symonds, 2007). In addition, sheep have 

a birth weight (about 4.5 kg) and gestational period (140-150 days) that makes 

them closer to humans (270 days) than rats (21-22 days) (Barry and Anthony, 

2008). However, the sheep module has some limitations as well as advantages 

when compared to human biology, as they have a complex digestive system 

that involves the rumen, and therefore the nutritional requirements and glucose 

metabolism are entirely different (Barry and Anthony, 2008). The main 

advantage of the sheep module, nonetheless, is its similarity to human perinatal 

BAT, which allows the regulation of body temperature through non-shivering 

thermogenesis to be studied (Clarke et al., 1997b). 
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1.10  Machine learning (ML) 

In recent years, using genomic data, through open sources, has improved 

published bioinformatics data (Ross and Krumholz, 2013). However, analysis of 

such big datasets remains highly challenging, particularly when taking a 

development approach, where there is a set of linkages between organ and 

tissue systems which could impact on disease processes (Claussnitzer et al., 

2015a). Adipose tissue due to its different anatomical location and function has 

recently become an endocrine organ of particular interest for research on 

obesity development (Cinti, 2011). Machine learning is an  analytical technique 

for big data in order to classify the types of gene interactions by using different 

logarithms (Alpaydin, 2009). It allows investigating of the regulatory 

relationships between genes in a probabilistic environment while compensating 

for any missing data, that takes place through the use of training sets, which 

are used to generate a predictive module based on the observations within the 

data (Yeoh et al., 2002). 

In general, machine learning algorithms can be classified into two main groups, 

supervised and unsupervised learning. 

1.10.1  Supervised learning 

The machine learning algorithm is trained using predefined data. For example, 

you have both input variables (x) and output variables (Y) and use an algorithm 

to develop mapping function from the (X) to the (Y). Supervised learning 

logarithm can be further divided into two categories: 



40 

 

 Classification: apply an aim to classify a specific number of output 

variables in group or category, such as age (i.e. 7 days or 28 days), and 

dietary group (i.e. control vs. supplemented) (Alpaydin, 2009). 

 Regression: mainly used when the output variable is a real value, and 

the aim is to predict an unspecified number in a particular category. This 

could include a prediction module based on data such as the number of 

gene interactions, and connectivity (Alpaydin, 2009). 

1.10.2 Unsupervised learning 

In contrast to supervised learning, in this type of machine learning logarithms 

are use no predefined data. For example, you only have input data (X) and no 

corresponding output variables. The logarithm combines similar data into 

groups, and then the test sample is classified based on its proximity to these 

groups. For example , one of the most commonly used algorithms in this 

category is (K-means) (Alpaydin, 2009). 

1.10.2.1 Clustering  

Unsupervised learning logarithms are mainly used with the aim of the 

classification of big datasets such as microarrays, where you want to discover 

the characteristic groupings in the data, such as a group of genes expressed by 

a particular pattern (Alpaydin, 2009). 

Algorithms can be combined to perform a specific task, such as using a 

clustering algorithm and then training a classification algorithm. For example, 

in one study genes were classified according to their similarities using 

unsupervised hierarchical clustering and principal component analysis 

expression clustering (Qu & Xu, 2004). In this thesis I have used supervised 
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learning algorithms such as the random forest (RF) (Breiman, 2001) in 

combination with the positive sample-only learning (PSOL) algorithm with the 

aim of predicting optimal gene expression patterns for five adipose tissues 

depots with age at two time points (i.e. 7 days and 28 days of age) in each 

dietary group. Each group of gene clusters where aiming to investigate a specific 

function, such as a cell differential, response to a stimulus, or mitochondria 

biogenesis. More details can be found in section 2.2.6.1 to 2.2.6.9 of chapter 2 

Materials and methods. 

 

 

Figure 1-10 Summary of machine learning types  

The diagram represents different logarithms that are used by machine learning techniques 
in an aim to classify (categorical) or predict (continuous) module in supervised learning 

or to use clustering function in unsupervised learning. 
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1.11 Aims and hypotheses 

In this chapter, early life nutritional programming and the capacity of the brown 

adipose tissue to act as an anti-obesity target by increasing energy expenditure 

are reviewed. I was particularly interested in the impact of the high level of 

MUFAs in different anatomical locations of fat depots during the development in 

early life. 

The aim of my thesis is to describe the changes in the lipid and gene expression 

profiles of adipose tissue in five different anatomical locations separately, in 

early life and to determine whether each fat depot develops and responds to 

stimuli differently, by supplementing the maternal diet with a high short fatty 

acid nutritional source (i.e. 3% of canola). 

The main hypothesis of this study is that the gene expression of adipose tissue 

will be distinct for each depot with significant changes including the loss of 

mitochondria gene function in early life, mediated by anatomical localisation. In 

addition, I hypothesise that manipulation of the maternal diet through lactation 

by enhancing milk fatty acid content in early life delays the loss of mitochondrial 

gene expression in the offspring adipose tissue. 

The following chapters were designed to test the hypotheses:  

 Chapter 4 describes the dynamic transdifferentiation of the adipose tissue 

gene expression profile and function in different depots during the first 

month of young sheep life. 
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 Chapter 5 investigates the impact of anatomical location on adipose tissue 

development, by comparing the gene expression profile of five different 

depots at two time points (7 and 28 days).   

 Chapter 6 identifies the change of lipid and gene expression profile and 

function in five different depots of young sheep raised to mothers whose 

diet has been supplemented with canola oil. 
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2 Materials and methods  

2.1  Experimental designs  

The experimental sheep study was carried out as part of a study designed to 

examine the impact on lambs of maternal food supplementation during 

lactation. The study was carried out in the Academic Department of Child Health, 

School of Medicine, University of Nottingham. Based on reduction principles in 

the utilisation of animals, guidelines in the 3Rs (NC3Rs, 2011) and to study new 

hypotheses emerging from new discoveries in the discipline, tissues obtained 

from the control animals (n=10) were further utilised in this investigation. All 

practices regarding the utilisation of animals in this investigation were carried 

out by Professor Michael E. Symonds, Dr Viv Perry and Mr Mark Birtwistle at the 

University of Nottingham, Sutton Bonington Campus from November 2014 to 

February 2015, with the consent of the UK Home Office and in compliance with 

UK animal law/scientific practices (1986). These trials received the required 

ethical approval from the University of Nottingham. All safety standards, risk 

assessments and chemical and laboratory activities complied with standards set 

forth by the UK’s Health and Safety Executive’s Control of Substances Hazardous 

to Health (COSHH, SI No. 1657, 1988). Chemicals used in this study met biology 

grading, and technicians wore lab coats and disposable nitrile gloves during all 

laboratory processes. Unless declared otherwise, Professors Michael Symonds 

and Helen Budge oversaw these procedures. 

2.1.1 Summary of the sheep study design   

Ten Blue-faced Leicester ewes were involved in this study, each of which had 

twin lambs (n = 20). Once they had given birth, each ewe was allocated to 



45 

 

either a control (n = 10) or canola supplemented diet, i.e standard diet + 3% 

canola oil supplement (45 g in 1500 g of concentrate) (n = 10). All lambs were 

fed by the mothers until their tissues were sampled. Lambs which were born to 

the same mother were randomly chosen for sampling at either 7 ± 2 (7-day 

group) or 28 ± 3 days (28-day group). They were humanely euthanised using 

an excess dose of a drug known as barbiturate (i.e. 200 mg/kg pentobarbital 

sodium, Euthatal: RMB Animal Health, UK). Adipose tissue samples were frozen 

in liquid nitrogen and kept at -80°C until further analysed. 
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Figure 2-1: Representation of the study design  

Ewes in the control group were fed a standard diet, ewes in the canola group 

were fed a standard diet + 3% canola oil, and offspring lambs were mother-fed 

from birth until the day of tissue sampling either at 7 or 28 days of age. The 

day numbers indicate age in days. Adipose tissues are (P) perirenal, (S) sternal, 

(E) epicardial, (O) omental, and (Su) subcutaneous.   
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2.1.2 Animals and environments 

A Texel ram was used to mate with Blue-faced Leicester ewes during the same 

period in order to enable all offspring to be experimented on as one cohort. For 

the majority of the gestational period, all ewes were housed at a farm located 

in Skipton, Yorkshire. They were then moved to a barn at Melton Lane Complex 

of the Sutton Bonington campus of Nottingham University two weeks prior to 

birth. Here they were kept in groups until they delivered. After delivery, each 

ewe and its offspring were housed in a separate two by two metres pen for the 

rest of the study. 

2.1.3 Sheep allocation into feeding groups 

A standard diet was given to all ewes until natural parturition at 21 weeks. Five 

out of the 28 ewes gave birth to triplets while 23 bore twins, giving a total of 61 

lambs, of which 26 were male and 35 female. Ten lactating ewes were 

categorised into the control group, nine into the canola group. The process of 

allocation ensured that the sex of the offspring was evenly distributed across 

the two dietary categories. There was a stillbirth of one female lamb and another 

died within 24 hours after birth, reducing the number of live lambs to 33. One 

male lamb was recorded to have a reduced growth rate and was ruled out of 

the experiment. The five triplet-bearing ewes were grouped as the control 

subjects. Tissues from one lamb chosen from each triplet batch were sampled 

at one day of age (1M, 4F). The five ewes were then left with two lambs to feed, 

reducing the total lamb count to 53 (23M, 29F). 
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2.1.4  Animal feeding and tissue sampling  

2.1.4.1 Ewes 

The standard diet during gestation was 1 kg of standard commercial concentrate 

(Ewe 18 Mix; Manor Farm Feeds, Oakham, Leicestershire, UK) and 2 kg of hay. 

The concentrate contained the necessary nutrients required to sustain expectant 

and lactating ewes in accordance with recommended dietary requirements 

(Alderman & Cottrill, 1993). After parturition, every ewe was grouped in one of 

two dietary categories: control group (2kg hay, 1kg of standard concentrate), 

canola group (2kg hay, 1kg of concentrate containing 3% canola oil 

supplement). The fat content in the canola group was twice that fed to the 

control subjects. Every group had unrestricted water access. Table 2-1 shows 

the composition of the concentrates.  

Table 2-1: Concentration of the feed concentrates 

Component Canola Group (%) Control Group (%) 

Canola oil 3 0 

Crude protein 18 18 

Crude fibre 7 7 

Crude Ash 6 6 

Other crude oils and 
fats 

3 3 

Moisture 15 15 

 



49 

 

2.1.5 Quality and quantity of RNA isolated 

All the ribonucleic acid (RNA) extraction procedure including isolation, 

quantification and quality control was performed by Dr Reham AlAgal and Dr 

Hernan Fainberg at the Department of Academic Child Health, University of 

Nottingham (unless otherwise stated). 

For RNA isolation from each fat depot from five animals within each nutritional 

group, and approximately 250 mg or 1000 mg of sampled tissue (at 7 and 28 

days of age respectively). These were mixed separately using tri-reagent (2 ml, 

Sigma-Aldrich). Total RNA was extracted using the RNeasy Plus kit (Qiagen), in 

accordance with the manufacturer’s instructions, and RNA quantity was 

measured with the aid of a NanoDrop® ND-1000 Spectrophotometer (Thermo 

Scientific, DE, USA). Optical density ratios (260/280 nm) were > 1.9 for all 

samples. Total RNA quality was assayed using Agilent 6000 bio analyser Nano 

Kit (Agilent Technologies, USA) and the samples with a RIN (RNA Integrity 

Number) exceeding 7 were chosen to undergo microarray analyses(Fainberg, 

2018) (see section 2.2.3-2.2.4 for more details). 

2.1.6 Calculation of the Integrity, Purity and Concentration of RNA 

Evaluation of the purity (260:230 nm, 260:280nm) and concentration (ng/μl) 

of RNA was performed a NanoDrop® ND-1000 Spectrophotometer (Thermo 

Scientific, DE, USA) using a 2.0 260:280 nm ratio, that is evidence of a superior 

RNA content (Manchester, 1996). RNA extracted from tissues aged 28 days was 

additionally examined in order to determine the integrity of the RNA using 

Agilent 2100 Bioanalyzer Eukaryote total RNA toolkit (Agilent Technologies, 

USA). During the analyses, RNA samples were partitioned using electrophoresis 
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on a micro-fabricated chip. The RNA was examined using fluorescence detection 

with the aid of laser beams in the form of a clump and size standard during the 

electrophoresis run. A RNA ladder was used, that enabled evaluation of the size 

of each RNA band, and the 18S and 28S bands of ribosomes of RNA were used 

to determine integrity level of RNA. This was evaluated by the aid of the 2100 

Expert Software version 2.6 (Agilent Technologies, USA). Those samples with a 

RIN (RNA Integrity Number) exceeding 7 were chosen to undergo microarray 

analyses (see figure 2.2 and appendix 9-2). This was performed by Dr Reham 

AlAgal , Dr Hernan Fainberg , Mr Mark Pope, Mrs Victoria Wilson and Dr Ian 

Bloor.at the Department of Academic Child Health, Obstetrics and Gynaecology 

University of Nottingham and the School of Veterinary Medicine, Sutton 

Bonington Campus between November 2013 and February 2018, under the 

supervision of Professor Michael Symonds and Professor Helen Budge.  

Excessive freezing and thawing may degenerate RNA (Wilson & Walker, 2010) 

and to prevent this, 10 μl aliquots of every RNA sample was individually taken 

and diluted to μg/μl to standardize the samples and prepare a reverse 

transcriptase-polymerase chain reaction (RT-PCR). They were then kept in 

labelled tubes at -20 ̊ C for a later examination. The residual RNA was then kept 

at -80 ˚C to be easily accessed, if necessary. 

The quantity and the quality of messenger ribonucleic acid. (mRNA) could be 

varied among adipose tissue depots extracted at both time points (i.e. 7 and 28 

days). This is dependent on the ability and abundance of the RNA amount 

extracted from different depots. For example, the small size of the epicardial 

adipose depot at early life (Barber et al., 2000) could impact on the 

availability of the sample number for RNA extraction, compared to other adipose 
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tissue depots at both time points (Sons and Hoffmann, 1985, Sacks and Fain, 

2007). However, microarray data analysis shows epicardial tissue was the site 

of the highest mRNA gene expression in the majority of the genes examined, so 

this reduction in quantity or quality of mRNA is unlikely to have skewed those 

results and conclusions. 

 

Figure 2-2 RNA integrity 

Two RNA samples showing different degrees of integrity. Sample 141 is 

degraded (RIN = 5.70), as indicated by multiple peaks in the electropherogram, 
and an increase in the fluorescent signal indicates the destruction of dye 

intercalation sites. Sample 142 had an RNA integrity number (RIN) of 8.50, and 
the electropherogram is typical for high-quality RNA, showing a clearly visible 
28/18S ribosomal RNA peak ratio. 
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2.2 Microarray analysis 

2.2.1 Principle of the microarray  

A microarray is a laboratory tool that detects and arranges expressions of 

multiple sequenced genes concurrently with the aid of a silicon sliver or a 

waterproof solid support glass. The tool analyses and identifies any 

homogeneities and disparities amongst sequences of expression in the target 

samples in order to widen the knowledge base on biological function. Every 

sequenced gene coincides with a complementary Deoxyribonucleic acid (cDNA), 

Genomic (gDNA), Polymerase chain reaction (PCR) by-product or 

oligonucleotides that have undergone chemical synthesis that typifies a single 

gene. The microarray then creates a comparative analysis of the gene 

expression patterns amongst a multitude of recorded and unrecorded gene 

functions. For example, the effect of the diet intervention theory could be 

evaluated by measuring the change in mRNA level and gene expression profile 

compared to the non-intervention group (see Figure 2-3 and Figure 2-4). 
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Figure 2-3: mRNA and reverse transcription  

In the target adipose tissue gene is expressed by transcribing DNA into single-stranded 

mRNA, by reverse transcriptase, we convert RNA into complementary DNA (cDNA). 
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2.2.2 Microarrays Affymetrix GeneChips 

All microarray analyses were carried out at Nottingham Arabidopsis Stock 

Centre (NASC) at the School of Biosciences in University of Nottingham. The 

integrity of the mRNA extricated from epicardial, perirenal, sternal, omental and 

subcutaneous adipose tissue samples was analysed using Agilent 6000 

bioanalyser (Agilent Technologies, Santa Clara, USA), and successive activities 

on mRNA were carried out using GeneChip® 3’ IVT Express kit (Affymetrix, High 

Wycombe, UK). Graham et al. (2011) reported the productivity of Affymetrix 

Human U133+2 chip in analysing gene array expression from sheep tissues 

(Graham et al., 2011). Every procedure adhered to the recommendations of the 

manufacturer. Every individual GeneChip® was inserted into Affymetrix® 

Genechip® Scanner 3000 7G (Affymetrix, High Wycombe, UK) in order to 

perform fluorescence tests. Partek (Partek Inc., St. Louis, USA) was used to 

ensure quality control in the appropriate tagging, hybridisation and evaluation 

of recorded data. 

2.2.3 Microarrays quality control analysis  

Measures of quality control (QC) are necessary in order to maintain an effective 

analysis of microarray datasets (Wilson and Miller, 2005). The accuracy of gene 

expression analysis can be enhanced by eliminating outlier arrays (Wilson and 

Miller, 2005). The integrity of all quantifications, elimination of noise and a 

minimum signal-to-noise ratio were as a result of correctional measures during 

profiling of expression patterns, which led to accurate experimental outputs 

(Chen at al., 2002). As a result, a higher number of genes could be identified 

and the amount that was statistically filtered also increased (Wilson et al., 

2004). The resultant data was then recorded on a log file that enabled 



55 

 

explanation of the significantly highly skewed data reported in some trial 

outcomes. Systematic variations in microarrays (expression of a similar gene or 

gene clusters in varying quantities across different microarrays) could also be 

eliminated. 

Accession numbers. All original microarray data were deposited in the NCBI’s 

Gene Expression Omnibus (accession GSE115799). 
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Figure 2-4: Microarray analysis procedure  

The mRNAs of two different samples were labelled with two different colours, 
(green and red), and were combined in one picture which shows if a specific gene 
is differently expressed in sample 1 (red) compared to sample 2 (green), or the 

opposite, while the yellow shows that no difference has been found in the probes.  
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2.2.4 Microarrays bioinformatics analysis by using R programme  

Using the power of advanced technology in biological sciences helps in 

deepening understanding, especially in the genesis and development of complex 

biologicals systems such as adipose tissue. By using a large dataset of gene 

expression profiles and showing the modality and mechanics of this system 

which could help in treat the target in an advance performance (Hansen and 

Jensen, 1985, Ghafoorunissa, 2008). In this research, I used the R programme, 

one of the free programmes that can deal with the size of large data to some 

extent, this mainly by establish supervised, and tested the data under one 

environment, specifically in the advanced stage of the analysis (Wene et al., 

1975, Hansen and Jensen, 1985). On the other hand, it is not easy to deal with 

this type of software, since R programme is based on statistical computing 

languages for performing the commands and analysis functions, which require 

advanced skills, especially in dealing with a large dataset. This requires a 

complex course of procedures, including using different packets and commands 

in several stages of analysis in order to indicate the pathway of the gene that 

has been highly expressed in the discussed-microarrays including the 

computation and visualisation procedures in the same programme. 

2.2.5 Summary of statistical analyses  

Based on the recommendation of the manufacturer (Affymetrix) I utilised the 

Human Genome U133A plus 2 arrays in conducting this study. Free and open 

source packages could possibly be accessible through the R project in all the 

microarrays processing stages beginning from normalisation until the evaluation 

of the network (http://cran.r-project.org/). I was able to access the precise 

packages for the high-throughput genomic data assessment which were 

http://cran.r-project.org/
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developed by the Bioconductor community for Affymetrix arrays 

(http://www.bioconductor.org/).The activities of this come under a similar 

platform, and with the R project’s open source regulations. The function of 

Guanine Cytosine Robust Multi-Array Analysis ‘gcrma’ implanted in the ‘affy’ 

package was also utilised in the prior processing of the data stages, using 

methods to make background corrections as well as in the normalisation and 

verification of the probe match. I made use of the ‘limma’ library in conducting 

the gene expression statistical analyses. This made it possible for us to perform 

the empirical Bayesian statistical moduleling (Wettenhall and Smyth, 2004). It 

is the most suitable for the structure of my study, as it makes it possible for me 

to be flexible with regard to the presumptions made on prior distributions and 

the posterior inference found to exist among all groups (Smyth, 2004). The 

False Discovery Rate or FDR (Benjamini and Hochberg, 1995) approach was 

utilised in expressing genes as well as for analysing other statistics. The value 

result q ≤ 0.05 derived is seen as significant. Both the fold change heat map 

and the volcano expression plots utilised the R-package graphical Plot ‘gplots’. 

Finally, I utilised the public access online software BioinfoGP for the application 

of the Venn diagram graphs (http://bioinfogp.cnb.csic.es/). I carried out every 

part of the statistical analysis with the aid of Dr Hernan Fainberg of the 

Department of Academic Child Health at the University of Nottingham. Any 

auxiliary processes relating to statistical analysis will be described in their 

corresponding chapters. 

 

http://www.bioconductor.org/
http://bioinfogp.cnb.csic.es/
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2.2.5.1 Data pre-processing  

The resulting images were used to produce a dataset once the microarrays had 

been hybridised. Prior to the analysis, this dataset is supposed to be ‘pre-

processed’ and the result interpretation carried out. Pre-processing involves the 

process of extracting or developing significant data attributes including 

removing missing data and errors, as well as checking data quality and removing 

or correcting inappropriate data and setting up the dataset for analysis. The 

analyses were performed on the R programme. 

2.2.5.2 Background correction 

For non-specific hybridisation, the process devised to adjust is known as 

background corrections. This refers to the hybridisation of sample transcripts 

whose sequences fail to compare with the probe on the array completely. 

2.2.5.3 Data transformations 

First, the gene expression matrix needs to be saved as a comma-separated 

values (CSV) delimited text file before the microarrays data background 

corrected, and complete the log-transformed process. Log transformation 

facilitates the utilisation of classical parametric statistic testing and enhances 

the data distribution attributes.  

2.2.5.4  Normalisation   

Normalisation is a pre-processing phase that tries to correct for systematic 

variations between arrays or genes that are constantly lower or higher than the 

ones on the other arrays by using the median as a robust measure. 



60 

 

2.2.5.5  Primary visual examination  

These are the most widely used techniques which are based on the principle 

that visual analysis can be used to examine the extent to which the distribution 

of sample values is consistent with a theoretical distribution (e.g. normal 

distribution) or with the distribution of other sample values using different charts 

(i.e. box plot and histograms).   

2.2.5.6 Clustering analysis 

Clustering approaches are a very useful technique to classify the differences and 

similarities across different samples, to specify the outliers, inadequately 

annotated samples, and to deal with other problems that might be present when 

examining large datasets of gene expression, based on the single gene 

expression patterns and function (Simpson, 2012). In my study, principal 

component analysis (PCA) and the K-means of unsupervised tree-shaped 

‘hierarchy’ displayed on ‘Dendrograms’ were applied in order to classify and 

divide the adipose tissue microarrays data into clusters based on the similarity 

of individual gene expression and function across five different anatomical depot 

locations that been supplemented with canola oil in early life. In some cases, 

the gene expression patterns were not only either closely clustered or spread 

out but also significantly changed by -fold expression, suggesting gene 

expression changes in fat depots with age (down- or up-regulation), i.e. 

temporal regulation. The number of genes expressed was also different across 

replicates. Performing multiple analyses was therefore very useful in correcting 

for background noise to avoid type 1 or type 2 errors.  
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2.2.5.7 Heat Map and volcano plot analysis  

The heatmap and volcano plot function can be utilised in R, after the clustering 

method. Both tests are mainly used to provide an overview and identify the 

changes in gene expression patterns. Volcano plots indicate those genes that 

experience significant changes in gene expression (up-/down-regulated) based 

on a q-value < 0.05 and a twofold change in standard error. The heat map in 

this study was used to classify the top 100 differentially expressed genes and 

lipids (down- or up-regulated) from the lipidomic and microarray analyses. 

2.2.5.8 Selection of informative genes 

An ML algorithm and weighted gene co-expression network analysis enabled 

identification of any alterations in the roles and functioning of genes throughout 

the five fat depots with respect to age (7 and 28 days). The optimal pattern of 

gene expression within every depot and each control and the dietary group was 

analysed through iterations and ML algorithms like the Random Forest (Breiman, 

2001), so as to reduce the magnitude of the random error term. A PSOL 

algorithm generated from the Random Forest was also used within the R 

package of ml-DNA (Ma et al., 2014) since its estimation accuracy (c. 95-98%) 

in gene recognition is superior (Díaz-Uriarte and De Andres, 2006; Ma et al., 

2014; Wang et al., 2006).  

The machine learning algorithms successfully classified or estimated the first 

100 genes that had been chosen on the basis of Bayesian analysis and 

moduleling from distinct adipocyte cells within every dietary category. 

Afterwards, the fivefold cross-validation method was carried out in order to 

determine the precision of obtained values by splitting the dataset into five 
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different subsets. (Breiman, 2001). In this procedure, the dimensional scores of 

the x and y-axes of every chosen interaction pattern were analysed starting 

from the thresholds. The axes (x and y) indicate false and true positives 

correspondingly. The dimensional scores, also simply referred to as area under 

the curve (AUC), were determined using ROC analysis with a range of 0 to 1. 

The rate of precision is expected to increase as the AUC score tends to 1 in the 

RF module (see Appendix 9.3). 

2.2.5.9  Network formation of gene co-expression 

Datasets analysed in this study consisted of data from 50 samples, divided 

equally into two groups, (i.e. 25 samples in each age group; 7 and 28 days), 

which were acquired from experimental subjects in the control category, as well 

as an additional 20 samples acquired from experimental subjects in the canola 

group. The data were recorded on five types of fat depots; the epicardial, 

perirenal, sternal, omental, subcutaneous adipose tissues from five lambs in 

every dietary group. However, sampled tissues of the sternal fat depot 

numbered four from the group subjected to supplements of canola oil. Each 

dataset was separately formed through a standard workflow, in line with 

recommendations of the weighted analysis of correlation patterns; the weighted 

gene co-expressed network analysis (WGCNA) data-mining approach (Zhang & 

Horvath, 2005). These were then further remoduleled by the technique of Yao 

et al., 2005. Individual datasets were then referred to in the formation of an 

integrative signed correlation network. The non-informative genes in each group 

were excluded from the analysis of biological and molecular activity, and 

instead, the informative genes were designated for inclusion into the ML 

procedure of filtering (Ma et al., 2014). However, it is important to note that 



63 

 

there exists no conclusive interpretation of what an ‘informative’ or ‘non-

informative’ gene is (Dziuda, 2010). As a result, it is necessary to clarify the 

term ‘informative gene’ in the context of this study. In this review, the term is 

used to define all genes that are of significance to the anticipated pathways of 

module differentiation and functioning of the BAT. 

The process of weighted gene co-expression analysis involves the formation and 

identification of sequences of gene expression amongst sampled tissues that 

occur as microarray datasets from every dietary group. A function referred to 

as ‘module preservation’ was embedded in the R package of weighted gene co-

expression network analysis (Yao et al., 2005). The function was used to analyse 

relations between the established modules arising from the two age and dietary 

groups. It is also important in determining the correct expression of modules of 

the reference set. The algorithm evaluates statistical module preservation in 

terms of pairs of the relevant reference and test sets. In this study, the 

reference set is the control group (animals fed on a standard diet) while the test 

set is the canola group (animals fed on a standard diet and 3% canola oil 

supplements). In every reference-test pair, the ‘module preservation’ algorithm 

returns a Z-summary score. The score is used to determine a ratio/measure of 

how the generated modules of the control group are transferred and maintained 

within the group receiving supplements of canola oil with respect to similar 

genes that occur between the two sets (i.e. the reference set and the test set). 

A Z-summary value exceeding 10 is regarded to be an indicator of high levels 

of module preservation (i.e. the design of the found modules has not been 

altered). A value in the range of two to ten is regarded as an indicator of 

moderate preservation. On the other hand, a value lower than two indicates no 
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preservation in the found modules. The Z-summary statistic may be 

computationally intensive since it is evaluated on the basis of a generation of 

200 random permutations between two independent datasets, and may also be 

affected by the size of the module (Oldham et al., 2006). 

2.2.5.10  Analysis of gene ontology (GO) 

A utilitarian enrichment analysis test was carried out with the aim of identifying 

and explaining the genes existing within every module. The analyses were 

conducted with the use of Web Gestalt, a WEB-based GEne SeT Analyses Toolkit. 

GO labels having an FDR score below 0.05 and an enrichment value exceeding 

five in every grouping are illustrated (Wang et al., 2013) below in Figure 2-4.  
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Figure 2-5: Overview of the microarray data study design from RNA extraction to   data 

analysis process to data outcome 
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2.3 Determination of adipose tissue lipid composition 

All the lipid preparation and procedures (excluding the lipid MS analysis) were 

done by Prof David Barrett and Dr Catharine Ortori. 

The samples of adipose tissue (100 – 200 mg) were ground in Retsch ball mill 

for three minutes using six-millimetre stainless steel balls and then pre-chilled 

to −18°C. Chilled chloroform, that is, 2:1 methanol, was added (0.5 mL), and 

the mixture was stirred up for 20 minutes at room temperature, then 

centrifuged at 10,000 × g at 4°C for 10 minutes. The bottom layer was taken 

out and put into a centrifugal evaporator. The samples were re-formed to 100 

μL chloroform, i.e. 1:2 methanol centrifuged, and transferred to amber glass LC 

vessels with inserts and kept at −80°C until LC-MS analysis. Lipidomic QC 

specimens were prepared by mixing up equal amounts of all specimen extracts. 

Five microlitres of the obtained lipids were put into a an Agilent Poroshell  50 × 

2.1 mm at 45°C 120 SB-C18 Agilent Poroshell with 2.7 μm particle size, and 

washed with 0.1% aqueous ammonium acetate (A) to 0.1% aqueous 

ammonium isopropanol/acetonitrile/acetate gradient (8:1:1) (B) by means of 

gradient elution. The Hemel Hempstead, UK’s Thermo Scientific Accela modular 

HPLC system was applied at 0.45 mL/min flow rate. The ThermoScientificHemel 

Hempstead, UK’s Exactive series mass spectrometer was used for detections in 

the range m/z 100 to 1900 in electrospray method with +/−ve switching at 

25000 resolution setting. Total ion account was normalised, pre-processed and 

transferred to Excel for further analysis with the help of Progenesis, Newcastle 

upon Tyne, UK’s Progenesis QI software. Lipid MS Predict, a production 

prediction tool from Lipidmaps, was used to facilitate spectral understanding. 

The identities of the chosen isobaric lipid types were then revealed by preparing 
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MS/MS spectra (nominal mass) with the help of a particular LC method using a 

Thermo Scientific LTQ Velos ion trap mass spectrometer through the same 

electrospray basis and with an impact energy of 40 (Ravipati et al., 2015).
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3 Method validation 

3.1 Introduction  

By using published data from a previous study (Svensson et al., 2011), this 

chapter evaluates the validity of my thesis methodology of using bioinformatics 

tools to analyse microarray data. 

 

3.2 Methods  

3.2.1 Statistical and function profiling analysis  

A detailed description of the statistical methods and function profiling analysis 

used in my investigation can be found in Chapter 2. 

3.2.2 Subjects and samples  

Human microarray data profiles were obtained from parathyroid adipose tissue 

containing islets of brown adipose tissue (BAT) and paired subcutaneous adipose 

tissue (WAT) profiles from patients who were undergoing surgery in the thyroid 

area (GSE27657) (seven women and two men; aged 21–76 years) (see Table 

3-1) (Svensson et al., 2011). 

 

 

 

 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27657
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Table 3-1:  Patient characteristics 

 Adapted from (Svensson et al., 2011) 

Patient Sex 
Age 

(years) 

BMI 

(kg/m2) 
Reason for surgery 

1 Male 21 23.6 Hyperparathyroidism 

2 Female 39 23.3 Non-toxic goiter 

3 Male 23 20.2 Thyrotoxicosis 

4 Female 60 20.3 Benign thyroid cyst 

5 Female 59 21.6 Hyperparathyroidism 

6 Female 71 26.4 Hyperparathyroidism 

7 Female 50 23.1 Non-toxic goiter 

8 Female 76 25.7 Non-toxic goiter 

9 Female 32 23.8 Thyrotoxicosis 

 



70 

 

3.3 Results  

3.3.1 Quality control of microarrays  

In order to prepare microarray data (nine paired samples from parathyroid), 

previously published data were analysed by microarrays for gene expression 

analysis for non-specific hybridisation and background corrections. The data are 

usually log-transformed once background correction is completed. After this, 

the pre-processing phase takes place, which tries to correct the systematic 

variation between arrays or genes that are constantly lower or higher than those 

on the other arrays and thus removes the variance effect Figure 3-1. Then, by 

using K-means and depending on the similarity in gene expression pattern the 

data are divided into groups (clusters) in tree-shaped ‘hierarchies’ displayed on  

‘Dendrograms’, dividing the data obtained into two unique groups 

(subcutaneous  and parathyroid) (see Figure 3-2). However, the results indicate 

that one sample was regulated differently when comparing BAT to WAT. 

According to the data in Table 3-1, I found that there was only one patient who 

was diagnosed as ‘Benign thyroid cyst’, therefore I decided to remove that 

sample from the analysis. 
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Figure 3-1: Microarray data normalisation process  

The box plot shape of the data distribution by the mean, while the density plots using 

a signal distribution across the chip. 
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Figure 3-2: Principal component analysis and tree cluster analysis 

(A) Principal component analysis (PCA) of gene expression data from two 
adipose tissue depots from each subject was performed using 1982 datasets 
that passed the variance test QC. Each sample is represented by colour-coding 

to indicate the depot to which it belongs: parathyroid - red (n = 9); 
subcutaneous – turquoise (n = 9). (B) The graph shows the difference in PCA 

after removing the outlier sample number (PT80) from the parathyroid cluster 
(represented by the red circle). PC1 axis is the first principal direction along 
which the samples show the largest variation. The PC2 axis is the second most 

important direction and it is orthogonal to the PC1 axis.  
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3.3.2 Identification of gene expression profiles  

To identify genes that were differentially expressed in human BAT compared to 

WAT, nine paired samples from parathyroid (8) and subcutaneous (9) were 

analysed by microarray. The analysis from the microarray data obtained 

confirmed that 1982 genes from a total of 10077 genes were significantly 

expressed in BAT compared to WAT; 49 of those genes had at least a twofold 

higher expression. Further analysis of the expression profiles, using the criteria 

described above, it was confirmed that the UCP1 gene was overexpressed in the 

samples classified as BAT, as shown in Figure 3-4 and Table 3-4. 

 

3.3.3  Gene expression pattern  

In order to provide an overview and identify the change in gene expression 

patterns (up- and down-regulated) in the examined sample, the data were 

tested in a Volcano plot (Figure 3-4). My results indicate that there are 1982 

genes (represented by a solid red circle) that were significantly changed (down- 

or up-regulated) according to the q-value < 0.05, and a twofold change. This 

result suggests that there is a significant change when comparing BAT to WAT 

in terms of gene expression profiling. However, it should be noted that not all 

the genes with a significant q-value have a change of twofold or more. The heat 

map in Figure 3-4 was used to classify the top 100 differentially expressed genes 

(down- or up-regulated) from the microarrays analysis by comparing BAT to 

WAT, and as expected it showed that UCP1 gene expression was significantly 

different between examined depots. 
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Figure 3-3: Volcano plots representing changes in gene expression of 
all transcripts when comparing BAT to WAT   

Volcano plot was performed using 1982 datasets that passed the variance test 
QC. The log of the FDR-adjusted probability values (q-value) (y-axis) plotted 
against the log fold-changes (x-axis) between the parathyroid (n = 8) and 

subcutaneous (n = 9) adipose tissues. Those genes that were expressed 
significantly differently in the sample are represented by a solid red circle, and 

those that did have significant change are coloured black (q < 0.05 (FDR 
correction - Bayes moderated t-statistics). 
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Figure 3-4: Heatmap of the top 100 genes 

Dendrograms visualise the hierarchical clustering results of the top 100 
differentially expressed genes identified from the microarray analysis in 
comparing BAT representing by Parathyroid (n = 8); to WAT representing by 

subcutaneous (n = 9), Gene expression using 1982 datasets that passed the 
variance test QC data were transformed to a Z-score, shown by a colour code, 

with blue representing an increase in gene expression and red showing the 
opposite. 
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3.3.4 Functional profiling  

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway were utilised in order to examine further the biological processes, 

including metabolic or regulatory pathways, in terms of the genes that were 

significantly down- and up-regulated expressed in the samples. In accordance 

with (GO) analysis using the AmiGO browser (http://amigo1.geneontology.org), 

378 biological processes were enriched (q < 0.05). The diagram in Figure 3-5 

shows the top four4 (coloured in pink) of a total of the top 12 biological 

processes that were differentially expressed when comparing BAT to WAT. The 

top 10 biological processes by Q-value are presented in Table 3-3. In order to 

identify and determine a specific biological pathway, in relation to the 

thermogenesis process, the data were analysed by using the KEGG pathway. 

The results show there are n KEGG pathways that were significant (q < 0.05) 

when comparing parathyroid and subcutaneous adipose tissues (see Table 3-3).  

Practically the pathway in Figure 3-6 suggests that 13 genes from a total of 71 

genes have significant changes (down- or up-regulated) according to the 

standard twofold of change. A majority of these genes have their main function 

in mitochondria (see Table 3-4). In addition, this pathway assumes that PPARG 

could impact significantly on UCP1. It is a nuclear hormone receptor, activated 

by fatty acids and their derivatives, that plays a role in promoting adipocyte 

differentiation to enhance blood glucose uptake (Jones et al., 2005; Nolte et al., 

1998). It regulates the transcription of the UCP1 gene and has the ability to 

rapidly increase energy expenditure by increasing the oxidation of free fatty 

acids (FFA) and glucose uptake (Cinti, 2006), so thermogenesis is activated 

(Cannon and Nedergaard, 2004). 

http://amigo1.geneontology.org/
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Figure 3-5: Gene ontology overview in comparing WAT to BAT 

The top biological processes that were significantly different (q < 0.05), 

represented in pink squares) when comparing subcutaneous (WAT) to 
parathyroid (BAT). 
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Table 3-2: The top 10 enriched biological processes in the comparison 
between subcutaneous and parathyroid adipose tissue 

Gene Ontology 

code 
Biological process Q-value 

GO:0032501 multicellular organismal process 0.00 

GO:0044707 single-multicellular organism process 0.00 

GO:0015980 
energy derivation by oxidation of organic 

compounds 
0.00 

GO:0055114 oxidation-reduction process 0.00 

GO:0048731 system development 0.00 

GO:0001667 ameboidal cell migration 0.00 

GO:0035295 tube development 0.00 

GO:0009719 response to endogenous stimulus 0.00 

GO:0001568 blood vessel development 0.00 

GO:0007275 multicellular organismal development 0.00 
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Table 3-3: The nine KEGG pathways that were significantly different 

between parathyroid and subcutaneous adipose tissue 

Pathway Genes reference 

Protein digestion and absorption 4974 

Citrate cycle (TCA cycle) 20 

Cardiac muscle construction 4260 

ECM-Receptor interaction 4512 

Proximal tubule bicarbonate reclamation 4964 

Bile secretion 4976 

Pancreatic secretion 4972 

Fatty acid degradation 5016 

Huntington disease 71 
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Figure 3-6: KEGG Pathway 

Thirteen genes (including ucp1) involved in the above pathway were found to 

be significantly different when comparing subcutaneous (WAT) to parathyroid 
(BAT), shown by colour scale, with blue colour representing a decrease in gene 
expression and red showing the opposite.  
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Table 3-4:  Top 10 genes expressed differently in the KEGG pathway 

when comparing WAT to BAT 

Symbol Gene name Change fold 

UCP1 Mitochondrial uncoupling proteins 1 4.29 

COX4I1 Cytochrome C Oxidase Subunit IV Isoform 1 4.14 

CYC1 Cytochrome C-1 3.40 

NDUFB9 
NADHDehydrogenase(Ubiquinone) 1 Beta 

Subcomplex, 9, 22kDa 
2.43 

TGM2 Transglutaminase 2 2.06 

SLC25A5 
Solute Carrier Family 25 (Mitochondrial Carrier; 

Adenine Nucleotide Translocator), Member 5 
1.98 

CYCS Cytochrome C, Somatic 1.25 

ATP5B 
ATP Synthase, H+ Transporting, Mitochondrial 

F1 Complex, Beta Polypeptide 
1.08 

CREB5 CAMP Responsive Element Binding Protein 5 0.97 

SDHA 
Succinate dehydrogenase complex, subunit 

A, flavoprotein variant 
0.68 
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3.4 Discussion  

Using the bioinformatics data in combination with the R programme, which uses 

advanced statistical analysis tools, has become one of the innovative ways, in 

biological sciences, to deal with big datasets (i.e. microarrays). It is able to 

design a complex transcription which comprises various mathematical equations 

and algorithms with the aim of gaining an accurate assessment of the 

developmental mechanisms in certain metabolic diseases, including obesity 

(Ghafoorunissa, 2008). 

However, developing such a long transcript, which comprises different stages of 

analysis and multiple commands and functions, should be primarily tested by 

using different methods to evaluate the accuracy of the whole procedure and 

the final outcome. Therefore, in this chapter, I have established an experiment 

to determine the validity of the method, by using human microarray data 

obtained from a previously published study in 2011, which was used with the 

aim of identifying the parathyroid, gene expression profile and function as BAT, 

in comparison with the subcutaneous WAT which was obtained from different 

anatomical locations (Svensson et al., 2011). 

By performing a transcriptomic analysis to identify differences in gene 

expression profiles between the two examined depots (i.e. BAT and WAT), in 

different anatomical locations, my results partially matched those of the 

previous study. Although the PCA and tree cluster analysis results indicated that 

one of the investigation samples was regulated differently when comparing BAT 

to WAT, by reviewing the original data, I found that the patient was diagnosed 

and classified in a different stage of the disease (i.e. thyroid cyst), compared to 

other patients who were mostly diagnosed as either having hyperparathyroidism 
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or a non-toxic goitre. This could have an impact on the biological function of the 

obtained tissue (Divakaruni and Brand, 2011, Westerterp and Goran, 1997). 

In addition, the published study indicated that there was a significant difference 

between the two biopsied depots including parathyroid (BAT) and subcutaneous 

(WAT), in terms of the gene expression profile and mitochondrial genes, 

particularly ucp1, which has been found to be highly expressed in brown 

adipocytes. This was confirmed in my experiment, and further evaluated 

visually, by using the advanced tools of analysis (i.e. volcano, box plot and the 

heat map) which are based on robust statistical relationships (i.e. significant 

FDR < 0.05,  and change of twofold or more) (Gentleman et al., 2004). These 

reflect the power of combining statistical and visual technical tools (i.e. plot, 

dendrogram, heat map) when evaluating such a big dataset.  

GO enrichment and KEGG pathway were applied with the purpose of translating 

and transferring the significant differences in gene expression profiles between 

BAT and WAT. It identified the biological functional phase that could explain 

gene expression variations through specific pathways linked to mitochondrial 

function (i.e. thermogenesis) (Larson et al., 1996, Kanehisa et al., 2017). The 

mitochondrial oxidative phosphorylation pathway thus differed between BAT and 

WAT and was linked to the mitochondrial energy capacity, and to the ability of 

UCP1 in BAT to produce heat rather than ATP (Hill et al., 1992). 

3.5 Conclusion 

In conclusion, my results demonstrate that there are significant changes in gene 

expression profiling and function when comparing different depots in terms of 

anatomical locations in humans. The same method can now be used in the 

examination of adipose tissue from sheep whose diet has been supplemented 
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with canola to examine a nutrition intervention in early life and its potential 

consequences for metabolic health in later life (Symonds et al., 2012). The data 

presented in this study suggest that the microarray gene expression in 

combination with advanced data analysis tools provide a robust and accurate 

approach for producing adipose depot-specific gene signatures. Moreover, this 

approach is also expected to enhance the ability to identify and manipulate 

specific characteristics of adipose tissue in different anatomical locations. 

However, it should be acknowledged that reactivating the thermogenesis 

process, particularly in a human, is more complicated than targeting single 

genes (UCP1). 
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4 Dynamic transition in the gene expression profile during 

postnatal development 

4.1 Introduction  

In humans, the functionality of brown adipocytes reduces with age (Nedergaard 

et al., 2007, Virtanen et al., 2009), and they are replaced with white adipose 

tissue (Symonds et al., 2015, Pope et al., 2014). In the present study, I 

addressed this hypothesis and further investigated how age influences the 

physiological functioning of BAT in sheep. 

4.2 Hypothesis 

For this study, based on previous research (discussed above) about the 

association between adipose tissue and age I hypothesised that:  

-Adipose tissue transforms from energy consumption to an energy storage 

tissue coincident with the loss of the brown adipose tissue-specific uncoupling 

protein 1 in different degrees between depots during the first month of young 

sheep life. 
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4.3 Methods 

Ten twin-bearing, non-identical Blue-faced Leicester cross Swaledale ewes were 

given a standard roughage diet after they gave birth (n = 10). Every twin was 

raised naturally with their mother until they reached the age of 28 days when 

they were then euthanised and samples of their tissues taken for analysis (see 

Figure 4-1). 

I performed a transcriptomic comparison between five different depots 

(epicardial, sternal, perirenal, omental and subcutaneous) over the specific time 

of period from 7 to 28 days of age. I applied a machine learning (ML) algorithm 

and a weighted co-expression network analysis (Claussnitzer et al., 2015b, 

Frayling et al., 2007, Lotta et al., 2017, Rajakumari et al., 2013) to identify the 

dynamic transformation of the gene expression profiling with age in early life 

development on adipose tissue function and cellular plasticity. 

A detailed description of the statistical methods and function profiling analysis 

used can be found in Chapter 2.  
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Figure 4-1: Summary of the study design  

Datasets included data from 50 samples obtained from 10 lambs with the aim of characterising 

the gene expression profile difference within the same depot at two time points, either seven 
days or 28 days (n = 5 at each time point within each depot) for five different adipose tissues 

depots ((P) perirenal, (S) sternal, (E) epicardial, (O) omental, and (Su) subcutaneous). The day 

numbers indicate age. 
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4.4 Results  

4.4.1 Principal component analysis and hierarchical clustering at 7 and 

28 days of age 

Principal component analysis (PCA), heatmap and unsupervised hierarchical 

clustering dendrograms were applied for each examined depot to show the level 

of variation in the gene expression pattern between all examined depots, as well 

as in each fat depot independently, during the development from 7 to 28 days 

of age. The results in Figure 4-3, Figure 4-2, Figure 4-4, Figure 4-5 ,and Figure 

4-6 show that each of the fat tested depots has separated at this stage of 

physiological development (i.e. from 7 to 28 days), suggesting that the gene 

expression pattern (down- or up-regulation), has been significantly changed in 

each fat depot with age.  
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Figure 4-2: Cluster analysis of the perirenal fat depot 

(A) Principal component analysis (PCA) of gene expression data from perirenal adipose tissue depot 

from each animal was performed using 1649 datasets that passed the variance test QC. Each sample 
is represented by colour-coding to indicate the age to which it belongs: seven days, light orange (n = 

5); 28 days, dark orange (n = 5). PC1 axis is the first principal direction along which the samples show 
the largest variation. The PC2 axis is the second most important direction and it is orthogonal to the 
PC1 axis. (B) Heat map and unsupervised hierarchical clustering dendrograms for the top 100 

deferentially-expressed genes identified by microarray analysis (average linkage, Euclidean distance 
metric) between 7 and 28 days as selected by eBayes moderated t-statistics (FDR < 0.05). Gene 

expression was transformed to a Z-score, and blue represents a decrease and red an increase in gene 
expression with age. 
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Figure 4-3: Cluster analysis of the sternal fat depot 

(A) Principal component analysis (PCA) of gene expression data from sternal adipose tissue depot from 

each animal was performed using 820 datasets that passed the variance test QC. Each sample is 
represented by colour-coding to indicate the age which it belongs: seven days, light red (n = 5); 28 
days, dark red (n = 5). PC1 axis is the first principal direction along which the samples show the largest 

variation. The PC2 axis is the second most important direction and it is orthogonal to the PC1 axis. (B)  
Heat map and unsupervised hierarchical clustering dendrograms for the top 100 deferentially-

expressed genes identified by microarray analysis (average linkage, Euclidean distance metric) 
between 7 and 28 days as selected by eBayes moderated t-statistics (FDR < 0.05). Gene expression 
was transformed to a Z-score, and blue represents a decrease and red an increase in gene expression 

with age. 
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Figure 4-4: Cluster analysis of the epicardial fat depot 

(A) Principal component analysis (PCA) of gene expression data from epicardial adipose tissue depot 
from each animal was performed using 693 datasets that passed the variance test QC. Each sample 

is represented by color-coded to indicate the age which it belongs: seven days, light pink (n = 5); 28 
days, dark pink (n = 5). PC1 axis is the first principal direction along which the samples show the 

largest variation. The PC2 axis is the second most important direction and it is orthogonal to the PC1 
axis. (B) Heat map and unsupervised hierarchical clustering dendrograms for the top 100 

deferentially-expressed genes identified by microarray analysis (average linkage, Euclidean distance 
metric) between 7 and 28 days as selected by eBayes moderated t-statistics (FDR < 0.05). Gene 
expression was transformed to a Z-score, and blue represents a decrease and red an increase in gene 

expression with age. 
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Figure 4-5: Cluster analysis of the omental fat depot 

(A) Principal component analysis (PCA) of gene expression data from omental adipose tissue depot 

from each animal was performed using 2574 datasets that passed the variance test QC. Each sample 
is represented by color-coded to indicate the age which it belongs: seven days, grey (n = 5); 28 days 

black (n = 5). PC1 axis is the first principal direction along which the samples show the largest 
variation. The PC2 axis is the second most important direction and it is orthogonal to the PC1 axis. 
(B) Heat map and unsupervised hierarchical clustering dendrograms for the top 100 deferentially-

expressed genes identified by microarray analysis (average linkage, Euclidean distance metric) 
between 7 and 28 days as selected by eBayes moderated t-statistics (FDR < 0.05). Gene expression 

was transformed to a Z-score, and blue represents a decrease and red an increase in gene expression 

with age. 
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Figure 4-6: Cluster analysis of the subcutaneous fat depot 

(A) Principal component analysis (PCA) of gene expression data from subcutounc adipose tissue depot 

from each animal was performed using 1938 datasets that passed the variance test QC. Each sample 
is represented by colour-coded to indicate the age which it belongs: seven days, light green (n = 5); 
28 days green (n = 5). PC1 axis is the first principal direction along which the samples show the 

largest variation. The PC2 axis is the second most important direction and it is orthogonal to the PC1 
axis. (B) Heat map and unsupervised hierarchical clustering dendrograms for the top 100 

deferentially-expressed genes identified by microarray analysis (average linkage, Euclidean distance 
metric) between 7 and 28 days as selected by eBayes moderated t-statistics (FDR < 0.05). Gene 
expression was transformed to a Z-score, and blue represents a decrease and red an increase in gene 

expression with age. 
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4.4.2 Volcano plot and gene profile expression  

To provide an overview and identify the changes in gene expression patterns 

the data were also tested using a volcano plot, indicating those genes 

(represented by solid red circles) that expressed significant changes in gene 

expression (up- or down-regulated) based on a q-value < 0.05 and a twofold 

difference in standard error between days 7 and 28. The comparison of age 

using the volcano plot shows that each depot has a different degree of 

transformation depending on the number as well as the patterns (up- or down-

regulation) of significantly expressed genes between sampling ages. For 

example, the results indicate that the maximum change in genes occurred in 

omental adipose tissue while the minimum change occurred in the epicardial 

adipose tissue in development from age 7 to 28 days (i.e., omental: 2574 genes, 

perirenal: 1648 genes, epicardial: 639 genes, sternal: 820 genes and 

subcutaneous: 1938 genes) (see Figure 4-7). 
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Figure 4-7: Volcano plots of the five depots gene transformation from seven to 28 days 

The volcano plot representing the changes in sheep adipose tissue gene expression of all the 

transcripts from day seven to day 28, with the log of the FDR-adjusted probability values (q-value; 
y-axis) plotted against the log fold changes (x-axis) between the tested adipose tissues. The genes 
that were expressed significantly differently in the sample are represented by the solid red circle 

(epicardial: 639 genes, sternal: 820 genes, omental: 2574 genes, perirenal: 1648 genes, and 
subcutaneous: 1938 genes), and those that did not express significantly differently are coloured 

black. 
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4.4.3 Function profile in Venn diagrams and GO enrichment analysis 

To uncover all possible logical relations regarding the gene sets of the five 

depots, I used a Venn diagram where each circle represents a gene set, and the 

unique genes (i.e. those only expressed in one specific depot) are located close 

to the sides of the circles. Shared genes (i.e., those found in one or more tissue 

depot) are located close to the centre of the loop or in the overlapping areas. 

A large number of genes (4162) were significantly expressed across the five 

examined depots between 7 and 28 days. Each depot expressed a unique set of 

genes during development (omental: 1051 genes, perirenal: 463 genes, 

epicardial: 136 genes, sternal: 254 genes and subcutaneous: 592 genes). All 

depots also shared a small number of shared genes (60) and had the same 

pattern regarding being up- or down-regulated (see Figure 4-10). 
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Figure 4-8: Five-way Venn diagram of significant gene expression 

among all examined depots 

Venn diagram was generated representing the numbers of genes (4162) 

significantly expressed (adjusted p-value < 0.05) between two time points, 7 

and 28 days, in five adipose tissue depots independently. Overlapping circles 

represent the number of gene sets significantly expressed, including unique 

genes sets which are located close to the sides of the circles in each depot, 

whereas common genes are located in the overlapping areas. 
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Genes that were significantly (FDR: q ≤ 0.05) up- or down-regulated were then 

analysed using the DAVID bioinformatics tool and the KEGG pathway database 

(http://www.genome.jp/kegg/) (Sherman and Lempicki, 2009).  

GO Enrichment and KEGG analyses indicated that 87 biological processes and 

45 pathways were significantly different (q < 0.05) in the comparison of all the 

five examined depots. The q-values highlight a very significant finding of the 

enrichment pathways of the five depots, all of which share identical biological 

pathways. For example, the GO enrichment analyses in Table 4-1 to 4-8 indicate 

that all five examined depots exhibited a similar down-regulation pattern in 

mitochondrial metabolic genes and function, including mitochondrial respiratory 

chain and ribosome pathways as a common enrichment pathway, both of which 

were down-regulated with age.  

Further analysis in the KEGG pathway (Table 4-3) shows that some genes were 

involved in the oxidative phosphorylation pathways. I found that a total of 54 

out of 122 genes were significantly expressed, and the majority were down-

regulated with age (see Figure 4-9). 
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Table 4-1: Enriched biological processes between the five examined 
depots from day 7 to 28 

Biological process Q-value 

Mitochondrial respiratory chain 1.40E-05 

Energy derivation by oxidation of organic compounds 4.9E-22 

ATP synthesis coupled electron transport 6.8E-22 

Cellular lipid catabolic process 6.8E-22 

Fatty acid biosynthetic process 1E-21 

Ribosomal subunit 1.2E-21 

Lipid modification 3.8E-20 

System development 1.9E-18 

Mitochondrial transport 7.7E-15 

Cell differentiation 6.5E-12 
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Table 4-2: Enriched biological processes of the common genes (60) 

between the five adipose depots from days 7 to 28 

Biological process Q-value  

Mitochondrial proton-transporting ATP synthase 
complex 

7.06e-09  

Electron transport chain 8.63e-05  

NADH dehydrogenase activity 2.48e-05 

Regulation of biosynthetic process 2.00E-03  

 

Table 4-3: Top five enriched KEGG pathways in comparison to the five 
examined adipose depots from day 7 to 28 

Pathway 
Gene 

reference 
Gene in the 

list 
Q-value 

Ribosome 82 48 1.33E-09 

RNA degradation 69 36 3.80E-06 

Oxidative phosphorylation 122 55 2.56E-06 

Cell cycle 122 53 1.29E-05 

Citrate cycle (TCA cycle) 29 14 0.013 
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Figure 4-9: Oxidative phosphorylation pathway  

Several genes involved in the above pathway; some of them were found to be significantly expressed 
(54 genes-represented by red colour) in comparison to five different adipose tissue depots at two time 

points from seven to 28 days of age. 



102 

 

4.4.4 Gene co-expression network and module identification  

Datasets of the genes were used to generate WGCNA for each depot. These 

gene networks utilise data-reductive techniques that create modules (coded by 

colour) of pairwise correlations of the gene expression patterns in each sample, 

which enables the identification of hub genes (genes with the highest module 

membership) that could correlate with age in different clusters within and 

between depots, thereby facilitating the biological interpretation of 

transcriptional patterns. 

I used the biological functions of each established module to identify the 

metabolic and physiological differences between depots during development 

from 7 to 28 days of age, specifically focusing on modules that are related to 

thermogenesis during the transition from BAT to WAT. Additionally, dendrogram 

analysis (Figures 4-12 to 4-16) was performed to study the gene co-expression 

networks of the five tested depots with 4162 genes significantly expressed 

between 7 and 28 days of age. I were able to identify a different number of 

modules in each depot separately (omental: 28 modules, perirenal: 30 modules, 

epicardial: 34 modules, sternal: 26 modules and subcutaneous: 35 modules), 

therefore identifying the different biological functions of the significant module 

(tables 4-11 to 4-15) including the top 30 hub genes in the substantial 

thermogenic cluster specifically. 
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Figure 4-10: Co-expression dendrograms analysis for Perirenal depot sampled from seven 

to 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two rows 

(below) show the differential expression relationships between module genes and the adipose depot. 
The relationship of each gene with the assigned module is colour-coded from blue (negative co-

expression) to red (positive co-expression). Module trait relationships represent the correlation R 
(and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 
depot.  
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Table 4-4: Summary of the top four significant biological processes in 

the perirenal depot with the highest enrichment values within co-
expressed gene modules from 7 to 28 days of age 

Module 
Number 
of genes 

Biological 
process 

 
Fold 

change 
Q- Value 

Turquoise (T) 1737 
Cell 

differentiation 
 4.8 7.40E-06 

Green (G) 148 
Response to 

stimulus  
 2.5 1.43E-02 

Blue (B) 328 
ATP metabolic 

process 
 -5.1 3.10E-07 

Dark grey (D) 78 
 Mitochondrial     
translational 

-1.21 2.30E-03 
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Figure 4-11: Co-expression dendrograms analysis for sternal depot sampled from seven 
to 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two 
rows (below) show the differential expression relationships between module genes and the adipose 

depot. The relationship of each gene with the assigned module is colour-coded from blue (negative 
co-expression) to red (positive co-expression). Module trait relationships represent the correlation 

R (and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 
depot.  
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Table 4-5: Summary of the top four significant biological processes in 

the sternal depot with the highest enrichment values within co-
expressed gene modules from 7 to 28 days of age 

Module 
Number 
of genes 

Biological 
process 

 
Fold 

change 
Q- Value 

Turquoise (T) 877 
Response to 

stimulus 
 4.1 7.40E-06 

Pink (P) 203 
Cell 

differentiation 
 1.3 4.10E-02 

Blue (B) 512 
ATP metabolic 

process 
-3.8 3.15E-04 

Grey (G) 134 
Mitochondrial 
translational 

-3.7 7.28E-22 
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Figure 4-12: Co-expression dendrograms analysis for epicedial depot sampled from seven 
to 28 days of age  

The first row is subdivided into co-expressed modules founded in each age group. The other two 
rows (below) show the differential expression relationships between module genes and the adipose 

depot. The relationship of each gene with the assigned module is colour-coded from blue (negative 
co-expression) to red (positive co-expression). Module trait relationships represent the correlation 
R (and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 

depot.  
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Table 4-6: Summary of the top four significant biological processes in 
the epicardial depot with the four enrichment values within co-
expressed gene module from 7 to 28 day of age 

Module 
Number 

of genes 
Biological 

process 
 

Fold 

change 
Q- Value 

Turquoise (T) 799 
Cell 

differentiation 
 4.3 5.90E-06 

 Blue (B) 196 
Response to 

stimulus  
 1.8 6.97E-02 

Brown (Br) 225 
ATP metabolic 

process 
-3.6 2.90E-07 

Light brown (L) 166 
Mitochondrial 
translational 

-1.83 2.60E-03 
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Figure 4-13: Co-expression dendrograms analysis for omental depot sampled from seven 

to 28 days of age  

The first row is subdivided into co-expressed modules founded in each age group. The other two rows 
(below) show the differential expression relationships between module genes and the adipose depot. 

The relationship of each gene with the assigned module is colour-coded from blue (negative co-
expression) to red (positive co-expression). Module trait relationships represent the correlation R (and 

corresponding p-values) among co-expressed clusters which are coded by letters in the fat depot.  

 



110 

 

Table 4-7: Summary of the top four significant biological processes in 

the omental depot with the highest enrichment values within co-
expressed gene module from 7 to 28 day of age. 

Module 
Number of 

genes 
Biological 
process 

 
Fold 

change 
Q- Value 

Bisque (B) 1937 Cell differentiation  4.1 4.98E-06 

Purple (P)  734 
Response to 

stimulus 
 3.7 7.20E-05 

Black (Bl) 97 ATP metabolic process -1.6 2.80E-06 

Red (R) 104 
Mitochondrial 
translational 

-1.83 2.60E-03 
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Figure 4-14: Co-expression dendrograms analysis for subcutaneous depot sampled from 
seven to 28 days of age  

The first row is subdivided into co-expressed modules founded in each age group. The other two rows 
(below) show the differential expression relationships between module genes and the adipose depot. 

The relationship of each gene with the assigned module is colour-coded from blue (negative co-
expression) to red (positive co-expression). Module trait relationships represent the correlation R (and 

corresponding p-values) among co-expressed clusters which are coded by letters in the fat depot.  
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Table 4-8: Summary of the top four significant biological processes in 
the subcutaneous depot with the four enrichment values within co-

expressed gene module from 7 to 28 day of age. 

Module 
Number 

of genes 
Biological process  

Fold 

change 
Q- Value 

Turquoise (T) 814 
Response to 

stimulus 
 4.1 5.80E-04 

Blue (B) 734 Cell death  3.7 4.10E-03 

Tan (Ta) 117 
ATP metabolic 

process 
-2.1 3.10E-05 

Yalow (Y) 166 
Muscle cell 

differentiation 
-2.7 2.67E-02 
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The gene networks show that most of the examined depots were generally 

characterised by up-regulated gene expression, specifically in the regulation of 

biosynthetic and cell differentiation in the RNA metabolic process from weeks 

one to four. For example, some modules in the gene network (sternal - pink, 

perirenal - white, epicardial – blue) showed a significant increase in white 

adipocyte differentiation genes like Fibroblast Growth Factor family1 (FGFR1) – 

Myosin Heavy Chain 10 (MYH10)- Myosin Heavy Chain 14 (MYH14) which 

classify as non-selective markers of skeletal myogenic cells (Vicente-

Manzanares et al., 2009, Adams et al., 2013). However the only depot that 

followed a different pattern was the subcutaneous module (in blue, turquoise, 

and yellow) which showed an increase in apoptosis genes; for example, 

associated agonist of cell death BCL2 Associated Agonist (BAD) and BCL2-

associated X protein (BAX) (Levesley et al., 2011) as well as an inhibitor of 

muscle cell differentiation gene (i.e.  Myosin Heavy Chain 1(MYH1)- Myosin 

Heavy Chain 2 (MYH2)) (Asp et al., 2011). 

Moreover, all the tested depots (perirenal - green 184 genes, sternal - black 

186 genes, epicardial - light blue 196 genes, omental – brown 104 genes and 

subcutaneous – turquoise 182 genes) had significantly increased responses to 

different stimuli. For example, the response to hormones rose dramatically in 

EphrinA5 and oestrogen-related receptor gamma (ESRRG) in epicardial adipose 

tissue, while other Hermon receptors (i.e. thyroid hormone receptor beta 

(THRB)) present in white adipose tissue including omental and subcutaneous as 

well as a brown populated depot (i.e. Perirenal). Additionally, those modules 

were different regarding the gene numbers, which may indicate that each depot 
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responds to a different type and level when stimulated by cold exposure or by 

diet, which could support the idea that anatomical location plays a vital role in 

adipose tissue function and development. 

4.4.5 UCP1 clustering comparison and identification of the hub gene in 

weighted gene co-expression network analysis  

The results also indicate that ATP metabolic processes, including the 

mitochondrial respiratory chain, mitochondrial ATP synthesis and the 

tricarboxylic acid cycle, were significantly down-regulated in different modules 

and genes. For example, pro-thermogenic depots (i.e., blue perirenal: 328 

genes, blue sternal: 512 genes, brown epicardial: 225 genes and cyan 

epicardial: 225 genes) expressed mitochondrial genes more than other depots 

(subcutaneous: 117 genes and omental: 80 genes). However, mitochondrial 

genes in depots primarily populated by white adipocytes (subcutaneous blue: 

117 genes and omental black: 80 genes) had fewer genes involved in ATP 

related metabolic processes, which could reflect the lower capacity of these two 

depots to produce energy compared to pro-thermogenic depots. Further 

analysis showed that 30 genes were represented in these three depots (sternal, 

perirenal, epicardial), particularly in the ATP metabolic modules (e.g., ATPase 

H+ Transporting V1 Subunit F (ATP6V1F), ATP Synthase Peripheral Stalk 

Subunit D ( ATP5H) , dehydrogenase ubiquinone iron-sulfur protein 7 (NDUFS7), 

NADH:Ubiquinone Oxidoreductase Subunit A12 (NDUFA12) and UCP1), that 

were not detected  in the other two depots (subcutaneous, omental), therefore 

enabling thermogenesis during postnatal life. 

UCP1 was selected as the essential gene for comparison between depots since 

down-regulation of UCP1 during development has already been reported (Schulz 
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and Tseng, 2014). In addition to UCP1, other genes were also studied to 

determine whether other processes besides energy utilisation were also 

affected. UCP1 was detected in three of the five tested depots (sternal, perirenal 

and epicardial), all of which were primarily populated by brown adipocytes. 

These results indicate local differences in transcriptional regulation between fat 

depots during postnatal life. The gene expression and fold changes of these 

depots varied, with the perirenal depot having the highest down-regulation with 

respect to fold change and q-value, while the lowest was epicardial tissue (see 

Table 4-9).  

Table 4-9: UCP1 expression in three of five depots between days 7 and 

28 

Depot 

name 

Symbol 
Gene name 

FC Q value 

Perirenal UCP1 Uncoupling protein 1 

(mitochondrial, proton carrier) 
-2.73 1.45E-11 

Sternal UCP1 Uncoupling protein 1 

(mitochondrial, proton carrier) 

-1.88 7.49E-06 

Epicardial UCP1 Uncoupling protein 1 

(mitochondrial, proton carrier) 

-1.11 0.046 

 

 

4.4.6 Comparison of the UCP1 cluster between the brown depots 

In the next step of the analysis, I created a Venn diagram to investigate the 

difference in the gene list of UCP1 clusters among pro-thermogenic depots (i.e. 

sternal, perirenal and epicardial) during development from 7 to 28 days (Figure 

4-15). The Venn diagram shows that sternal and perirenal depots (blue) shared 
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more common genes (68) compared with epicardial gene list (cyan) with sternal 

and perirenal blue respectively (nine and ten genes), including UCP1. Likewise, 

the results indicate that other clusters of genes in epicardial (brown) shared a 

large number of genes with sternal and perirenal (blue) respectively (44 and 21 

gens). However, the epicardial (brown) list did not include UCP1, which may 

indicate the influence of anatomical location on adipose tissue gene expression 

specifically in the thermogenic process during development. 

Additionally, the Venn diagram shows that the sternal depot has the most 

extensive ATP metabolic module (blue, 512 genes) compared with perirenal 

(blue, 328 genes) and epicardial (cyan, 150 genes). However, only eight genes 

(1%) were shared between the three targeted clusters on the examined depots 

(i.e. sternal, perirenal and epicardial), including UCP1. Some of these genes are 

related to mitochondrial function, such as Coenzyme Q6, Monooxygenase ( 

COQ6) , ethylmalonic encephalopathy 1 (ETHE1) , endonuclease G (ENDOG), 

while others in this cluster were related to ribosomal biogenesis, such as 

mitochondrial ribosomal protein S31 (MRPS31) , forkhead box O6 (FOXO6), 

SDHA and eukaryotic translation initiation factor 4B (EIF4B) (see Table 4-10). 
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Figure 4-15: Venn diagram of UCP1 gene cluster in brown adipose depots  

Venn diagram showing comparison of gene interaction between only the modules that include 

UCP1 by using a multi overlapping circle curve. Each circle represents the number of the gene 
set within a specific depot, with overlap the shared gene with another depot. Epicardial (1) is 

represented in brown, (2) epicardial (include ucp1) in cyan, (3) perirenal fat in blue, and (4) 
sternal fat in blue. 
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Table 4-10: Commonly expressed genes in a comparison of the UCP1 

cluster in three depots; epicardial (E), perirenal (P) and sternal (S). 

Symbol Name 
Average of 
expression 

 (E) 

kME* 

(P) 

kME* 

(S) 

kME* 
Q-value 

UCP1 

uncoupling 
protein 1 

(mitochondrial, 
proton carrier) 

3.37 0.86 0.97 0.60 9.08E-14 

SDHA 

succinate 
dehydrogenase 

complex 

flavoprotein 
subunit A 

6.02 0.71 0.91 0.80 1.14E-08 

ENDOG endonuclease G 3.28 0.64 0.79 0.58 1.53E-08 

MRPS31 

mitochondrial 

ribosomal protein 
S31 

2.88 0.81 0.77 0.64 9.79E-08 

ETHE1 
ethylmalonic 

encephalopathy 1 
5.11 0.86 0.83 0.70 7.32E-06 

EIF4B 

eukaryotic 

translation 
initiation factor 

4B 

6.52 0.66 0.86 0.66 9.63E-06 

COQ6 
coenzyme Q6 

monooxygenase 
3.50 0.78 0.67 0.72 2.82E-05 

FOXO6 forkhead box O6 4.00 0.43 0.68 0.79 1.79E-02 

*KME value: its expression values are highly correlated with that module's eigengene 

values across samples (eigengene-based connectivity) in range 0 to 1, where 1 indicated 

the highest connectivity and 0 the lowest. 
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4.4.7 Hub genes list identification in thermogenic clusters  

in the classification of the difference regarding hub genes and UCP1 expression  

between the three pro-thermogenic depots (epicardial-sternal-perirenal).The 

results show that UCP1 was represented as a hub gene only in two depots 

(perineal [0.96] and epicardial [0.86]), whereas in the sternal cluster gene list 

it is not expressed as a hub gene (0.59), which may indicate that each depot 

may use different gene profiles, mechanisms, and levels of stimulus for UCP1 

activation and thermogenesis, even between the pro-thermogenic depots (see 

Table 4-11 to 4-19). In addition, I noted that the hub genes list in the sternal 

and perirenal depots clusters were distinguished by specific transcriptional, like 

nuclear receptor subfamily 1, group H, member 3 (NR1H3); as well as other 

fatty genes like acyl-CoA dehydrogenase, very long chain (ACADVL), which are 

mainly involved in glycerol uptake and metabolism (Aoyama et al., 1995) and 

other BAT marker genes like members of the mitochondrial carrier subfamily of 

solute carrier protein genes (e.g., Solute Carrier Family 25 Member 4 

(SLC25A4)) (Kuan and Saier, 1993, Gough, 2016). Overall, these findings 

suggest the importance of the association between mitochondrial energy 

capacity in the ageing of brown adipose tissue and thermogenesis. 
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Table 4-11: Top 10 perirenal hub (blue module) and UCP1 genes 

Symbol Name 
Gene 

connectivity   

kME 

ATP5L 
ATP synthase, H+ transporting, mitochondrial Fo 

complex subunit G 
0.97 

HINT2 Histidine triad nucleotide-binding protein 2 0.96 

UCP1 
Uncoupling protein 1 (mitochondrial, proton 

carrier) 
0.96 

ATP5C1 
ATP synthase, H+ transporting, mitochondrial F1 

complex, gamma polypeptide 1 
0.96 

NDUFS2 NADH:ubiquinone oxidoreductase core subunit S2 0.95 

TMEM120A Transmembrane protein 120A 0.94 

GK Glycerol kinase 0.94 

EIF3I Eukaryotic translation initiation factor 3 subunit I 0.94 

USP2 Ubiquitin specific peptidase 2 0.94 

ATP5G2 
ATP synthase, H+ transporting, mitochondrial Fo 

complex subunit C2 (subunit 9) 
0.93 
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Table 4-12: Top 10 epicardial hub  (cyne Module) and UCP1 genes 

Symbol Name 
Gene 

connectivity   

kME 

FAM96B Family with sequence similarity 96, member B 0.98 

MGAT3 
Mannosyl (beta-1,4-)-glycoprotein beta-1,4-N-

acetylglucosaminyltransferase 
0.96 

LOC284865 Uncharacterised LOC284865 0.95 

DNAJC12 DnaJ heat shock protein family (Hsp40), member C12 0.95 

AKR7A3 
Aldo-keto reductase family 7, member A3 (aflatoxin 

aldehyde reductase) 
0.95 

EMX2 Empty spiracles homeobox 2 0.95 

LRRC28 Leucine-rich repeat-containing 28 0.95 

SPATA6L Spermatogenesis associated 6-like 0.94 

SLC27A5 Solute carrier family 27, member 5 0.92 

MRS2 MRS2, magnesium transporter 0.92 

UCP1 Uncoupling protein 1 (mitochondrial, proton carrier) 0.86 
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Table 4-13: Top 10 sternal hub (blue module) and UCP1 genes 

Symbol Name 
Gene 

connectivity   

kME 

QKI QKI, KH domain containing, RNA binding 0.95  

PSME3 Proteasome activator subunit 3 0.95  

SMDT1 
Single-pass membrane protein with aspartate-rich 

tail 1 
0.94  

PTP4A2 Protein tyrosine phosphatase type IVA, member 2 0.93  

ATP5L 
ATP synthase, H+ transporting, mitochondrial Fo 

complex subunit G 
0.93  

ATL2 Atlastin GTPase 2 0.93  

HSPD1 Heat shock protein family D (Hsp60), member 1 0.93  

HSD17B10 Hydroxysteroid (17-beta) dehydrogenase 10 0.92  

LDHB Lactate dehydrogenase B 0.92  

MGST3 Microsomal glutathione S-transferase 3 0.92  

UCP1 
Uncoupling protein 1 (mitochondrial, proton 

carrier) 
0.59  
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4.5 Discussion  

Adipose tissue is an essential metabolic organ and regulates energy balance and 

lipid metabolism (Ali et al. 2013). I focused on early postnatal life when brown 

depots transform into white fat. Through the use of machine learning and 

methods, including weighted gene co-expression during a critical development 

phase, each of the major fat depots was found to utilise different mechanisms 

and genes. I compared five adipose depots in different anatomical regions 

(epicardial, perirenal, sternal, omental and subcutaneous) from 7 to 28 days of 

development, and focused on changes in gene expression patterns (i.e. 

up/down-regulation), as well as unique and shared genes and biological 

processes. As outlined in the results section, several shared and unique 

mechanisms were identified across the fat depots, which could explain changes 

in thermogenesis, mitochondrial gene expression/density and energy utilisation 

that occur in BAT over time.  

4.5.1 The dynamics of biological transformation in adipose tissue 

development during early life 

Early postnatal life (days 7–28) is highly critical in the regulation of the growth 

of fat depots, particularly their ability to maintain UCP1 (Symonds, 2013). The 

GO enrichment and KEGG pathway analyses revealed 587 biological processes 

and 63 pathways of the selected fat depots and the differences in the 

transdifferentiation of BAT into white adipose tissues. The KEGG pathway 

analysis confirmed that the oxidative phosphorylation pathway plays a crucial 

role in adipose tissue development, particularly in early life, through the 

generation of mitochondria ATP energy, necessary for all cellular processes 

(Schultz and Chan, 2001; Krauss et al., 2002). Previously published reports 
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indicate that mitochondrial oxidative phosphorylation requires PPARG to 

enhance adipogenesis (Ryu et al., 2013), since PPARG is a nuclear hormone 

receptor which plays a role in the regulation and differentiation of adipocytes to 

facilitate the uptake of blood glucose (Jones et al., 2005; Nolte et al., 1998). 

Additionally, other studies have demonstrated the ability of PPARG agonists to 

stimulate both the production and thermogenic activity of brown adipose cells. 

For example, in one study PPARG agonists suppressed visceral white adipose 

genes while inducing the expression of brown adipose genes (including UCP1) 

in white adipocytes (Vernochet et al., 2009). Another study demonstrated the 

ability of the thiazolidinedione darglitazone (a PPARG agonist) to induce the 

proliferation of BAT in rats and monkeys (Aleo et al., 2003); this function, in 

particular, is highly pronounced in perirenal as it was observed with increased 

PPARG expression with age and expressed as well as height UCP1 abundance. 

In addition, early adipocytes have been shown to have a myogenic signature, 

as evidenced by the increased expression of myogenic markers at early stages 

of development (Timmons et al., 2007), which could play a vital role in enhanced 

muscle cell differentiation and improved the mitochondriogenesis in early life 

(Rochard et al., 2000). 

Several controllers of UCP1 gene expression exist, of which the majority belong 

to the mitochondrial pathway, suggesting that the pathway is complicated and 

does more than altering the expression of single genes. 

  

https://www.sciencedirect.com/science/article/pii/S1568163709000804#bib83
https://www.sciencedirect.com/science/article/pii/S1568163709000804#bib1
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4.5.2  Regulation of UCP1 cluster by transcriptional components  

Studies of adipose tissue function during early postnatal life have mostly focused 

on explaining the loss of genes associated with cellular thermogenesis, 

especially UCP1 (Symonds et al., 2015). The analysis of the transcription traits 

of adipose tissue further revealed that the co-expression of UCP1 can help in 

the suppression of obesity-related changes along with the decrease in BAT mass 

(Clément and Spiegelman, 2010; Dube, 2010). Therefore, co-expressed clusters 

can be used to examine genetic functionality. WGCNA analysis has confirmed 

that a group of genes that are tightly co-expressed could be a single functional 

unit (Zhang and Horvath, 2005). Such clusters are useful in linking multi-gene 

association maps with traits. The clustering traits could also show the interaction 

among different genes under specific conditions. Overall, the gene network 

demonstrates the existence of varying gene expressions and biological 

processes (e.g., cell differentiation, ATP metabolism and stimuli response), 

which may reflect the effect of age on adipose tissue development.  

UCP1 clustering in BAT was found to be prominent in specific fat depots (i.e. 

sternal, perirenal: blue; and epicardial: cyan). The balance between 

transcription and mRNA degradation is regulated by the gene expression level 

(up- or down-regulation) of mRNA (Haimovich et al., 2013).  For instance, it is 

found that the transcriptional factors EIF4B, Eukaryotic Translation Initiation 

Factor 4 Gamma 3 (EIF4G3), Eukaryotic Translation Initiation Factor 3 Subunit 

D (EIF3D), and Eukaryotic Translation Initiation Factor 3 Subunit G (EIF3G) 

down-regulate the transcription of mRNA in UCP1, and this occurs in response 

to raised temperature (van Breukelen et al., 2004, Symonds, 2013). A large 

number of ribosomal proteins co-expressed with UCP1 are similarly regulated, 
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including RPS5 and RPS9 (Maier et al., 2013). These are made up of part of the 

original mitochondrial protein assembly machinery. UCP1 clusters also show 

significant representing of cytochrome c oxidase group of the genes (COX) 

particularly in sternal and perirenal depots (blue module), for example, 

Cytochrome C Oxidase Subunit 5A (COX5A) which is mainly involved in the 

mitochondrial respiratory chain process  (Fontanesi et al., 2008, Scarpulla, 

2008).  

Other common genes were found in the UCP1 clusters gene list (sternal-blue, 

perirenal-blue, epicardial-cyan), which belonged to the mitochondrial carrier 

adenine nucleotide and ubiquinone; for example Solute Carrier Family 35 

Member B1 (SLC35B1), Solute Carrier Family 16 Member 1 (SLC16A1) and 

Solute Carrier Family 25 Member 5 (SLC25A5)  which play a role similar to that 

of UCP1 as the leading suppliers of adenosine diphosphate (ADP) to the 

mitochondria and ATP to the cytoplasm (Palmieri et al., 2011), where UCP1 uses 

different glycolytic metabolisms as well as the H+ transport mechanism to 

produce heat instead of ATP (Fedorenko et al., 2012, Palmieri, 2013). This 

suggests that those depots, including sternal, perirenal, and epicardial depots, 

may have common transcription factors, and therefore similar mechanisms to 

activate UCP1 and thermogenesis (Basse et al., 2015). Other mitochondrial-

nuclear genes found in UCP1 modules were linked to cell cycles like Muscleblind-

like protein 2 (MBNL2) and ENDOG, which suggest adipocyte differentiation has 

an impact on thermogenesis (Pardo et al., 2016, Ho et al., 2004).  
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4.5.3 Cell differentiation gene expression in offspring adipose tissue  

From my analysis, a significant change in adipose tissue plasticity can be 

expected to occur between 7 and 28 days due to cell differentiation. Past 

literature has shown that adipose tissue differs with age regarding cell 

differentiation and energy metabolism (Ojha et al., 2016). Increased adipocyte 

differentiation was found to be the primary cause of the variances in the ratio 

of brown fat transdifferentiation to white among different depots during 

development in early life (Rosen et al., 2009, Harms and Seale, 2013).  

Some genes identified in the present study were noted to play a role in cellular 

growth, proliferation and cycle control, and cell differentiation. For example, 

myosin heavy chain specific genes (MYH1 and MYH2) which are linked to muscle 

cell differentiation (Stern‐Straeter et al., 2011), were found to be down-

regulated with age in subcutaneous fat, suggesting that functions are ongoing 

and change during the developmental phases of adipose tissue. 

Each depot is also characterised by differences in apoptotic patterns during 

development. As the present study identified, several genes show increased 

expression related to cell cycle and apoptotic function especially in 

subcutaneous fat; for example, the BCL2 family members (BAX), PPARG and 

mitogen-activated protein kinase 10 (MAPK10) genes (Levesley et al., 2011, 

Rogers et al., 2012). There are also several key factors (e.g., TNF) that have 

been shown to play a role by acting as modulators of apoptosis (Zhang et al., 

2016, Porras et al., 1997) which could be correlated with the extent of active 

thermogenesis in a depot (Inagaki et al., 2016), and could contribute to insulin 

sensitivity and fat mass (Tinahones et al., 2012). 
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4.5.4  Differential response to stimulus (endocrine and external) 

between anatomical locations  

Numerous studies have investigated the role of endocrine and external stimulus 

in affecting negative, positive responses to energy expenditure and homeostasis 

in different anatomical locations of brown fat (van Marken Lichtenbelt et al., 

2009; Inagaki et al., 2016). Other studies have noted that UCP1 in the presence 

of external factors (e.g. cold exposure, diet manipulation) could increase fatty 

acid oxidation and thermogenesis specifically in brown adipocytes (Symonds, 

2013, Rosell et al., 2014); this could be through enhancing FGF21 gene 

expression, which has been shown to improve glucose uptake and fatty acid 

oxidation in skeletal muscle of mice after cold exposure.(Morrow et al., 2017; 

Badman et al., 2007). Furthermore, the gene expression patterns in the current 

study were noted to be stimulated by nearby endocrine organs such as the 

adrenals on the perirenal or thyroid in the sternal adipose tissue, which 

determines changes in the metabolic/phenotypic characteristics of existing fat 

cells (Symonds, 2013). This sort of endocrine influence was not observed in 

epicardial fat and therefore may not exhibit an adipogenic profile and would, 

thus, exhibit little capacity for plasticity.  

These findings further suggest the appropriate application of a potential 

stimulatory mechanism that could be used to delay the loss of mitochondrial 

respiratory capacity genes, mainly UCP1. The use of a stimulatory mechanism 

could ultimately assist BAT phenotypes to maintain normal body weight. 
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4.6 Conclusion  

Overall, this study was able to address critical questions about gene expression 

patterns across different BAT depots in early life and correlate them with 

biological processes and pathways that ultimately affect thermogenesis and 

adipogenesis. The data showed that the age factor plays a substantial role 

during the development of adipose tissues, particularly in regard to loss of 

brown adipose tissue function in early life, with note that there is a variation in 

the effect of this factor when testing it in different locations, which may indicate 

that there are other factors (e.g., anatomical location, external stimuli and 

internal factors) which may interfere in this process (Herzig, 2016; Wu, 2016). 

.  
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5 Anatomical localisation, gene expression profiling and 

functional characterisation of young sheep adipose tissue 

5.1 Introduction  

Most studies done on the development of adipose tissue are specific to the 

isolated tissue (Gesta et al., 2007), and therefore the effect adjacent organs 

may have on it or its deposits (Lotta et al., 2017, Gesta et al., 2007, Symonds, 

2013, Symonds et al., 2015). In sheep, brown adipose tissue shows its 

characteristics most dominantly at 7 days of age and is scarce at 28 days. I 

employed the use of a machine learning algorithm and weighted co-expression 

network analysis to detect biologically significant relations in microarray 

datasets of the five major fat depots in sheep (for 7- and 28 day-old sheep). 

5.2 Hypothesis  

For this study, based on my first chapter results in comparison to different depot 

development with age, I hypothesised that:  

- Each anatomical location maintained unique gene expression and transcription 

transformation independently during the whitening of brown adipose tissue. 

 

5.3 Methods  

All methods used in this phase have been thoroughly expounded on in Chapter 

2. In the same chapter, operating procedures for gene expression have been 

described. The experimental module used in this chapter is summarised in 

Figure 5-1. 
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Figure 5-1: Experimental summary design 

The study was carried out on 50 samples extracted from lambs (n = 10) adipose tissue in five 
different location at two time points, either at seven days (n = 25), or 28 days (n = 25) of age, 

from lambs (n = 10), that were suckling from their mother that had been fed a control diet (n 
= 5), ((P) perirenal, (S) sternal, (E) epicardial, (O) omental, and (Su) subcutaneous). Numbers 

indicate age by days. 
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5.4 Results  

5.4.1 Changes in the cellular structure of the brown and white adipose 

tissue within the first 28 days of postnatal life 

I studied the transcription makeup and identified differences among the five fat 

depots and any changes in gene regulation with age and observed 839 genes 

(false discovery rate [FDR] ≤ 0.05) that had been highly expressed among the 

five depots at 7 days. The most significant disparity in terms of the expression 

of genes that I observed was between the omental and epicardial fat depots 

(429 significant genes, FDR ≤ 0.05, Figure 5-6A and C). In addition, 

thermogenic genes, including UCP1, were constantly up-regulated in perirenal 

adipose tissue, as opposed to the other depots including the pro-thermogenic 

depot epicardial (q-value =1.00E-02). However, the sternal was the only depot 

that showed similar UCP1 expression to perirenal at this time point (q-value = 

0.09). From the above observations, it is necessary to remember that variability 

occurs in transcriptional regulation amongst fat depots throughout the postnatal 

period. This is consistent with the development of their disparate growth and 

functions between the examined depots, as the brown populated depot mainly 

appears in late gestation (Henry et al., 2017) while the other two depots 

(omental and subcutaneous) appear after birth (Saroha et al., 2018). 
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Transcriptomic data observed in the seven-day-old lambs were then analysed 

through hierarchical clustering (unsupervised) and principal component analysis 

(PCA). The two methods exhibited a well-defined cluster formation by each fat 

depot, as illustrated in Figure 5-2A. Most of the variance within the dataset was 

attributed to the two initial components, implying a substantial correlation 

between the computational module and the presence of congenital disparity in 

gene expression across the five fat depots. Moreover, the PCA revealed a 

conglomeration of the subcutaneous, omental, sternal and the pro-thermogenic 

perirenal fat depots while the adipose tissue of the epicardial depot separated 

from other examined depots (Figure 5-2C).  

At 28 days, I performed the same statistical methods with the aim of 

determining critical changes in gene expression. In this phase, I identified 2059 

genes that were expressed differently between the fat depots (FDR ≤ 0.05), 

with a note of the significant increase in pre-adipocyte differentiation gene (i.e. 

Homeobox protein Hox-B6 (HOXB6), Homeobox protein Hox-B3 (HOXB3)) 

across all examined depots. During this period, a down-regulation of the sternal 

adipose tissue was more prominent in comparison to the other fat depots.  

UCP1 expressed was observed to be somehow constant in pro-thermogenic 

depot (i.e. Perirenal, sternal and epicardial) or not detectable in white adipocyte 

(i.e. omental and subcutaneous) at this time of age, as the results indicate that 

there is no significant difference between the brown examined depot at this time 

of age (FDR q-value = 0.09) . 
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The adipose tissue samples profiled into three stable clusters whereas the 

variability observed when gene expression between the five fat depots was 

analysed is explainable by the two initial elements of the PCA, as shown in Figure 

5-2 D. 

In effect, the anatomical location in the adipose tissue was observed to influence 

the transcriptomic alterations redefined by age when examined through 

clustering analysis. A higher transcriptomic restructuring was evident in the 

perirenal and sternal fat depots, thereby demonstrating the various variations 

in their biological and metabolic functions based on age (Ojha et al., 2016, 

Rockstroh et al., 2015). 

 

 

 



135 

 

 

Figure 5-2: Gene expression in five fat depots, A at 7 days and B at 28 
days. 

Heat map and unsupervised hierarchical clustering dendrograms for the top 100 
genes that were expressed divergent to the others are illustrated. The analyses 

were performed through microarray analysis (average linkage, Euclidean 
distance metric). The selection was made through eBayes t-statistic (FDR < 
0.05). The expression of genes was modified into a Z-score. Blue and red denote 

decrease and increase of gene expression respectively. 10055 datasets were 
used for PCA and subjected to variance test QC at C (7) and D (28) days of age. 

Each sample is illustrated by a sphere for 7 days and rectangle at 28 days. The 
colour code defines the age and tissue to which it belongs. 
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5.4.2 Use of machine learning and gene network analysis to determine 

the transcriptional changes between adipose tissue depots with 

age 

I observed a variation with age in the number of informative genes identified in 

each fat depot. 2274 informative genes were present in 7-day-old lambs, while 

there were 3339 of the same at 28 days of age. This variation in number 

illustrated different responses in gene patterns. The next step I applied was the 

generation of two weighted co-expressed modules in each of the ages. These 

networks were generated from the datasets of the informative genes and were 

independent of each other. The generated patterns are based on the pairwise 

correlation of gene expression within each sample, enabling comprehension of 

their transcriptional sequence (Zhang and Horvath, 2005).  At 7 days, I was 

able to identify 11 modules (designated as C1.1-11; Figure 5-3A) whereas 14 

modules were identified at the 28 day period (designated as C2.1-14; Figure 

5-3B).  

I conducted an in-depth analysis of the two weighted co-expressed genes 

patterns and observed that the gene modules for each fat depot primarily 

correlated with the metabolic and transcriptional roles of the depot. The vigour 

of these modules in the adipose tissue depots was also observed to differ based 

on age. 

 



137 

 

 

Figure 5-3: Demonstration of co-expression analysis for fat depots at 7 

(A) or 28 (B)  

Rows two to six indicate differential expression association. Blue colour indicates 
negative co-expression whereas red indicates positive co-expression. 
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5.4.3 Functional enrichment of gene clusters at seven days of age 

The gene network indicated a similar utility in transcription within the sternal 

and perirenal depots (Figure 5-4A, and B). The functionality was more evident 

in adipose tissue of the perirenal fat depot. Most of the modules identified in 

figure 5-9 (i.e. C1.1, C1.2 and C1.3) consisted of genes that are necessary for 

the regulation of mitochondria biogenesis and for aerobic respiration, including 

mitochondrial ATP production gene. For example, ATP synthase, H+ 

transporting, mitochondrial F1 complex, delta subunit (ATP5D) as well as  

Eukaryotic initiation factors (eIFs) group of the expressed gene . A significant 

number of genes, associated with oxidation-reduction in the C1.3 module, and 

mitochondrial regulation of mRNA translation in the C1.2 module have 

undergone gene ontology, including around 13 genes significantly expressed 

from 16 genes in oxidation-reduction pathway (FDR q–value = 1.45E-03), (i.e.  

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 2, mitochondrial 

(NDUFB2)). 

The separation between these co-expressed modules, however, suggested the 

possibility of different transcriptional loops regulating genes of the mitochondria 

(Claussnitzer et al., 2015b, Kajimura et al., 2009, Rajakumari et al., 2013). 

These separations favour the regulation of mitochondrial gene expression by the 

brown adipocytes without necessarily needing the influence of the uncoupling 

protein 1 (Lidell et al., 2013).  

A significant number of gene modules, oriented with the epicardial adipose 

tissue, corresponded with distinct phases of the cell differentiation process of 

the transcriptome cardiomyocyte (Yamada et al., 2006). For instance, the C1.4 

module displayed evidence of DNA and mRNA activity related to the sustenance 
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of pluripotency of the stem cell (i.e. RNA-binding protein 42 (RBM42) or 

(MBNL2)) (Yamada et al., 2006). 

The C1.6 module also displayed several changes. There was advanced cell 

differentiation in the C1.6 module, associated with the presence of a substantial 

transcriptional imprint, which is common in mature cardiomyocyte cells (i.e. 

myosin, light chain 2, regulatory, cardiac, slow [MYL2]), and myosin heavy chain 

6, cardiac muscle, alpha (MYH6) (Boheler et al., 2002). 

All the results I obtained in my discourse conformed to the pluripotency of 

adipose tissue-derived stem cells towards differentiation into cardiac myocyte-

like cells or brown adipocytes (Yamada et al., 2006). Modules C1.7 and C1.8 

illustrate the various transcriptional changes that happen in subcutaneous 

adipose tissue and consist of gene processes associated with myocyte 

precursors (i.e. myosin, heavy chain 2, skeletal muscle, adult [MYH2] and actin, 

alpha 1, skeletal muscle [ACTA1]) (Yamada et al., 2006). The above property 

facilitates the growth of brown adipocytes and a category of white adipocytes 

that are dominantly present in subcutaneous fat depots. At the final stage, I 

reported three modules (C1.9, C1.10 and C1.11). The modules were observed 

in omental fat and were enhanced with genes associated with metabolism of 

carbohydrates (i.e. malate dehydrogenase, cytoplasmic [MDH1] and malate 

dehydrogenase, mitochondrial (MDH2)] (Mazo et al., 1990, Hung et al., 2004), 

structuring of the cytoskeleton and restructuring of body tissues through 

promotion of the immune response, including CD6 Molecule gene (CD6) (Hassan 

et al., 2006) and immunoglobulin heavy constant mu (IGHM) (Linton and 

Dorshkind, 2004, Gesta et al., 2007, Lu et al., 2010).  



140 

 

. 

5.4.4 Functional enrichment of gene clusters at 28 days of age 

I derived the second network of gene co-expression at 28 days of age and used 

it to determine if any phenotypical results had been achieved due to the 

observed disparities in transcriptome regulation within the five fat depots in 

seven-day-old lambs. The most substantial marked change in expression of 

genes through principal component analysis was in the perirenal depot where 

four co-expression modules with discriminatory enhancement were identified 

(Figure 5-4C and D). The C2.7 module was also observed to have omental fat 

enrichment. The similarity so observed stipulated a shift in metabolism, due to 

a modification of perirenal adipose tissue in its transdifferentiation from heat 

production in the brown adipocytes to its lipid storage in white fat depots 

(Claussnitzer et al., 2015b; Rockstroh et al., 2015; Symonds et al., 2015; 

Virtanen et al., 2009). Multiple genes involved in the metabolism of fatty acids 

and which regulate differentiation of adipocyte cells (such as 1-acylglycerol-3-

phosphate O-acyltransferase (ABHD5), 2,4-Dienoyl-CoA Reductase 1 (DECR1), 

PPARG and growth hormone receptor (GHR)) were also identified as present in 

module C2.7 (Lu et al., 2010, Rajakumari et al., 2013, Claussnitzer et al., 

2015b). Pre-adipocyte precursor genes (HOXB6, Homeobox B8 (HOXB8), and 

homeobox protein Hox-B5 (HOXB5) (Cantile et al., 2003; Park et al., 2013), 

angiogenic genes (HOXA5, Hypoxia Inducible Factor 1 Subunit Alpha  (HIF1A)) 

and genes related to the growth of white adipose tissue were co-expressed 

within the module. The C2.5 module contained genes enhanced in perirenal fat, 

and transcripts involved in promotion of inflammatory responses. Endoplasmic 

reticulum was also present in the C2.5 module, including gene function in 
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apoptosis (i.e. apoptosis-inducing factor, mitochondrion-associated, 2 [AIFM2]) 

(Ohiro et al., 2002) and inflammation Janus kinase 3 (JAK3) (Kim et al., 2011), 

pointing out cellular stress (Sharkey et al., 2009; Hotamisligil, 2005). The C2.9 

and C2.8 modules had significant imprints of mRNA transcriptional regulation 

and cell division, indicating cellular differentiation or diversification increment 

(Lee et al., 2017; Macotela et al., 2012; Spalding et al., 2008). On the other 

hand, the cellular events observed in perirenal depots were suppressed sternal 

fat depots (Figure 5-4D). All clusters were also negatively aligned apart from 

the C2.1 module, which was enhanced with genes associated with hormonal 

response and tissue angiogenesis (i.e. insulin-like growth factor 1 

[somatomedin C] [IGF1]) (Park et al., 2013; Sharkey et al., 2009). At seven 

days of age, the epicardial adipose tissue was also observed to contain modules 

enhanced with genes that are involved in cardiomyocyte cell differentiation, 

such as C2.2 (Yamada et al., 2006). 

There was considerable correspondence of omental adipose tissue in the C2.1O 

and C2.11 modules (Figure 5-4C and D) (Macotela et al., 2012). Transcripts 

associated with maintaining equilibrium between anabolic and catabolic 

processes in adult adipocytes were also heavily present in the two modules 

(Pietilainen et al., 2011). Most of the genes in subcutaneous adipose tissue were 

aligned to modules C2.12, C2.13 and C2.14 and were involved cell restructuring, 

growth and differentiation (Lee et al., 2013; Lotta et al., 2017; Park et al., 

2013). 
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Figure 5-4: Illustration of functional modules depending on age and adipocyte type 

They had an initial relation based on the ME (module eigengene) property. Co-expression and 
positive alignment of genes is shown in each dendrogram at an age of (A) 7 and (C) 28 days. The 
horizontal axis represents the level of correlation on a Euclidean scale. The heat maps show the 

concurrence and respective p-values amongst co-expressed modules in each depot at an age of 
(B)7 and (D)28 days. Blue indicates low correlation; red indicates high. The columns indicate the 

modules with a high correlation in each fat depot. 
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Figure 5-5: Summary of significant biological, molecular and cellular 

functions that are highly enhanced in every module exhibiting gene co-
expression at seven days old  

Hypergeometric enrichment analysis was carried out via the Web Gestalt approach 
on every distinct module. The figure also shows the normalised enhancement rating 
and the estimated proportion impacted on. 
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Figure 5-6: Summary of major biological, molecular and cellular functions that 
are highly enhanced in every module exhibiting gene co-expression at 28 days 
old 

Hypergeometric enrichment analysis was carried out via the Web Gestalt approach on 
every distinct module. The figure also shows the normalised enhancement rating and 

the estimated proportion impacted on. 
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5.4.5 Changes in gene networks represent functional adaptations of 

different adipose depots during development 

I used a statistical technique to identify the biological functioning and effect of 

each module through random permutations between datasets. I was able to 

identify which network topology contrasted to or showed correspondence at 7 

and 28 days of age. I observed a prolonged interaction of most of the genes at 

both ages (Figure 5-7A and B). A proportion of 86.4% of all of the genes had 

been assigned to a reserved module at seven days of age, including the C1.2 

module which was enhanced with mitochondrial such as uncoupling protein 1 

(Figure 5-7A). Evaluation of gene ontology for the four non-reserved modules 

indicated related functionality attributed to initial phases of cell differentiation 

and restructuring of the adipose tissue (Lee et al., 2013). At 28 days of age, 

71.4% of all genes were assigned to a reserved module within the network. I 

performed a broader evaluation of the enhancement of gene ontogeny on these 

reserved modules and was able to identify transcriptomic and metabolic activity 

related to metabolism of lipids, restructuring of tissues and immune responses, 

which are all processes of a mature adipocyte cell (Figure 5-7B). 
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Figure 5-7: Illustration of preservation of cross-adipocyte depots module 
depending on age 

Gene connectivity at (A) 7 and (B) 28 days was evaluated using the Z-score approach. 
The rows denote modules whereas columns denote distinct properties of the module. 

A Z-score greater than two indicates moderate preservation whereas a score higher 
than ten shows a highly preserved module. 
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5.5 Discussion 

I have demonstrated the postnatal changes that occur in profiles of gene 

expression of the principal fat depots in sheep, occurring at the same time as 

the transdifferentiation of brown fat depot into the white depot (Symonds et al., 

2015, Pope et al., 2014). In spite of the depots harbouring almost identical 

macroscopic morphology, developmental alterations over age were identified for 

each depot. For instance, each fat depot had a different gene expression profile 

at 28 days of age even though sheep fat is essentially white during this period 

(Henry et al., 2017; Pope et al., 2014). Very little is known of the different 

functions and changes the adipose tissue causes between the five major fat 

depots in the postnatal period. Our new findings substantiate that adipose tissue 

performs its metabolic role as several well-defined organs that all have 

particular functions as opposed to the widely known notion that it functions as 

one metabolic organ (Macotela et al., 2012). 

Through the application of a computer-assisted supervised learning algorithm I 

was able to determine that during postnatal maturation, distinct gene clusters 

form as a result of transcriptomic activity within fat depots (Barabasi and Oltvai, 

2004). With time, networks of these gene clusters may restructure themselves 

either through a loss or assimilation of new novel constituents (Ojha et al., 

2016; Zhang and Horvath, 2005). Natural factors prompt an ontogenic plasticity 

response, whereas an increased response to an extraneous influence can help 

an organism to survive in harsh and constantly-changing environments 

(Symonds et al., 2015). However, an erroneous or maladaptive trait in plasticity 

response may result in an over-accumulation of fat and therefore may lead to 
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obesity. Obesity has been identified as a risk factor for many serious medical 

conditions and is, therefore, a threat to human life (Gregg and Shaw, 2017). 

In order to create control measures against obesity, it is critical to comprehend 

the early life factors that influence the usage and storage of energy in tissue 

cells. Through an in-depth gene-network analysis of adipose tissue development 

in postnatal life, I have formulated novel biological explanations (Barabasi and 

Oltvai, 2004; Zhang and Horvath, 2005) targeting individual fat depots 

whenever the initiation of nutritional, physiological or environmental responses 

in large mammals is required (Symonds et al., 2015), through reviewing the 

critical gene regulation dynamic adaptations that call for these responses 

(Barabasi and Oltvai, 2004, Zhang and Horvath, 2005). Genes have different 

regulatory functions, a property that enables an equally distinct cell 

differentiation and adaptation from the fat depots to regulate metabolic 

homeostasis (Lee et al., 2017, Macotela et al., 2012). Little is known about the 

effect of genetics on the endocrine organ, or about the effect of environmental 

factors on growth of fat despite the large amount of published research on the 

transcriptome and cellular structure of fat depots (Cypess et al., 2013, Lee et 

al., 2017, Lidell et al., 2013, Macotela et al., 2012, Rockstroh et al., 2015). Our 

discourse was able to bring into light patterns of co-expression modules that 

are specific to particular depots and are enhanced to execute specific functions. 

Previous discourses on adipose tissue during postnatal development have 

mostly been centred on identifying the causes of gene loss during 

thermogenesis, particularly UCP1 (Symonds et al., 2015). Various inter-

connected systems within brown adipose tissue are involved in the balance of 

mitochondrial activity, which is supported by this study when comparing the 
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three fat depots (i.e. sternal, perirenal, and epicardial) (Claussnitzer et al., 

2015b; Rajakumari et al., 2013). The C1.2 module is particularly crucial in 

controlling UCP1, thereby sustaining a balance between mRNA degradation and 

transcription and enabling an efficient mRNA expression (Takahashi et al., 

2015). 

I was able to identify transcriptional characteristics that promote myoblastic 

precursor transition to brown fat cells, including C/EBPβ and EP300 (Kajimura 

et al., 2009; Vargas et al., 2016). The C1.2 module also consisted of EIF4B, 

EIF4G3, EIF3D and EIF3G, which down-regulate mRNA transcription of UCP1 

when exposed to a temperature increase (van Breukelen et al., 2004). I also 

identified RPS5, RPS9 and several other down-regulated ribosomal proteins co-

expressed with the uncoupling protein which is in the original mitochondrial 

protein assembly (Maier et al., 2013). UCP1 is also controlled by AU-rich 

elements (AREs), which are mRNA binding proteins (Takahashi et al., 2015) in 

nature. mRNA binding proteins such as ZFP36 Ring Finger Protein Like 1,  

(ZFP36L1) and DEAH-Box Helicase 32 (DHX32) co-expressed with UCP1 could 

potentially degrade AREs since it only controls about 8% of the human genes 

(Adachi et al., 2014; Fallmann et al., 2016; Takahashi et al., 2015). ZFP36L1 

destabilises mRNA by binding at its 3′-UTR mRNA site and recruiting the Cnot7-

Tob-BRF1 axis (Adachi et al., 2014, Takahashi et al., 2015). Several transcripts 

associated with fat metabolism and mRNA transcription in C1.1 and C1.3 

modules are co-regulated together with the genes in the perirenal fat from the 

time of birth up to 28 days of age. I also made a novel discovery about the 

correlation of epicardial adipose tissue to genes involved in cell differentiation 

of cardiomyocytes (Liu et al., 2014). 



150 

 

Cardiomyocyte cells in prenatal life differentiate and increase in number at a 

high rate, but their activity ends soon after birth, leading to a high risk of 

fatalities in case of any injuries to the heart muscle (Yamada et al., 2006). Most 

fat depots have storage mediums for multipotent stem cells which are capable 

of in vitro differentiation to brown adipocytes and, as recently discerned, into 

cardiomyocytes (Boheler et al., 2002). As displayed in Figure 5-7, cardiac 

myocytes in epicardial fat cells had the highest number of gene expression in 

module C1.6 at 7 days and module C2.2 at 28 days. Chronic adrenergic stress 

is a potential biological pathway to cell differentiation in brown adipocytes. This 

property was identified in rodents after prolonged subjection to a cold 

environment (van Breukelen et al., 2004) and in patients who had suffered 

severe skin burns (Sidossis et al., 2015). Recently, a study has identified a 

considerable number of brown adipocyte cells in the epicardial fat depot of 

children suffering from a congenital heart defect (Ojha et al., 2016). Distinct 

growth factors associated with disease response and physiological development 

could, therefore, have the potential to affect the functioning and differentiation 

of multipotent stem cells (Ojha et al., 2016, Yamada et al., 2006). 
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5.6 Conclusion 

There is a substantial variation in gene expression, cell differentiation, cellular 

composition and stimuli response in adipocytes from different fat depots (Seidell 

et al., 1990; Sidossis et al., 2015). The perirenal adipocyte is more inclined to 

cell differentiation and external stimuli response, while sternal and epicardial 

adipocytes have minimal plasticity ability since they lack an adipogenic profile. 

From my findings, the application of advanced data analysis in microarray gene 

expression is an efficient method for generating depot-specific gene expression 

signatures of adipocytes. This method should also increase my precision in the 

identification and exploitation of distinct properties of adipocytes in different 

anatomical environments. 
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6 The influence of maternal diet supplementation on offspring 

gene expression and lipid profiling 

6.1 Introduction  

This study was conducted to evaluate the feasibility of a nutritional intervention 

in lactating ewes concerning modulating fat composition in sheep offspring. Four 

adipose tissue depots from different anatomical locations were sampled and 

then analysed for their lipidomic profile and UCP1 gene expression. I also 

examined genes that are firmly related to thermogenesis processes including 

those associated with brown and white adipose tissue. 

 

6.2 Hypothesis 

The findings of Chapter 6 form the basis for my primary hypothesis: gene 

expression within each adipose tissue depot responds differently in response to 

nutritional intervention. Furthermore, built on the previous study discussed 

above I hypothesised that ewes subjected to supplements of canola oil would 

have increased MUFAs and UCP1 expression in offspring as well as a reduced 

level of the polyunsaturated fatty acids content. 

 

6.3 Methods  

All methods used in this study have been described in Chapter 2. Figure 6-1 

illustrates the experimental module that has been applied in this chapter.  
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Figure 6-1: Summary of experimental design 

Datasets included data from 40 samples obtained from the control group at two time points either 

at seven days (n = 20), or 28 days (n = 20), in comparison with 37 samples obtained from the 
canola oil-supplemented group at the same time points, seven days (n = 17) and  28 days ( n= 

20) from four different adipose tissues depots (i.e. sternal (S), perirenal (P), omental (O), and 

subcutaneous (Su)) from five animals in each dietary group. 
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6.4 Results  

6.4.1 Principal component analysis (PCA) and hierarchical clustering in 

the diet intervention groups from 7 to 28 days of age 

Figures 6-2 to 6-5 summarises the PCA, separating the data of each fat depot 

and showing the general level of variation in microarrays between each age and 

group to further examine the effect of the maternal dietary intervention. The 

results of the clustering analysis suggest that dietary intervention contributes 

to transcriptomic differences in metabolic order, which are then modified with 

age. Furthermore, the dietary group exhibits a slightly different clustering when 

compared with the control group within the same depot and age, which reflects 

the changes in their biological/metabolic functions with diet through age (Ojha 

et al., 2016; Rockstroh et al., 2015). 
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Figure 6-2: Perirenal adipose tissue PCA  

Principal component analysis (PCA) of gene expression data from perirenal adipose tissue depot from each animal 

was performed using 1649 and 401 datasets in control and supplemented group respectively, which passed the 

variance test QC. Each sample is represented by colour-coding to indicate the age and the dietary group to which 

it belongs: control group (seven days, grey [n = 5]; 28 days, pink [n = 5]), supplemented group (seven days, 

black [n = 3]; 28 days, red (n=5]). PC1 axis is the first principal direction along which the samples show the 

largest variation. The PC2 axis is the second most important direction and it is orthogonal to the PC1 axis. 
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Figure 6-3: Sternal adipose tissue PCA 

Principal component analysis (PCA) of gene expression data from sternal adipose tissue depot from 

each animal was performed using 521 and 158 datasets in control and supplemented group 

respectively, which passed the variance test QC. Each sample is represented by colour-coding to 

indicate the age and the dietary group to which it belongs: control group (seven days, grey [n = 5]; 

28 days, pink [n = 5]), supplemented group (seven days, black [n = 5]; 28 days red [n = 4]). PC1 axis 

is the first principal direction along which the samples show the largest variation. The PC2 axis is the 

second most important direction and it is orthogonal to the PC1 axis. 
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Figure 6-4: Omental adipose tissue PCA 

Principal component analysis (PCA) of gene expression data from omental adipose tissue 

depot from each animal was performed using 1379 and 749 datasets in control and 

supplemented group respectively, which passed the variance test QC. Each sample is 

represented by color-coding to indicate the age and the dietary group to which it belongs: 

control group (seven days, grey [n = 5]; 28 days, pink [n = 5], supplemented group (seven 

days, black [n= 5]); 28 days, red [n = 5]). PC1 axis is the first principal direction along 

which the samples show the largest variation. The PC2 axis is the second most important 
direction and it is orthogonal to the PC1 axis. 
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Figure 6-5: Subcutaneous adipose tissue PCA  

Principal component analysis (PCA) of gene expression data from subcutaneous 
adipose tissue depot from each animal was performed using 1341 and 1654 datasets 

in control and supplemented group respectively, which passed the variance test QC. 
Each sample is represented by colour-coding to indicate the age and the dietary group 

to which it belongs: control group (seven days, grey [n = 5]; 28 days pink, [n = 5]), 
supplemented group (seven days, black [n = 5]; 28 days, red [n = 5]). PC1 axis is 
the first principal direction along which the samples show the largest variation. The 

PC2 axis is the second most important direction and it is orthogonal to the PC1 axis. 
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6.4.2 Description of different transcriptions in the diet intervention 

gene expression profile  

I performed a transcriptomic comparison between all four depots (false 

discovery rate (FDR) ≤ 0.05) to characterise the differences in the gene sets 

between the dietary intervention and control groups.  

The Venn diagram shows a larger number of genes (i4148) were significantly 

expressed in the control group when compared with the canola group (2961), 

across the four examined depots between 7 and 28 days. Furthermore, the Venn 

diagram graph illustrates that all tested depots in each group shared a different 

number of genes (control: 34 genes; canola: 12 genes) (see Figure 6-6). 

However, further analysis shows that the list of shared genes in both groups 

(canola: 12 genes; control: 34 genes) had only two genes in common (UBE2Q1 

and FTH1).  
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Figure 6-6: Four-way Venn diagram showing comparison of canola and control significant 

genes expressed amongst all examined depots 

Venn diagram was generated for four adipose tissue depots extracted from lambs at seven and 28 

days  with overlapping circles, each of which represents a gene set significantly expressed (adjusted 
p-value < 0.05) within the same depot in the two dietary groups; control (4148 genes) or canola 
(2961 genes ). The number of genes expressed uniquely in one set is located close to the sides of 

the circles whereas the numbers of genes expressed commonly among sets are located in the 
overlapping areas. 
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As a further comparison, the Venn diagram shows that the dietary intervention 

resulted in a different degree of gene expression transformation when 

independently compared with the control group. For example, the results 

indicate that the 7 to 28-day-old diet group (canola) had a reduction in the 

expression profile compared with the control group in three tested depots 

respectively (sternal 158-521; perineal 401-907; omental 740-1,379). On the 

other hand, subcutaneous fat was the only tissue that increased the number of 

significant genes in the canola group (1,654 genes) when compared with the 

control (1,341 genes). In addition, the results indicate that sternal depot was 

highly shifted in the gene expression profile after canola treatment, as it  

retained the minimum number of the common genes between the dietary 

intervention and control groups when compared with other tested depots 

independently; for example, sternal (78 genes), perirenal (196 genes), omental 

(368 genes) and subcutaneous (693 genes) (see Figure 6-7). 
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Figure 6-7: Venn diagram summary of the difference in the number of 
significant gene expressions between the canola and control groups in 

each tested depot 

Venn diagram was generated for four adipose tissue depots extracted from 

lambs at 7 and 28 day  with overlapping circles, each of which represents a 

gene set significantly expressed (adjusted p-value < 0.05), within the same 

depot in two dietary groups. The number of genes expressed uniquely in one 

set is located close to the sides of the circles whereas the numbers of genes 

expressed commonly among sets are located in the overlapping areas. 
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6.4.3 Transformation in offspring adipose tissue function after 

maternal dietary treatment with canola oil 

Overall, the GO enrichment analysis indicated that 87 biological processes were 

significantly different (q < 0.05) in the control group between the depots with 

age, compared to 55 biological processes in the canola group. The main finding 

was that fat from the control group exhibited more mitochondrial, functional 

genes (down-regulated) that were related to the ATP process, when compared 

with the canola, including mitochondrial respiratory chain complex I assembly, 

mitochondrial ATP synthesis and tricarboxylic acid cycle (see Table 6-1).For 

instance, the mitochondrial ATP synthesis coupled with proton transport 

biological processes showed that 10 genes were expressed by canola compared 

with 12 in controls(see Tables 6-4 and 6-5). Furthermore, the KEEG Pathway 

results in Figure 6-9 confirmed that a different number of genes were involved 

in oxidative phosphorylation pathways (28 genes) in the canola group, while in 

the controls 42 genes were significantly expressed. 
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Table 6-1: Difference in gene expression of ATP metabolic process in all 

examined depots between canola diet and control group from 7 to 28 

days of age 

Biological Process 
Gene 

Ref 

Number 
of Genes 

in Control 

Number 
of Genes 

in Canola 

Q-value 

mitochondrial ATP 
synthesis coupled proton 

transport 

21 12 10 1.57E-07 

tricarboxylic acid cycle 31 13 8 1.78E-03 

mitochondrial electron 
transport, NADH to 

ubiquinone 
49 15 9 5.41E-03 

ATP hydrolysis coupled 
cation transmembrane 

transport 

58 10 9 5.18E-03 

mitochondrial respiratory 

chain complex I assembly 
65 17 10 2.04E-02 

ATP metabolic process 204 40 24 2.04E-02 
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Table 6-2: Genes significantly expressed in the mitochondrial ATP 

synthesis process from the control depots group 

Rank 
Gene 

symbol 
Gene name 

1 ATP5A1 ATP synthase subunit alpha, mitochondrial 

2 ATP5G1 ATP synthase F(0) complex subunit C1, mitochondrial 

3 COX5B Cytochrome c oxidase subunit 5B, mitochondrial 

4 ATP5C1 ATP synthase subunit gamma, mitochondrial 

5 ATP5H ATP synthase subunit d, mitochondrial 

6 ATP5G2 ATP synthase F(0) complex subunit C2, mitochondrial 

7 STOML2 Stomatin-like protein 2, mitochondrial 

8 ATP5L ATP synthase subunit g, mitochondrial 

9 ATP5G3 ATP synthase F(0) complex subunit C3, mitochondrial 

10 ATP5B ATP synthase subunit beta, mitochondrial 

11 ATP5E ATP synthase subunit epsilon, mitochondrial 

12 CYC1 Cytochrome c1, heme protein, mitochondrial 
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Table 6-3: Genes significantly expressed in the mitochondrial ATP 

synthesis process in the canola group 

Rank 
Gene 

symbol 
Gene name 

1 ATP5A1 ATP synthase subunit alpha, mitochondrial 

2 ATP5G1 ATP synthase F(0) complex subunit C1, mitochondrial 

3 COX5B Cytochrome c oxidase subunit 5B, mitochondrial 

4 ATP5C1 ATP synthase subunit gamma, mitochondrial 

5 ATP5G2 ATP synthase F(0) complex subunit C2, mitochondrial 

6 STOML2 Stomatin-like protein 2, mitochondrial 

7 ATP5L ATP synthase subunit g, mitochondrial 

8 ATP5G3 ATP synthase F(0) complex subunit C3, mitochondrial 

9 ATP5B ATP synthase subunit beta, mitochondrial 

10 CYC1 Cytochrome c1, heme protein, mitochondrial 
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Figure 6-8: Summary of the genes involved in the oxidative phosphorylation pathway  

Genes that are significantly expressed are indicted by a red star symbol (42 genes), while the 
red star with circle indicates those genes that have not changed after adding canola to the diet 

(29 genes).  
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6.4.4 Use of machine learning and gene network analysis in young 

sheep adipose tissues with maternal diet intervention 

The results of the gene pattern and enrichment analysis indicate that all four 

examined depots in the canola group exhibited a different function and level of 

down-regulation in the mitochondrial metabolic genes when compared with 

controls. Therefore, the aim was to characterise the different metabolic 

functions, including ATP metabolic gene expressions, in each examined depot 

independently by using gene networks to compare the effect of dietary 

intervention on gene network in comparison with controls (see Chapter 2 for 

more details about the methods).   

To translate the gene terms and define the biological functions of each module 

the different module numbers of each depot were identified (perirenal: 18 

modules; sternal: 27 modules; omental: 18 modules; and subcutaneous: 16 

modules)  

The gene networks show that most of the examined depots were generally 

characterised by up-regulated gene expression, which are specified in the 

regulation of cell differentiation metabolic processes from 7-28 days: for 

instance, perirenal light steel blue: 505 genes,;sternal dark orange: 43 genes; 

omental light pink: 285 genes; subcutaneous brown: 657 genes; as well as in 

response to potential stimuli such as endocrine: perirenal blue: 596 genes; 

sternal turquoise: 330 genes; omental light cyan: 1,300 genes; subcutaneous 

white: 1,053 genes. On the other hand, ATP metabolic process modules were 

down-regulated with age: for example, perirenal back: 177 genes; sternal dark 

turquoise: 82 genes; omental tan: 97 genes; subcutaneous light steal blue: 276 

genes. 
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The main finding was that the canola diet decreased the number of expressed 

gene lists in different biological function modules across three depots; perirenal, 

sternal and omental when compared with the control group. For example, in the 

control group, cell differentiation biological function (perirenal green 530 genes; 

sternal pink: 203 genes; omental bisque: 734 genes) in response to the stimulus 

(perirenal turquoise: 814 genes; sternal turquoise: 877 genes; omental purple: 

1,937 genes) as well as the ATP module (perirenal blue: 328 genes; sternal 

blue: 512 genes; omental black: 80 genes). However, the only depot that 

followed a different pattern was subcutaneous as the canola diet increased the 

number of genes expressed in cell differentiation in response to the stimulus 

and the ATP metabolic respectively (blue module: 550 genes; turquoise: 814 

genes; light steal blue: 117 genes) (see figures 6-10 to 6-18 and tables 6-6 to 

6-13). 
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Figure 6-9: Co-expression dendrogram analysis for perirenal fat depot sampled from 

young sheep whose mothers’ diet was supplemented with canola at seven and 28 

days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other 
two rows (below) show the differential expression relationships between module genes and 

the adipose depot. The relationship of each gene with the assigned module is colour-coded 
from blue (negative co-expression) to red (positive co-expression). Module trait relationships 
represent the correlation R (and corresponding p-values) among co-expressed clusters which 

are coded by letters in the fat depot.  



171 

 

 

 

 

 

Table 6-4: Summary of the top four significant biological enrichment 

processes in the perirenal depot supplemented with canola oil within 

co-expressed gene modules from 7 to 28 days of age 

Module 
Number of 

genes  
Biological process Q-Value 

Lightstealblue (L) 505 Cell differentiation 6.73E-03 

Blue (B) 596 Response to stimulus 3.28E-03 

Black (Bl) 177 ATP metabolic process 9.42E-04 

Grey (G) 30 
Ribosome mitochondrial 

translational 
7.45E-02 

 

  



172 

 

 

 

 

 

 

Figure 6-10: Co-expression dendrogram analysis for perirenal fat depot sampled at seven 

and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two 
rows (below) show the differential expression relationships between module genes and the adipose 
depot. The relationship of each gene with the assigned module is colour-coded from blue (negative 

co-expression) to red (positive co-expression). Module trait relationships represent the correlation 
R (and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 

depot. 
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Table 6-5: Summary of the top four significant biological enrichment 
processes in the perirenal depot within co-expressed gene modules at 

7 and 28 days of age 

Module 
Number of 

genes 
Biological process  Q-Value  

Green (G) 530 Cell differentiation  1.43E-02  

Turquoise (T) 814 Response to stimulus  7.40E-06  

Blue (B) 328 
ATP metabolic 

process 
 3.10E-07  

Dark grey (D) 78 
Ribosome mitochondrial 

translational 
2.30E-03  
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Figure 6-11: Co-expression dendrogram analysis for sternal fat depot supplemented 

with canola at seven and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other 

two rows (below) show the differential expression relationships between module genes and the 
adipose depot. The relationship of each gene with the assigned module is colour-coded from 

blue (negative co-expression) to red (positive co-expression). Module trait relationships 
represent the correlation R (and corresponding p-values) among co-expressed clusters which 

are coded by letters in the fat depot. 
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Table 6-6: Summary of the top four significant biological enrichment 
processes in the sternal depot supplemented with canola oil within the 

co-expressed gene modules at 7 and 28 days of age 

Module 
Number of 

genes 
Biological process Q- Value 

Dark orange (Do) 43 Cell differentiation 7.30E-08 

Turquoise (T) 330 Response to stimulus 1.27E-03 

Dark turquoise (Dt) 49 
ATP metabolic 

process 
7.94E-03 

Dark red (Dr) 65 

Ribosome 

mitochondrial 
translational 

1.09E-04 
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Figure 6-12: Co-expression dendrogram analysis for sternal fat depot sampled 

at seven and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The 
other two rows (below) show the differential expression relationships between module 

genes and the adipose depot. The relationship of each gene with the assigned module is 
colour-coded from blue (negative co-expression) to red (positive co-expression). Module 
trait relationships represent the correlation R (and corresponding p-values) among co-

expressed clusters which are coded by letters in the fat depot. 
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Table 6-7: Summary of the top four significant biological enrichment 
processes in the sternal depot within the co-expressed gene modules 

at 7 and 28 days of age 

Module 
Number 

of genes 
Biological process Q-Value 

Pink (P) 203 Cell differentiation 4.10E-02 

Turquoise (T) 877 Response to stimulus 7.40E-06 

Blue (B) 512 
ATP metabolic 

process 
3.15E-04 

Grey (G) 134 

Ribosome 

mitochondrial 
translational 

7.28E-22 
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Figure 6-13: Co-expression dendrogram analysis for omental fat depot 
supplemented with canola at seven and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The 
other two rows (below) show the differential expression relationships between module 

genes and the adipose depot. The relationship of each gene with the assigned module is 
colour-coded from blue (negative co-expression) to red (positive co-expression). Module 

trait relationships represent the correlation R (and corresponding p-values) among co-
expressed clusters which are coded by letters in the fat depot. 
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Table 6-8: Summary of the top four significant biological enrichment 
processes in the omental depot supplemented with canola oil within co-

expressed gene modules at 7 and 28 days of age 

Module 
Number 
of genes  

Biological process Q- Value 

Light pink (Lp) 285 Cell differentiation 1.15E-02 

Light cyan (Lc) 1,300 Response to stimulus 8.65E-03 

Tan (T) 97 ATP metabolic 4.45E-03 

Light green (Lg) 

 
42 

Ribosome mitochondrial 

translational 
2.1 E-03 
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Figure 6-14: Co-expression dendrogram analysis for omental fat depot sampled at seven 

and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two 

rows (below) show the differential expression relationships between module genes and the adipose 
depot. The relationship of each gene with the assigned module is colour-coded from blue (negative 

co-expression) to red (positive co-expression). Module trait relationships represent the correlation 
R (and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 

depot. 
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Table 6-9: Summary of the top four significant biological enrichment 
processes in the omental depot within the co-expressed gene module 

at 7 and 28 days of age 

Module 
Number of 

genes 
Biological process Q-Value 

Purple (P) 734 Cell differentiation 4.98E-06 

Bisque (B) 1937 Response to stimulus 7.20E-05 

Black (Bl) 80 ATP metabolic process 2.80E-06 

Red (R) 104 
Ribosome mitochondrial 

translational 
2.60E-03 
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Figure 6-15: Co-expression dendrogram analysis for subcutaneous fat depot 

supplemented with canola at seven and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two 

rows (below) show the differential expression relationships between module genes and the adipose 
depot. The relationship of each gene with the assigned module is colour-coded from blue (negative 

co-expression) to red (positive co-expression). Module trait relationships represent the correlation 
R (and corresponding p-values) among co-expressed clusters which are coded by letters in the fat 

depot. 
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Table 6-10: Summary of the top four significant biological enrichment 
processes in the subcutaneous depot supplemented with canola oil 

within co-expressed gene modules at 7 and 28 days of age 

Module 
Number of 

genes  
Biological process Q- Value 

Brown (B) 657 Cell differentiation 1.90E-02 

White (W) 1053 Response to stimulus 5.82E-06 

Green (G) 237 Cell cycle 3.93E-06 

Light steel blue (Lsb) 276 

ATP metabolic and 

Muscle cell 
differentiation 

3.66E-04 
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Figure 6-16: Co-expression dendrogram analysis for subcutaneous fat depot sampled 

at seven and 28 days of age 

The first row is subdivided into co-expressed modules founded in each age group. The other two 

rows (below) show the differential expression relationships between module genes and the 
adipose depot. The relationship of each gene with the assigned module is colour-coded from 
blue (negative co-expression) to red (positive co-expression). Module trait relationships 

represent the correlation R (and corresponding p-values) among co-expressed clusters which 

are coded by letters in the fat depot. 
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Table 6-11: Summary of the top four significant biological enrichment 
processes in the subcutaneous depot within co-expressed genes 

modules at 7 and 28 days of age 

Module 
Number of 

genes 
Biological process Q- Value 

Blue (B) 550 
Cell cycle and 

differentiation 
4.10E-03 

Turquoise (T) 814 Response to stimulus 5.80E-04 

Tan (Ta) 117 ATP metabolic process 3.10E-05 

Yellow (Y) 166 
Muscle cell 

differentiation 
2.67E-02 
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6.4.5 UCP1 clustering comparison in weighted gene co-expression 

network analysis  

In the next step of the study, the focus was on mitochondrial function genes, 

particularly UCP1, which was selected as the critical gene for comparison 

between depots since a down-regulation of UCP1 during development has 

already been reported (Henry et al., 2017; Pope et al., 2014; Symonds et al., 

2012).  In addition to UCP1, other genes were also studied to determine whether 

additional processes, besides energy utilisation, were affected. UCP1 was 

detected in two of the four tested depots (sternal and perirenal), which are 

primarily populated by brown adipocytes (Table 6-12). Therefore, a Venn 

diagram was created to show the different UCP1 modules and the gene list of 

pro-thermogenic depots between the diet intervention and control group from 

7 to 28 days. The Venn diagram in Figure 6-17A shows the presence of bigger 

mitochondria genes clusters in the control group (blue perirenal: 328 genes; 

blue sternal: 512 genes) when compared with the canola group (black perirenal: 

177 genes; dark turquoise sternal: 49 genes). In addition, the Venn diagrams 

in Figure 6-17B and C show that each cluster expressed a different set of genes 

in the canola and control groups during development within the same depots 

respectively (black perirenal canola: 61 genes; blue perirenal control: 328 

genes), as well as sternal (dark turquoise sternal canola: 32 genes; blue sternal 

control: 495 genes). However, the analysis demonstrates that few genes were 

shared among the two depot groups (canola/control) regarding the ATP module 

depots (nine genes), including UCP1 (see table 6-12). 
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Figure 6-17: Venn diagram showing a comparison of the UCP1 module interaction 

between the canola and control groups 

(A) UCP1 module interaction between the two depots (sternal and perirenal) comparing the two 

dietary groups (control and canola) at two time points (seven and 28 days of age). 
(B) represents the UCP1 module interaction between canola and control groups of perirenal depot. 

(C) represents the UCP1 module interaction in sternal depot between canola and control groups. 
Each circle represents the number of genes set within specific depots, with an overlap of the 
sharing gene with other depots. Control group: (1) sternal blue and (2) perirenal blue; canola 

group (3) perirenal black and (4) sternal turquoise. 
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Table 6-12: Commonly expressed genes in comparison of the UCP1 

cluster in two supplemented depots; perirenal (P) and sternal (S) 

Symbol Gene name 

Average 

expression in 

supplemented 

samples  

Average 

expression 

in control 

samples 

Q-value 

CDC27 
cell division cycle 

27 
5.61 5.36 2.76E-05 

USP2 
ubiquitin specific 

peptidase 2 
3.90 5.06 3.63E-05 

UCP1 

uncoupling 

protein 1 
(mitochondrial, 

proton carrier) 

3.10 4.79 1.82E-04 

CSRP2 
cysteine and 
glycine rich 

protein 2 

4.88 7.70 3.05E-04 

TMEM126A 
transmembrane 

protein 126A 
4.23 5.69 4.01E-04 

EIF3I 

eukaryotic 
translation 

initiation factor 3 
subunit I 

8.10 6.77 4.77E-04 

PSME3 

proteasome 

activator subunit 
3 

7.13 4.06 1.55E-03 

CISD1 
CDGSH iron 

sulphur domain 1 
5.55 3.35 2.55E-03 

PGP 
phosphoglycolate 

phosphatase 
6.26 3.22 4.22E-03 
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6.4.6 Effects of maternal canola oil supplementation in sheep on 

offspring lipid profile in the first month of lactation  

At 7 days and 28 days of age, I undertook a lipidomic evaluation of perirenal 

and sternal fat depots in the progeny of mothers fed with the 3% canola oil 

additive. The analysis as carried out to identify the effect of different 

transcription transformation between the fat depots. At 7 days of age, there was 

no effect of the anatomical location or the diet intervention on the lipid profile 

of the sternal and perirenal depots (Figure 6-18 and Figure 6-19A). However, a 

significant impact of the anatomical location was found at 28 days of age  

between  sternal and perirenal (28 lipids) (Figure 6-18B). In addition, perirenal 

fat undergoes a detectable localised change at 28 days of age after maternal 

diet supplemented with canola oil (31 lipids) (Figure 6-20B). From those lipids 

that were significantly modified, I were able to identify 10 lipids that were 

different between the two tested depots (sternal and perirenal) at 28 days of 

age (Table 6-15) and 11 lipids in the perirenal depot after maternal diet 

supplemented with canola oil (Table 6-16) based on the accurate mass 

determination by the Lipid Maps databases (Pollard et al., 2017; Ortori et al., 

2014) (see section 2.3). 
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Figure 6-18: Lipid profile comparison of two fat depots, sternal and perirenal, at 

seven days (A) and 28 days (B) 

The heat map and unsupervised hierarchical clustering dendograms for the top 100 lipids 
that were divergent to the others are illustrated. The analysis was performed by average 
linkage, Euclidean distance metric analysis. Selection was done through eBayes t-statistic 

(FDR < 0.05). Green and red denote decrease and increase of lipid expression respectively. 
The colour code defines the tissue to which it belongs. Volcano plots under the heat map 

representing the changes in sheep adipose tissue lipids profile at the same time point, with 
the log of the FDR-adjusted probability values (q-value; y-axis) plotted against the log fold 
changes (x-axis) between the tested adipose tissues. The lipids that were expressed 

significantly differently in the sample are represented by the solid red circle, and those 

that did not express significantly differently are coloured green. 
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Table 6-13: Variation of lipid content between sternal and perirenal 

depots at 28 days of age 

Lipid symbol Formula 
Fold 

change 
Q-value 

TG(48:3) C53H95O8 6.21 4.60E-04 

TG(50:3) C55H99O8 3.77 1.79E-03 

PC(O-40:4) C48H94N2O7P 3.76 2.54E-03 

TG(47:6) C50H85O6 4.02 1.33E-02 

PA (O-45:0) C48H97O7PNa 6.96 1.51E-02 

PA(49:0) C52H102O8P 5.48 1.51E-02 

TG(50:6) C55H93O8 4.34 1.56E-02 

Cer (d40:0) C42H84NO5 5.11 1.56E-02 

FA(18:0(OH3,Ke2,Ep2,cyclo) C18H27O9 -1.82 1.66E-02 

Cer (t42:0) C44H88NO6 3.44 1.66E-02 
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Figure 6-19: Between-group lipid profile comparison of samples in diet intervention 
group (orange), and control group (gold), in two fat depots (A) Sternal, (B) Perirenal 

at seven days of age 

Heat map and unsupervised hierarchical clustering dendrograms for the top 100 lipids that 
were divergent to the others are illustrated. The analysis was performed by average linkage, 
Euclidean distance metric analysis. Selection was done through eBayes t-statistic (FDR < 

0.05). Green and red denote decrease and increase of lipid expression respectively. The colour 
code defines the tissue to which it belongs. 
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Figure 6-20: Between-group lipid profile comparison of samples in diet intervention 
group (orange), and control group (gold), of two fat depots (A) Sternal, (B) Perirenal 

at 28 days of age 

Heat map and unsupervised hierarchical clustering dendrograms for the top 100 lipids that were 
divergent to the others are illustrated. The analysis was performed by average linkage, Euclidean 
distance metric analysis. Selection was done through eBayes t-statistic (FDR < 0.05). Green and 

red denote decrease and increase of lipid expression respectively. The colour code defines the 

tissue to which it belongs. 
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Table 6-14: Change in lipid composition of perirenal depot between 

control and diet intervention at 28 days of age  

Symbol Common name Q-value 

LysoSM (d18:0) Lysosphingomyelins a 0.00 

FA(22:3) docosatrienoic acid 0.01 

PS(35:0) 
1-octadecanoyl-2-hexadecanoyl-sn-

glycerol 
0.01 

FA(18:0(Ep2)) octadecenoic acid 0.01 

DG(34:0) Diradylglycerols 0.01 

FA(17:0(Ep,cyclo)) heptadecadienoic acid 0.01 

DG(59:6) Diradylglycerols 0.02 

FA(22:4) Adrenic Acid 0.04 

Cer(d28:1) N-hexacosanoylglycine 0.04 

LPG(28:0) Phosphtatidylglycerols 0.04 

MGDG(64:12) Monogalactosyldiacylgylcerols 0.04 
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The nutritional intervention resulted in substantial alterations in the lipid content 

of the perirenal adipose tissue. There was a reduction in the quantity of fatty 

acid content including polyunsaturated fatty acids; for example, omega-6 

Adrenic acid FA (22:4) and omega-3 docosatetraenoic acid FA (22:3), which are 

considerably lower than the non-intervention ratios (see Figure 6-21). The 

sternal adipose tissue, however, showed no change in lipid composition 

following the nutritional intervention. Generally, the results I obtained from 

microarray analysis and lipid profiling demonstrated that dietary intervention 

only initiated a response in the perirenal fat depot. It is important to note that 

when assessing the genes that were most significantly affected, there was an 

accentuation of the influence of the glucocorticoid receptor, Nuclear Receptor 

Subfamily 3 Group C Member 1 (NR3C1) gene, which is directly involved in 

cellular differentiation, proliferation and promotion of inflammatory response 

(Lu et al., 2006). Based on these results, it can be concluded that the perirenal 

fat depot responds to maternal nutritional intervention and undergoes 

remodelling in the cellular structure. 
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Figure 6-21: Polyunsaturated fatty acid (PUFA) omega 3 and omega 6 content at 28 

days in control and diet intervention perirenal depot 
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6.5 Discussion 

Adipose tissue is an essential metabolic structure responsible for maintaining 

the homeostatic milieu of the body (Cypess and Kahn, 2010), regulating both 

energy balance and lipid metabolism (Ali et al., 2013; Coelho, et al., 2013). The 

present study evaluated the effect of a maternal canola dietary intervention on 

adipose tissue development in early life, since there is existing evidence of 

brown to white adipose tissue transdifferentiation (Montanari et al., 2017). Four 

different fat depots — perirenal, sternal, omental and subcutaneous — were 

included in the study, and the effect of canola intervention was assessed from 

7 to 28 days of development. The focus of this investigation was to identify 

changes in gene expression patterns (i.e. up- or down-regulation) of unique and 

shared genes, and the related biological processes, by using machine learning 

methods, including weighted gene co-expression, during a critical development 

phase. Each of the major fat depots was found to utilise different mechanisms 

and genes. As outlined in the results section, several conventional and unique 

mechanisms were identified across the fat depots, which could explain diet 

intervention changes in thermogenesis and mitochondria energy utilisation that 

occur in adipose tissue over time. 
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6.5.1 Differences in biological function after canola oil treatment from 

7 to 28 days 

The current study highlights critical differences and similarities between the 

different fat depots studied; such investigations have also been conducted in 

different species including in humans (Virtanen et al., 2009; Vergnes et al., 

2016). in particular, cChanges in the gene expression and subsequent biological 

processes at different stages and phases of development (specifically 7 and 28 

days) have been documented in sheep (Fainberg et al., 2018; Basse et al., 

2015, Henry et al., 2017). There are also reports in the existing literature where 

dietary intervention, such as increasing total fat intake in female mice, resulted 

in substantial differences in gene expression in BAT; specifically, an increase in 

the Oxidative phosphorylation (OXPHOS) mitochondrial genes (Lettieri Barbato 

et al., 2015). However, in the current study, overall gene expression was found 

to be different between 7 and 28 days for both the control and canola treatment 

groups; differences were also observed between the fat depots independently. 

For example, a minor degree of transformation in the expression of the gene 

profile was observed in the treatment group when compared with the controls 

from the same period (7 to 28 days) in perirenal, omental and sternal tissues, 

while the opposite effect was observed in subcutaneous depots. The difference 

in gene expression after fatty acid dietary interventions has also been 

investigated and reported in the published literature (Fainberg et al., 2018; 

Welter et al., 2016), which further validates the findings reported in this study. 

Another important observation of this study was that at both 7 days and at 28 

days, the number of genes that were common between the control and canola 

treatment groups was low, with a high number of unique genes  featuring 
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individually in each group, suggesting that biological function, including energy 

utilisation and metabolism, shifts in different directions with and without dietary 

fatty acid intervention, as observed in the published literature (Lim et al., 2013; 

Welter et al., 2016). 

In further investigations regarding the differences in the unique gene expression 

and biological functions of the control groups, I noted those genes involved in 

multiple functions including ATP synthesis, mitochondrial respiratory chains, the 

citric acid cycle, transcriptional, hormonal regulation, and skeletal muscle 

function. Conversely, the unique genes of the canola treatment groups were 

observed as necessary for the modulation maintenance of the extracellular 

matrix and pre-mRNA processing, as well as in transport and cell cycle 

regulation.  

The unique sets of gene expression between the control and canola treatment 

groups further support the activation of different processes. Modular analysis of 

gene expression in the various fat depots studied also indicated a different 

thermogenic transition pattern associated with energy utilisation amongst the 

depots, with only the sternal fat depot behaving as an outlier since it was 

relatively stable when compared with other depots. It can be inferred that, in 

addition to changes caused by dietary fat intervention, there is also a temporal 

change associated with different anatomical locations and age. 
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6.5.2 Impact of dietary intervention on the ATP metabolic process in 

adipose tissue 

Although studies that have examined gene expression differences across all 

brown fat depots across the body in the same study are limited, individual 

investigations have been conducted for separate fat depots (Gesta et al., 2007; 

Symonds, 2013). An analysis of gene expression patterns between different 

adipose tissue fat depots, with and without treatment with canola oil, has not 

been previously reported, and indicates not only the unique nature of the 

current study, but the fact that dietary intervention with fatty acids, particularly 

canola oil, could result in gene expression differences in a depot-specific 

manner.  

Previous studies have reported that mitochondrial ATP production is dependent 

on the electron transport chain (ETC) (Bratic and Trifunovic, 2010). The down-

regulation in mitochondrial ATP is linked with the ageing process of cells (Bratic 

and Trifunovic, 2010), and past authors have focused on age-related changes 

in mitochondrial functionality (Bratic and Trifunovic, 2010). The findings of the 

current study show that the genes associated with ATP synthesis enzymes (e.g., 

Citrate cycle enzymes (TCA), ETC enzymes etc.) were more down-regulated in 

the control group when compared to the canola treatment group between 7 to 

28 days. For example, two ATP genes variants (ATP5H and ATP5E) were noted 

as being down-expressed in the control group only, thus indicating metabolic 

energy differences in the presence or absence of dietary fats. The lower 

expression of genes regulating energy metabolism (Dahlman et al., 2005) 

suggests a definite link between rearrangements that are associated with 

mitochondria and the activation of the BAT (Gao and Houtkooper, 2014). It is 
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this that probably accounts for the difference between control and canola 

treatment groups. However, when fatty acids are supplemented externally, this 

obviates the need for de novo lipogenesis and, therefore, also explains the 

reason for the observed difference between groups (Pénicaud et al., 2000). 

KEGG pathway analysis also confirms differences between control and canola 

treatment groups, as noted by differences in the number of expressed genes for 

oxidative phosphorylation genes; these are higher in the control group than in 

the canola treatment group. The inclusion of unsaturated dietary fats such as 

polyunsaturated fatty acids (PUFAs) (Sampath and Ntambi, 2005) and MUFAs 

(Lim et al., 2013) has resulted in a shift in gene expression (Welter et al., 2016; 

Sparks et al., 2005 ). In the present study, changes were noted in genes 

associated with ATP synthesis, genes involved in NADH to ubiquinone step, TCA 

cycle enzymes, genes involved in respiratory chain complex I assembly and 

genes involved in ATP metabolism.  
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6.5.3 Impact of canola diet intervention on UCP1 gene clustering in 

weighted gene co-expression network analysis 

Early postnatal life (days 7–28) is highly critical in the regulation of the growth 

of fat depots, particularly their ability to maintain UCP1 (Symonds, 2013). UCP1 

expression in perirenal and sternal brown fat depots displays a unique 

thermogenic pattern (Henry et al., 2017; Symonds et al., 2015). A high 

concentration of brown adipocytes in these tissues and such tissue-specific 

expression has been documented by investigators in other mammals (Restelli 

et al., 2015; Soppela et al., 1991). The importance of UCP1 in brown fat depots 

is vital for the maintenance of body temperature in newborn infants since 

protons shunt short-circuits in the ETC and an enhanced thermogenic capacity 

(Cannon et al., 1981, Cannon and Nedergaard, 2004).  

It has been found that supplementing lactating and pregnant rats with a rich 

MUFAs diet such as canola oil could increase UCP1 in BAT in offspring and 

decrease weight gain (Lim et al., 2013). Additionally, the inclusion of canola oil 

in dairy ruminants’ feed has been reported to reduce the omega 3 and omega 

6  fatty acid ratio in milk, both of which are properties that have been found to 

up-regulate UCP1 gene in adipose tissue (Welter et al., 2016) 

My WGCNA analysis indicates the presence of other thermogenic genes besides 

UCP1, thus showing changes and a complex interaction in pathways after adding 

canola to the maternal diet. All the additional genes identified were noted as 

crucial for mitochondrial function, adding support to similar published findings 

concerned with dietary fat intervention (Inokuma et al., 2005). The existence 

of multiple interactions between UCP1 and other genes is suggestive of a 
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complex pathway of thermogenic responses that are mounted during infancy 

(Gilsanz et al., 2013).  

Also in this module, and particularly in perirenal adipose tissue, up-regulation 

of PPARG gene expression was observed, which is critical for adipocyte 

differentiation and the facilitation of glucose uptake (Jones et al., 2005; Nolte 

et al., 1998). In addition, after canola oil supplementation I noted a reduction 

in white adipocyte differentiation genes; for example, HOX group gene, 

including homeobox B8 HOXB6, (HOXB8) and homeobox B6 (HOXB6) (Rivellese 

et al., 2002), which indicates that adding canola oil decreases white adipocyte 

differentiation, at least in the perirenal depot. 

On other hand, my data demonstrate that adding canola oil could prevent the 

decline of PPARG 1 beta (PPARGC1B) expression in one of the tested depots 

(i.e. sternal), which could stimulate PPARGC1A (Ryan et al., 2000) and initiates 

a shifting in the oxidative fatty acid and BAT thermogenic functionality (Lim et 

al., 2013) since this is a crucial pathway for thermogenesis (Cannon and 

Nedergaard, 2004), and could further enhance lipid metabolism and utilisation 

(Tierney and Roche, 2007). 
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6.5.4 Impact of maternal canola dietary supplementation on 

transcriptional regulatory and biological responses within 

adipose tissue 

Numerous studies have investigated the role of external stimuli in affecting 

negative, positive responses in different anatomical locations of brown fat 

(Kajimura et al., 2016). It is well established that heat, cold, and endocrine 

stimuli can affect brown fat (van Marken Lichtenbelt et al., 2009). Some of these 

stimuli include hypolipidemic agents to reduce fat depot size by directly 

increasing mitochondrial function (Bjorndal et al., 2011), endocrine stimulation 

of thermogenesis, including hypothalamic influences (Labbe et al., 2015) and 

the effect of cold stress on thermogenesis (Rosell et al., 2014).  

In both brown and white fat depots studied, it was observed that adding canola 

oil to perineal, sternal and omental depots displayed a decrease in gene 

functional responses to stimuli such as endocrine and external stimulus. Even 

within these fat depots, the decrease was highest in the sternal depot, followed 

by omental and prerenal depots. However, the reverse response was observed 

in subcutaneous fat. This difference in response between each tested depot 

could be due to the additional factors outlined in the section above, such as 

tissue-specific location, which could be affected by the nutritional environment  

(Symonds et al., 2015) or nearby endocrine organs such as the adrenals 

(Fainberg et al., 2017) or thyroid (Vergnes et al., 2016). 
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The decrease in the gene expression and function of response to an external 

and internal stimulus, such as cold temperature (Symonds, 2013) or hormone 

stimulation (Maslov and Vychuzhanova, 2016), could impair fatty acid oxidation 

and thermogenesis specifically in brown adipocytes. Moreover, several ATP-

related genes which also have an immune function, such as Voltage-dependent 

anion-selective channel (VDAC1), Eukaryotic translation initiation factor 1 

(EIF1) and Solute Carrier Family 12 Member 4 (SLC12A4) (Kiecolt-Glaser, 

2010), were not found to be significantly expressed in the canola group, which 

supports published findings on dietary fat affecting genes modulating during 

stress (Das et al., 2017; Renaud et al., 2014). Furthermore, other studies found 

that different types of response to a stimulus such as prolonged cold exposure 

in rodents (Welter et al., 2016) and severe burn injuries in humans (Cannon et 

al., 1981), could play a role in brown adipocyte differentiation. 

Another finding is that adding canola oil could contribute to improved glucose 

homeostasis and insulin sensitivity, as specific genes were enriched only in the 

canola group including up-regulation of the beta-arrestin-1 (ARRB1) gene in 

perirenal (Ravier et al., 2014, Dalle et al., 2011), hypoxia-inducible factor 1-

alpha (HIF1A) in omental (Pope et al., 2014), and dynein light chain 1, 

cytoplasmic (DLC1) in subcutaneous fat (Hong et al., 2018). Overall, this 

suggests that these functions are ongoing and that they change during the 

intervention phases of adipose tissue, and could lead to an increase in adipocyte 

size and development (Symonds et al., 2012).  
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6.5.5 Canola oil induces insulin sensitivity in white adipose tissue    

In the adipose tissue of sheep, it has been identified that manipulating the diet 

in lactating ewes results in a significant change in glucose and insulin metabolic 

processes in the progeny (Sebert et al., 2009; Symonds et al., 2012). For 

example, a similar finding has been observed in human beings, in which a high 

MUFAs nutritional intervention diet intensifies sensitivity of insulin (Rivellese et 

al., 2002; Tierney and Roche, 2007). Numerous studies have been conducted 

to assess the effect of high oleic acid diet such as canola oil on insulin resistance 

(Ryan et al., 2000). Rigorous and extensive research is also being carried out 

to determine the interactions between gene expression, insulin sensitivity and 

fat content. Nuclear receptors associated with binds in fatty acids established a 

distinct function in gene and fatty acid regulation (Göttlicher et al., 1992; 

Sampath and Ntambi, 2005; Georgiadi and Kersten, 2012). More particularly, 

the omega 6 and omega 3 fatty acids have been identified to initiate the 

response and activity of PPAR nuclear receptor proteins (Clarke, 2001, 

Rodriguez et al., 1994), which play a vital role in cell differentiation and glucose 

uptake, as discussed in section 6.5.3 (Jones et al., 2005; Nolte et al., 1998).   

In this study, I identified the enrichment of the insulin sensitivity pathway in the 

WAT of progeny subjected to ~3% of canola oil nutritional intervention in the 

maternal diet. I also determined that some genes that were in involved in the  

insulin signalling and energy homeostasis are up-regulated, including PPARG, 

also called the NR1C3 receptor (Soriguer et al., 2006), AKT Serine/Threonine 

Kinase 2 (AKT2) (George et al., 2004, Cho et al., 2001), natriuretic peptide 

receptor 1 (NPR1) (Wu et al., 2017) all of which are involved in enhancing 

sensitivity to insulin in white adipose tissue in mice. 
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Adipocytes with UCP1 deficiency (or lack of) have been observed to use 

glycolytic pathways rather than lipolysis in the production of ATP and the 

promotion of uncoupled respiratory response (Himms-Hagen, 1990; Ma and 

Foster, 1986; Grimpo et al., 2014). However, PPAR treatment of the multipotent 

mesenchymal stem cells resulted in the activation of white adipose tissue cells 

(Mezentseva et al., 2008). I achieved a parallel result whereby glucose uptake 

and energy use of the progeny’s WAT were enhanced by canola oil nutritional 

intervention in maternal milk. 

6.5.6 Impact of adding canola oil to the maternal diet on cell 

differentiation (adipogenesis) gene expression in adipose tissue 

From my analysis, a significant change in adipose tissue plasticity can be 

expected to occur between 7 and 28 days due to cell differentiation. Past 

literature has shown that adipose tissue differs with age regarding cell 

differentiation and energy metabolism (Ojha et al., 2016). Increased adipocyte 

differentiation was found to be the primary cause of the differences in the level 

of brown fat transdifferentiation to white in all depots (Rosen et al., 2009). 

Reduction in the expression of cell differentiation-related genes is corroborated 

by reports of dietary fat interventions affecting fat depot micro-environments, 

which in turn affects cell differentiation (Jeffery et al., 2016). 

Like the observation in the previous section, canola oil impacted adversely on 

cell differentiation genes, as they were found to be higher in the control group 

for sternal, omental and perirenal fat depots respectively. On the other hand, 

subcutaneous fat showed the opposite response. For example, in omental and 

subcutaneous depots I noted a comparative decrease in the expression of crucial 

muscle chain proteins, such as myosin light chain 2 (MYL2 ), myosin light chain 
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1 (MYL1), myosin, heavy chain 4, skeletal muscle  (MYH4 ), and  myosin, heavy 

chain 8, skeletal muscle (MYH8) (Vicente-Manzanares et al., 2009, Adams et 

al., 2013, Asp et al., 2011). Unlike the other two depots, i.e. sternal and 

perirenal, which are classified as brown depots, that developed from muscle 

precursor cells (Sharma et al., 2014), and distinguish with the capability of 

enhancing lipid metabolism and energy expenditure capacity (Gesta et al., 

2007). This difference in loss of muscle-related genes and cell differentiation 

between the adipocytes after adding canola oil indicates that anatomical location 

and fat lineage play a vital role in response to external stimulus such as diet 

intervention.  

6.5.7 Lipid profile and composition is defined by the anatomical location 

in adipose tissue of young sheep 

My study suggests that in comparison to the others, perirenal and sternal depots 

develop divergently (Henry et al., 2017). Of the two depots, however, the 

perirenal depot shows more white adipocytes development activity (Hakim-

Weber et al., 2011; Macotela et al., 2012; Pietilainen et al., 2011; Symonds et 

al., 2015), as indicated by changes in cellular lipidome of the perirenal tissue in 

offspring subjected to nutritional intervention. Generally, any changes in the 

metabolic or phenotypic functioning of existing fat cells can be influenced by the 

endocrine microenvironment tissue it is exposed to, such as the adrenal gland  

(Seidell et al., 1990). 
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6.6 Conclusion 

Overall, this study has addressed the central questions related to the impact of 

the maternal canola diet intervention on BAT gene expression in early life. There 

was a reduction in the down-regulation of thermogenic gene expression 

including UCP1 clustering in weighted gene co-expression, and in response to a 

stimulus, as well as in cell differentiation. Dietary intervention implication with 

age-related factors was identified as necessary in making such differentiation. 

Moreover, biological mechanisms and co-expressed anatomical locations of 

genes were identified as being crucial in shaping the response of adipose tissue 

depots. External stimulus and internal factors were also recognised as significant 

in defining the thermogenesis. Such a differential response indicates that 

reducing dietary fat alone is not helpful in altering fat utilisation and the 

likelihood of obesity (Swift et al., 2014), but a sophisticated multifactorial 

approach is needed to ensure the intended effect (Andrianova et al., 2015).  
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7 Conclusion 

7.1 General aims  

The studies detailed in my thesis aimed to determine whether age and 

anatomical location regulate a fat depot’s response to changes in maternal diet 

during postnatal development. This was achieved by analysing large numbers 

of differentially expressed genes and function from microarray data, including 

mitochondrial biogenesis, thermogenesis (i.e. UCP1), cell differentiation, and 

the ability to respond to local stimulus in offspring adipose tissue. The 

availability of abundant transcriptomic data and the modification of 

computational approach systems, coupled with the latest increments in 

computational power enabled the development of predictive modules 

quantitatively, based on the gene expression relationships. Such modules were 

developed through identification of similar co-expression regulation clustered 

genes that were engaged in interdependent or associated biological functions. 

Differences within the transcriptome between similar tissues sampled from the 

offspring of mothers given a fatty acid supplement might reflect the variations 

in the cellular composition, transcriptional programme, function, and type of 

adipocyte. This enabled differential network analyses to be interpreted by 

capitalising on the outcomes with an enhanced knowledge for adipose tissue 

development. 

 

This chapter summarises the key findings and the main limitations of these 

studies and investigations.  
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7.2 Methods  

Ewes raising twin lambs were supplemented with 3% canola or fed a standard 

diet from day one after delivery throughout lactation in an aim to modify the 

fatty acid profile of their milk. The data of the mRNA extracted from five different 

anatomical locations of lamb adipose tissue were transferred to GeneChips. The 

microarray gene expression datasets were subjected to multi-region 

bioinformatics analysis to obtain biologically meaningful information about the 

examined adipose tissues depots, including the mitochondrial genes that are 

associated with thermogenesis (i.e. UCP1). 

 

7.3 Summary of findings  

7.3.1 Adipose tissue gene expression and function modulated by age 

and anatomical location in early life 

In order to understand the developmental origins of the molecular changes 

within fat depots of different anatomical sites in early life, multi-region 

bioinformatics analyses were conducted on microarray data generated from the 

five fat depots sampled from lambs at age 7 days and 28 days. Based on the 

analysis, it was found that all depots were unique in their gene expression 

profiles and all had negligible quantities of distinct co-expressed gene modules, 

linked to unique biological processes. The differences between depots of adipose 

tissues within their responses to local stimulants, differentiation ability, and 

gene expression profiles have previously been identified in 5-6-week-old mice 

(Lee et al., 2017). 
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7.3.2 Maternal canola oil supplementation delays the loss of 

mitochondrial gene expression but not UCP1 in offspring adipose 

tissue 

A set of genes associated with mitochondrial biogenesis (i.e. ATP metabolic 

process, mitochondrial respiratory chain, and TCA cycle) were studied to gain a 

more comprehensive insight into the effect of maternal supplementation with 

fatty acids during the early life of sheep. The groups receiving the supplement 

had slightly more variation in gene expression profiles between adipose tissue 

depots compared with depots in controls. This included a reduction in the decline 

of the mitochondrial gene expression and functions, particularly in the ability to 

produce energy during early life development. Specifically, in BAT depots (i.e. 

perirenal and sternal), there was a higher expression of mitochondrial genes 

compared to WAT (i.e. omental, subcutaneous), which indicates that age and 

anatomical locations influence that response. However, these results are not 

consistent with non-shivering thermogenesis in BAT which showed no effect of 

dietary supplements on UCP1 gene expression (i.e. perirenal and sternal).  
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7.3.3 Perirenal adipose tissue exhibited a higher propensity of 

responding to maternal diet intervention 

In lamb adipose tissue, the abundance of UCP1 peaked on day one and, as 

expected, decreased with age (Clarke et al., 1997). According to my findings, 

age and anatomical location modulate the adipose tissue response. Perirenal 

adipose tissue was most responsive to the nutritional intervention compared to 

other tested depots (i.e. sternal, omental and subcutaneous), as it retained the 

highest amount of UCP1 gene expression in early life, which could enhance the 

depot's ability to respond to the maternal dietary supplementation with canola 

oil. That was confirmed by further investigation in the offsprings’ lipid profile 

which showed a significant reduction in omega 6 adrenic acid FA (22:4) and 

omega-3 docosatetraenoic acid FA (22:3) in perirenal adipose tissue after 28 

days of maternal diet supplementation, which was in line with that found in an 

earlier study with regard to the change in milk fatty acid profiles after canola oil 

supplementation (Okine et al., 2003). This could also be beneficial in reducing 

the inflammatory response in the offsprings’ adipose tissue (Yashodhara et al., 

2009). 
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7.4 Study limitations  

7.4.1 Sheep as a module for early life development in humans  

Despite sheep emerging as one large animal model for examining human 

development as explained in chapter 1, they have certain limitations for 

nutrition studies. As ruminants and herbivores, their dietary requirements, 

digestive system and certain aspects of metabolic energy are entirely different 

from that of humans. In this regard, applying the results of the thesis directly 

to humans is not fully feasible. For instance, the intervention employed in the 

study cannot be applied directly to supplementing the diets of lactating women 

with 3% of canola oil with a similar impact as was seen in the milk of ewes. 

However, the development of rumen within newborn lambs is incomplete until 

they reach six to eight weeks, when they start eating solid food (Lane et al., 

2000). Additionally, the process of suckling is initiated through direct 

transitioning of milk from the oesophagus towards the abomasum, the last 

stomach chamber, thus implying that the rumen has been bypassed (Ørskov, 

1972). Hence, because the lambs investigated in the study depended entirely 

on the mother for a month, such a limitation does not constitute a significant 

issue when examining nutrition in young lambs. 

While the number of offspring within sheep (triplets at the maximum) is more 

similar to that of humans compared to the quantity of mice offspring (big litters), 

human mothers normally have one offspring, thus creating another limitation in 

the current study. In sheep, the number of foetuses has been found to 

determine the birth weight of the offspring (Gardner et al., 2007) and its fat 

mass (Hancocks et al., 2012). As explained in chapter 2, if ewes had triplets, 

one lamb was removed immediately. Thus each ewe only raised two lambs up 
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to one week (the initial point of sampling); therefore, the multiple numbers of 

foetuses was partially altered following birth. After this stage (from weeks one 

to four) each ewe nurtured only a single lamb. 

 

7.5 Technical limitations  

7.5.1 Gene expression  

Another limitation is that an even distribution of offspring by sex could not be 

attained and there was, unfortunately, an imbalance between the number of 

males and females. As there was no significant difference in the outcomes 

between males and females within groups in gene expression analyses, the 

results from both sexes were combined. However, it would have been 

advantageous to have a greater number of animals in each group to examine 

potential differences between sexes.  

7.5.2 Consequences of high fat intake on adipose tissue  

In supplemented groups, ewes received an extra 3% of calories from canola oil 

that the control group did not. Therefore, the alteration seen in the gene 

expression profile could be attributed to the modest increase in fat, and thus 

increased energy intake. Although ewes in the supplemented groups were 

receiving more kilocalories per day than those in the control group, the 

percentage of this increase of total dietary intake on a kg/kg ewe body weight 

basis is tiny (metabolisable energy = 215 kcal/day). In addition, the result 

relating to milk fatty acid composition on suckling lambs revealed that this 

increase in fat intake altered the milk fatty acid content rather than the total fat 

(Alagal, 2018).  
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7.5.3 Bioinformatics tool and microarrays data analysis 

Using microarray technology in bioinformatics has become a powerful tool to 

analyse the gene expression of tens of thousands of genes simultaneously. 

Microarray-based gene expression profiles are available to help us achieve a 

comprehensive understanding of complex system mechanisms such as adipose 

tissue. However, microarray studies are characterised by providing large 

datasets found to be primarily influenced by several factors, such as the quality 

and the design of the arrays (Russo et al., 2003). In addition to those factors 

mentioned earlier, I found that the statistical procedure, which used a different 

type of analysis in investigating the data, also has a significant impact on the 

study outcome. This includes the level of power used to normalise and log 

transform the data or whether additional correction (i.e. false discovery rate 

[FDR]) needs to be used to minimise multiple comparison errors (i.e. type 1, 

type 2) (Gentleman et al., 2006). 

In addition, this type of examination has been found to be highly sensitive to 

the number and sex of the samples involved in the analysis (Langfelder and 

Horvath, 2008). As discussed in chapter 2, the effect of sex was minimised by 

recruiting mainly female lambs in this study, while regarding the number of 

samples in this study, the perirenal was found to be the only depot that could 

be impacted by this factor, particularly in the diet intervention group at 7 days 

of age (i.e. n = 3). However, the conclusions of this study are not based on one 

depot, as there were four more depots tested (sternal, epicardial, omental, 

subcutaneous) which all had an adequate number of samples that confirm my 

results (five in each age group). Furthermore, the outcome of the perirenal lipid 

profiles analysis, which has the same number of samples (n = 5 in each group), 
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supports other results which have been published recently (Fainberg et al., 

2018). 

7.5.4 mRNA gene expression and protein level  

Microarray data analysis and the results of this study were based on mRNA gene 

expression. However, it is well established that mRNA level does not always 

reflect protein abundance,  as there are many other factors that could impact 

on the protein level, including translation, transcription and degradation (Vogel 

and Marcotte, 2012). Therefore, the microarray result should be tested by using 

another appropriate method (i.e. immunohistochemically and histology), which 

was partially done by testing a specific gene (UCP1) in three depots (i.e. 

perirenal, sternal, epicardial); the results of this test were found to match the 

microarrays result (Alagal, 2018).  
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7.6 Future work  

7.6.1 Effects beyond one month of age 

The maternal canola oil supplement significantly altered the rate of decline of 

mitochondrial gene expression in all fat depots examined (i.e. perirenal, sternal, 

omental, subcutaneous); it would be imperative to examine this for a prolonged 

duration, for instance, until the lamb reaches weaning (i.e. 12-14 weeks). This 

would reveal if the supplementation prevents or delays the mitochondrial gene 

expression loss of the offspring. Moreover, it would be important to determine 

the expression of various mitochondrial genes following the end of 

supplementation, to determine if the changes in gene expression are 

permanent. If the mitochondrial protein abundance were similar to controls, the 

supplementation would be considered redundant. 

7.6.2 Direct supplementations using fatty acids  

As cited earlier, it is impossible to attribute effects that an offspring exhibits, 

especially abundant UCP1, following supplementation with maternal fatty acids 

to one fatty acid. In order to examine this, it would be necessary to provide 

lambs and ewes with supplements directly with particular fatty acids such as 

LC-PUFA ω-3 and ω-6, or single SFAs, to determine the role they play in 

inhibiting or enhancing mitochondrial gene expression (i.e. UCP1) and capacity. 

Provision of the supplements directly alongside fatty acids might be an ideal 

method of enriching adipose tissues compared to providing the supplements 

indirectly with precursors of fatty acids such as canola oil. For example, data 

from one study revealed that precursor conversion into PUFA ω-3 fatty acids in 

humans was inefficient and limited (Anderson and Ma, 2009).  
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7.6.3 Further investigation in adipose tissue modality and function 

This study, by using bioinformatics tools to analyse microarray gene expression 

data, provided a rich and vital source of the description of the dynamic 

transformations in lipid composition, gene expression, and biological pathways 

of adipose tissue from different anatomical locations in early life. Therefore, it 

would be useful to do a more in-depth investigation into the modality of adipose 

tissue development and its reflection on another specific list of gene functions 

that are involved in the particular biological pathway that may be linked to 

obesity (i.e. inflammation, hormone secretion) or another metabolic disease. 

7.6.4 MicroRNAs identification within adipose tissues  

Notably, an important source for uncovering miRNAs that underlie early life 

thermogenesis involves the integration of mRNA and miRNA expression profiling 

(Zhou et al., 2017) and how dietary supplements would affect these. This might 

be attained by analysing the miRNAs’ functional characterisation and expression 

profile over the entire adipose tissue growth of sheep, with more focus on gene 

targets of associated miRNAs, which might feature in fat deposition and 

thermogenesis regulation. Moreover, future studies could examine the 

relationship between important miRNAs alongside their targeted genes in vitro 

as well as functional effects that miRNAs serve in the development of adipose 

tissues. This would offer novel understandings concerning the design of dietary 

intervention methods to enhance BAT development. 

7.7 Concluding remarks  

This study shows how depots of adipose tissues vary in terms of response to 

maternal diet changes, gene expression profiles, and characteristics. It has also 

shown that manipulation of the fatty acid profiles of milk ingested by a newborn 
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might prevent or delay the loss of mitochondrial genes during early life, 

particularly within BAT. The findings from this study add to existing knowledge 

about adipose tissue development as it relates to anatomical location as well as 

explaining the differences in its response to dietary interventions. Therefore, 

this study might be beneficial to attempts aimed towards designing and testing 

dietary interventions for obesity treatment and prevention. 
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9 Appendix   

 

9.1 Supplementary data 

All the supplementary dataset, including the statistical results of gene 

expression, gene co-expression modules, gene ontogeny, and the lipids 

composition details, have been published and uploaded by DR. Hernan P. 

Fainberg here: https://doi.org/10.1038/s41598-018-27376-3. 

9.2 RNA concentration and Bioanalyzer data. 

Table 9-1 RNA concentration extracted from subcutaneous adipose 

tissue.  

Sample 

number 
Sex Group Age 

concentration 

ng/ul 

105 M control 7 day 1367 

117 M control 7 day 2660 

130 M control 7 day 822 

122 F control 7 day 1886 

115 F control 7 day 1704 

136 M control 28 day 2833 

141 M control 28 day 2651 

146 M control 28 day 2453 

153 F control 28 day 2455 

155 F control 28 day 2833 
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Table 9-2 RNA concentration extracted from omental adipose tissue.  

sample 

number 
Sex Group Age 

concentration 

(ng/ul) 

105 M control 7 day 1534 

117 M control 7 day 1656 

130 M control 7 day 1396 

122 F control 7 day 1677 

115 F control 7 day 821 

141 F control 28 day 1263 

146 M control 28 day 1276 

153 M control 28 day 2176 

155 M control 28 day 1029 

159 F control 28 day 3433 
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Table 9-3 RNA concentration extracted from perirenal adipose tissue. 

Sample 
number 

Sex Group Age concentration 

(ng/ul) 

105 M control 7 day 1408 

117 M control 7 day 1584 

130 M control 7 day 1769 

109 F control 7 day 753 

115 F control 7 day 660 

146 M control 28 day 1541 

153 M control 28 day 1371 

150 F control 28 day 1215 

141 F control 28 day 1678 

155 F control 28 day 1773 

137 M canola 28 day 1579 

142 M canola 28 day 1050 

145 M canola 28 day 1177 

158 F canola 28 day 1897 

160 F canola 28 day 1857 
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Table 9-4 RNA concentration extracted from epicardial adipose tissue. 

Sample 
number 

Sex Group Age concentration 

(ng/ul) 

105 M control 7 day 676 

117 M control 7 day 1332 

130 M control 7 day 663 

122 F control 7 day 978 

115 F control 7 day 320 

146 M control 28 day 2455 

151 M control 28 day 2833 

155 M control 28 day 2651 

141 F control 28 day 2453 

159 F control 28 day 3113 
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Table 9-5 RNA concentration extracted from sternal adipose tissue 

sample 
number 

Gender Group Age 
concentration 

(ng/ul) 

105 M Control 7 days 713 

109 F Control 7 days 858 

117 M Control 7 days 810 

122 F Control 7 days 843 

130 F Control 7 days 846 

141 F Control 28 Days 2117 

146 M Control 28 Days 1329 

153 M Control 28 Days 994 

155 M Control 28 Days 2081 

159 F Control 28 Days 1536 

106 F Canola 7 days 858 

119 M Canola 7 days 810 

124 M Canola 7 days 843 

139 M Canola 7 days 846 

133 M Canola 28 Days 3239 

137 M Canola 28 Days 2131 

142 F Canola 28 Days 1410 

152 F Canola 28 Days 2052 
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Figure 9-1 Chromatograms of micro-capillary electrophoresis in subcutaneous fat 

RNA samples ( in numbers ) of subcutaneous fat (SUB) in control group (C) at 28 days of age 
showing different degrees of integrity indicated by multiple peaks in the electropherogram and 

Fluorescent Unite (FU) by time in seconds.   
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Figure 9-2 Chromatograms of micro-capillary electrophoresis in omental fat 

RNA samples (in number) of omental fat (OM) in control group (C) at 28 days of age showing 

different degrees of integrity indicated by multiple peaks in the electropherogram and 
fluorescent signal (FU) by time in seconds.   
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Figure 9-3 Chromatograms of micro-capillary electrophoresis in perirenal  fat 

 RNA samples (in number) of perirenal fat (PRF) in control group (C) at 28 days of age showing 
different degrees of integrity indicated by multiple peaks in the electropherogram and 

fluorescent signal (FU) by time in seconds.   
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Figure 9-4 Chromatograms of micro-capillary electrophoresis in perirenal fat 

RNA samples (in number) of perirenal  fat (PRF) in canola diet group (Ca ) at 28 days of age 
showing different degrees of integrity indicated by multiple peaks in the electropherogram and 

fluorescent unite (FU) by time in seconds. 
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Figure 9-5 Chromatograms of micro-capillary electrophoresis in Sternal fat 

 RNA samples (in number) of Sternal fat (ST) in control group (C) at 28 days of age showing 
different degrees of integrity indicated by multiple peaks in the electropherogram and 

fluorescent signal (FU) by time in seconds.   
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Figure 9-6 Chromatograms of micro-capillary electrophoresis in Sternal fat 

 RNA samples (in number) of Sternal fat (ST) in canola group (Ca) at 28 days of age showing 

different degrees of integrity indicated by multiple peaks in the electropherogram and fluorescent 

signal (FU) by time in seconds.   
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Figure 9-7 Chromatograms of micro-capillary electrophoresis in epicardial  fat 

 RNA samples (in number) of epicardial  fat (EpC) in control group (C) at 28 days of age 
showing different degrees of integrity indicated by multiple peaks in the electropherogram and 

fluorescent signal (FU) by time in seconds.   
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9.3 Area under the curve (AUC) values in ROC curve  

The validity of each interaction module with age was tested using the power of 

different statistical measurements obtained from the area under the curve 

(AUC) and ROC plot. This included false and true positive rate in the 

performance of the specificity and sensitivity of the classification, assessed by 

a range from 0 to 1 where 1 indicates high efficiency (see Table 9-6). 

Table 9-6 Criterion values and coordinates of the ROC curve from seven 

to 28 days of adipose tissue 

Measure Overall 

depot 
Epc Per Ste Ome Sub 

Error Rate 0 0 0 0 0 0 

Accuracy 1 1 1 1 1 1 

Specificity 1 1 1 1 1 1 

Sensitivity 1 1 1 1 1 1 

Negative 

Predictive 

Value 

1 1 1 1 1 1 

Positive 

Predictive 

Value 

1 1 1 1 1 1 

False Positive 

Rate 
0 0 0 0 0 0 

False Negative 

Rate 
0 0 0 0 0 0 

Power 
1 1 1 1 1 1 

Likelihood 

Ratio Negative 
0 0 0 0 0 0 

Naïve Error 

Rate 
0.4 0.1 0.1 0.2 0.2 0.1 

*Epicardial (EPC), Perirenal (Per), Sternal (Ste), Omental (Ome), Subcutaneous 

(Sub) 
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9.4 List of suppliers 

ABgene 

Abgene House, Blenheim Road, Epsom, KT19 

9AP, UK. 

www.abgene.com 

Affymetrix UK Ltd 
Wycombe Lane, High Wycombe HP10 0HH, UK. 

www.thermofisher.com 

Agilent Technologies 

5301 Stevens Creek Blvd, Santa Clara, CA 

95051, USA. 

www.agilent.com 

Alpha Diagnostic 

International 

6203 Woodlake Center, San Antonio, TX 78244, 

USA. 

www.4adi.com 

Alpha Laboratories 

Ltd 

40 Parham Dr, Eastleigh, SO50 4NU, UK. 

www.alphalabs.co.uk 

Ambion 

850 Lincoln Centre Drive, Foster City, CA 94404, 

USA. 

www.ambion.com 

Anglia Scientific 

850 Lincoln Centre Drive, Foster City, CA, 94404, 

USA. 

www.appliedbiosystems.com 

Applied Biosystems 

Lingley House 120 Birchwood Boulevard, 

Warrington, Cheshire, WA3 7QH, Uk. 

www.appliedbiosystems.com 

BD 

Becton Dickinson and Company, Belliver 

Industrial Estate, Belliver Way, Plymouth, Devon 

PL6 7BP, UK. 

www.bd.com 
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Bio-Rad Ltd. 

Life Science Research, Education, Process 

Separations, Food Science, 2000 Alfred Nobel 

Drive, Hercules, California 94547, USA. 

www.bio-rad.com 

Dako 

Cambridge House, St Thomas Place, Ely, 

Cambridgeshire, CB7 4EX, UK. 

www.dako.com 

 
 

Fisher Scientific UK 

Ltd 

Bishop Meadow Road, Loughborough, LE11 5RG, 

UK. 

www.fishersci.co.uk 

GE Healthcare 

Amersham Place, Little Chalfont, 

Buckinghamshire, HP7 9NA, UK. 

www.gehealthcare.co.uk 

GraphPad Software 
7825 Fay Avenue, Suite 230, La Jolla, CA, USA. 

www.graphpad.com 

Greiner Bio-One 

Brunel Way, Stroudwater Business Park, 

Stonehouse, GL10 3SX, UK. 

www.greinerbioone.com 

Hamamatsu 

Photonics (UK) Ltd 

10 Tewin Rd, Welwyn Garden City, Hertfordshire, 

AL7 1BW, UK. 

www.hamamatsu.com 

Hoefer Inc. MA 

84 October Hill Rd, Suite 10, Holliston, 01746, 

USA. 

www.hoeferinc.com 

Improvision Ltd 
Coventry, UK 

www.improvision.com 

Leica Biosystems 

Balliol Business Park West, Newcastle Upon Tyne, 

NE12 8EW, UK. 

www.leicabiosystems.com 
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Leica Microsystems 

Larch House, Woodland Business Park, 

Breckland, Linford Woods, Milton Keynes, MK14 

6FG, UK. 

www.leica-microsystems.com 

Manor Farm Feeds 

Green Lane, Owston, Oakham, Leicestershire 

LE15 8DH, UK. 

www.manorfarmfeeds.co.uk 

Media Cybernetics 

401 N Washington Street, Rockville, 20850, MD, 

USA. 

www.mediacy.com 

Menzel-Gläser 

Glasbearbeitungswerk GmbH & Co., 

Saarbrückener Str. 248, D-38116, Braunschweig, 

Germany. 

www.menzel.de 

Merial Animal Health 

Ltd 

Sandringham House, Harlow Business Park, 

Harlow, Essex, CM19 5QE, UK. 

http://merial.com/ 

 

 

 

 

 


