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ABSTRACT 

Introduction: The nutritional environment encountered in utero and during adulthood 

influences the development of adipose tissue (AT). Brown-like cells residing in AT that often 

promote a beneficial metabolic profile, may become dysfunctional in metabolic disease. 

Alterations in AT may increase the risk of developing Cardiovascular Disease and Type 2 

Diabetes. 

Aim: There is still a lack of knowledge regarding the role of AT associated with the heart, such 

as pericardial adipose tissue (PAT), in normal and dysregulated metabolism. This thesis aims 

to provide an insight into the therapeutic potential and adipogenic, inflammatory and 

thermogenic capacity of PAT, in mice.  

Method: The transcriptional and histological profile of PAT, compared to other adipose depots, 

was assessed in male C57BL/6 mice. Firstly, PAT was harvested from mice fed either a chow 

or high-fat (HF)-diet, for 7 or 26 weeks. Secondly, PAT was sampled from offspring mice fed 

a post-weaning diet of either a chow or HF-diet for 26 weeks, from dams fed a chow or HF-

diet prior to and during pregnancy and lactation. Finally, PAT was collected from chow and 

HF-fed mice treated orally with and without Compound 14 (Cpd14) for 10 days and after a 26-

day recovery period. 

Results: Firstly, there were differences in brown and white adipocyte markers of PAT, 

depending on the nutritional environment encountered. Secondly, both the maternal and 

offspring diet influenced the thermogenic potential of PAT.  Finally, Cpd14 potentially 

upregulated the thermogenic capacity of PAT to induce weight loss in obese mice.  

Conclusion: Collectively, PAT in mice has a unique transcriptional and histological profile, 

altered by dietary exposure in utero and during adulthood, and upon therapeutic stimulation.  

The underlying mechanisms involved are still unknown, however there is compelling evidence 

that PAT as a beige depot is an attractive therapeutic target.  
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fasting blood glucose levels, body fat content, body weight and % body fat 

of chow (C) or high-fat (HF)-fed 30-week-old male offspring mice from 

dams fed a chow (C) or (HF)-diet. 
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Appendix Figure 4.27. The relationship between the percentage change 

of cell volume of gWAT (A,C,E), iWAT (G) and PAT (B,D,F,H)  compared 

to the fold change in mRNA expression of IL6, TNFα, Leptin, AdipoQ and 

UCP1 of chow (C) and high-fat (HF)-fed male mice treated orally with 

Vehicle (V) or Cpd14 for 10 days. 
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compared to the percentage change in cell volume (A) and the fold change 

in mRNA expression of IL6 (B), TNFα (C), Leptin (D) and AdipoQ (E) of 

chow (C) and high-fat (HF)-fed male mice treated orally with Vehicle (V) or 

Cpd14 for 10 days. 
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IL6  Interleukin 6  
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PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha  
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Ser79  Serine 79  
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for 10 days, relative to C-V.  

Figure 5.12. p-AMPK/AMPK (A) and p-ACC/ACC (B) protein levels of 

gWAT of chow (C) and high-fat (HF)-fed male mice treated orally with 

Vehicle (V) or Cpd14 for 10 days.   

Figure 5.13. The percentage change in cell volume normalised to C-V (A), 

H&E representative images of cell size (B), cell number normalised to C-V 

(C) and cell volume distribution (D) of gWAT from chow (C) and high-fat 

(HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days. 

Figure 5.14. The percentage change in cell volume normalised to C-V (A), 

H&E representative images of cell size (B), multi-locular cells (C) and cell 

volume distribution (D) of iWAT from chow (C) and high-fat (HF)-fed male 

mice treated orally with Vehicle (V) or Cpd14 for 10 days. 

Figure 5.15. The percentage change in cell volume normalised to C-V (A), 

H&E representative images of cell size (B), multi-locular cells (C) and cell 

volume distribution (D) of PAT from chow (C) and high-fat (HF)-fed male 

mice treated orally with Vehicle (V) or Cpd14 for 10 days. 

Figure 5.18. Metabolic effects of Vehicle and Cpd14 treatment in high-fat-

fed mice.  

 

PAGE 

 

 

  

201 

 

 

 

202 

 

 

203 

 

 

 

205 

 

 

 

206 

 

 

 

207 

 

210 

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page xxxiii 

 

Figure 5.19. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E) Leptin 

(F) and AdipoQ (G) fold change in mRNA expression of gWAT of high-fat 

(HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, 

following a 26-day recovery period without treatment, relative to HF-V.  

Figure 5.20. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) 

and COX8B (F) fold change in mRNA expression of iWAT of high-fat (HF)-

fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, following 

a 28-day recovery period without treatment, relative to HF-V.  

Figure 5.21. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) 

and COX8B (F) fold change in mRNA expression of iBAT of high-fat (HF)-

fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, following 

a 26-day recovery period without treatment, relative to HF-V.  

Figure 5.22. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), UCP1 

(F) and PGC1α (G) fold change in mRNA expression of PAT of high-fat 

(HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, 

following a 26-day recovery period without treatment, relative to HF-V.  

Figure 5.23. The percentage change in cell volume normalised to HF-V 

(A), H&E representative images of cell size (B) and cell volume distribution 

(C) of gWAT of high-fat (HF)-fed male mice treated orally with Vehicle (V) 

or Cpd14 for 10 days, following a 26-day recovery period without treatment.  

Figure 5.24. The percentage change in cell volume normalised to HF-V 

(A), H&E representative images of cell size (B) and cell volume distribution 

(C) of iWAT of high-fat (HF)-fed male mice treated orally with Vehicle (V) 

or Cpd14 for 10 days, following a 26-day recovery period without treatment. 

Figure 5.25. The percentage change in cell volume (A), H&E 

representative images of cell size (B) and cell volume distribution (C) of 

PAT of high-fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 

for 10 days, following a 26-day recovery period without treatment. 
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1.1. Obesity  

Excessive accumulation of energy, stored in the form of triglycerides in adipose tissue (AT) 

(World Health Organisation, 1995), increases the risk of an individual becoming overweight or 

obese. Characterised by low-grade inflammation, obesity is often a result of dysregulated 

secretion of signalling factors released from adipocytes residing in AT (Chait and den Hartigh, 

2020). The classification system body mass index (BMI) utilises the height and weight of a 

person to establish whether an individual is overweight or obese.  A BMI between 25kg/m2 and 

29.9kg/m2 is considered as an overweight phenotype and a BMI of 30kg/m2 or greater is obese 

(World Health Organisation, 1995; Baker, 2019). These statistics share a relationship with the 

rise of incidents in other metabolic disorders such as Type 2 Diabetes (T2D) and 

Cardiovascular Disease (CVD) (Baker, 2019). Of note, T2D further increases the risk of 

developing detrimental cardiovascular (CV) events, such as heart attacks (Diabetes UK, 2019; 

British Heart Foundation, 2020). In England, obese individuals are more likely to be diagnosed 

with T2D than healthy weighted individuals (Mary et al., 2014; Diabetes UK, 2019), with the 

prevalence of global diabetes predicted to double from the year 2000 to 2030 (Wild et al., 

2004).  

 

1.1.1. Molecular mechanisms involved in metabolic disease 

There is a suggestive causal link between the progression of metabolic disorders. Low-grade 

inflammation, a characteristic of increased adiposity (high BMI), is associated with impaired 

free fatty acid (FFA) regulation and insulin resistance. These clinical traits are often associated 

with the development of T2D (Fernández-Real et al., 2003) and atherosclerotic events (Fujita 

et al., 2006). The exact mechanisms involved in the development of these disorders are still 

undefined, however experimental research has probed the potential factors that may be 

involved in metabolic pathogenesis.  
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1.1.1.1. Adipose tissue distribution  

The pathogenesis of obesity is commonly associated with inflammation and insulin resistance 

(Sung et al., 2018). Abnormally active fat cells (adipocytes) secrete high levels of pro-

inflammatory markers, such as Interleukin 6 (IL6) and Tumour Necrosis Factor α (TNFα). In 

addition, there is a reduction in the secretion of anti-inflammatory markers, such Adiponectin 

(Bremer et al., 2011). These factors may also be released from macrophages (Cinti et al., 

2005) that reside within AT and assist with promoting a state of chronic inflammation in obesity 

(Weisberg et al., 2003). While the increase in adipocyte size/volume is linked with metabolic 

complications, such as insulin resistance (Weyer et al., 2000; Weyer et al., 2001), the 

deposition of AT around the body greatly determines the magnitude in which metabolic 

alterations may persist (Vague, 1996). In humans, AT  accumulation around the central region, 

compared to the lower body, is highly associated with increased mortality and development of 

T2D and CVD (Krotkiewski et al., 1983; Lapidus et al., 1984; Ohlson  et al., 1985; Donahue  et 

al., 1987; Fujioka  et al., 1987; Després  et al., 1989b; Després  et al., 1989c; Pouliot  et al., 

1992; Vague, 1996). In particular, large amounts of white visceral adipose tissue (VAT), is 

linked insulin resistance (Pouliot  et al., 1992; Weiss et al., 2003), pro-inflammation (Dahlén et 

al., 2014) and reduced high-density lipoprotein (HDL) levels (Després et al., 1989a). The latter 

acts as a risk factor for the development of CVD (Peiris et al., 1989). This demonstrates that 

AT distribution (Figure 1.1) is an important indicator for pathogenesis, as opposed to only 

assessing the extent of adiposity (Larsson et al., 1984).   
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1.1.1.2. Inflammation  

Overexpression of pro-inflammatory markers in AT increases the risk of developing insulin 

resistance and CV-related events (Hotamisligil et al., 1993; Kern et al., 2001; Bremer et al., 

2011). This inflammatory state is partially due to the migration of macrophages that aggregate 

in clusters, known as Crown-like Structures (CLS)  (Bremer et al., 2011). These secrete pro-

inflammatory molecules, such as Monocyte Chemoattractant Protein 1 (MCP1) (Kanda et al., 

2006). Although macrophage infiltration is a normal trait in lean individuals, during obesity, 

elevated secretion of MCP1 is associated with increased adiposity (Weisberg et al., 2003). 

Furthermore, prominent macrophage infiltration in white adipose tissue (WAT) (Cinti et al., 

2005) is more deleterious in white visceral fat (Murano et al., 2008), deposited in the abdominal  

 

Figure 1.1. Adipose tissue distribution in humans. (A) WAT includes abdominal SAT (a) 

(gluteofemoral (g) and intramuscular (h)) and VAT which surrounds the internal organs 

(omental (b), mesenteric (c), retroperitoneal (d), gonadal (e) and pericardial (f)).  BAT is located 

above the clavicle, in the supraclavicular (i) and subscapular (j) regions. (B) The areas 

highlighted in red are the adipose tissue regions which are associated with increased risk of 

developing obesity and related diseases. Taken from Bjørndal et al., (2011). WAT: White 

adipose tissue; SAT: Subcutaneous adipose tissue; VAT: Visceral adipose tissue; BAT: Brown 

adipose tissue. 

A. B. 
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region (Harman-Boehm et al., 2007), compared to macrophage infiltration in white 

subcutaneous adipose tissue (SAT) (Cancello et al., 2006; Murano et al., 2008). MCP1 

released from macrophages in turn promotes the secretion of other pro-inflammatory 

molecules from dysfunctional adipocytes (Mohamed-Ali et al., 1999). These  include the pro-

inflammatory cytokines TNFα (Winkler et al., 2003) and IL6 (Bastard et al., 2000). Elevated 

levels of these molecules are associated with increased adiposity and characterises low-grade 

inflammation during obesity. However, the role of IL6 in metabolism is debatable, as studies 

have demonstrated that IL6-deficient mice acquire obesity (Wallenius et al., 2002). On the 

contrary, evidence suggests that TNFα is a key pro-inflammatory molecule in the progression 

of disease. Elevated levels of TNFα inhibits insulin signalling, resulting in insulin resistance 

(Hotamisligil et al., 1994; Stephens et al., 1997) by disrupting events involved in tyrosine 

phosphorylation of the insulin receptor and insulin receptor substrate-1 (IRS-1). These events 

are essential for normal insulin signalling (Feinstein et al., 1993) and disturbing these 

occurrences contributes to diabetic-related obesity (Xu et al., 2003). In humans, 

atherosclerotic lesions develop decades prior to manifestation of CVD. However, this plaque 

formation is more frequent in obese individuals (Manson  et al., 1990 ; McGill et al., 2002). As 

obesity is an inflammatory disease, the pathogenesis of CV-related events is mediated by 

inflammatory molecules (Henrichot et al., 2005; Takaoka et al., 2010),  including TNFα (Lee et 

al., 2007), and the infiltration of macrophages (Aghamohammadzadeh et al., 2013) in AT in 

proximity to the heart. 

 

1.1.1.3. Glucose and Lipid metabolism  

As a highly plastic depot, AT expands by hypertrophy (increase in cell size) to accommodate 

for lipid accumulation. In obese individuals, this mechanistic growth of AT is dysfunctional 

(Klöting et al., 2010). As adipocytes have a limited storage capacity, excess lipid accumulation 

(‘lipotoxicity’) may result in ‘lipid overflow’ into surrounding organs (Krotkiewski et al., 1983; 

Lönn et al., 2010 Zhou et al., 2019b). Primarily, ectopic deposition of visceral fat and 

hypertrophy of visceral adipocytes play a role in the development of insulin resistance. High  
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levels of circulating metabolites inhibit insulin signalling and induce ‘lipotoxicitiy’ (Moitra et al., 

1998; Barak et al., 1999).  

Skeletal muscle is the main organ that is involved in glucose metabolism (Rowe et al., 1983). 

It is highly enriched with mitochondria and relies on oxidative phosphorylation for the 

production of energy (Kelley et al., 2002). Dysregulated glucose and lipid metabolism in 

skeletal muscle is implicated in diabetes (Shulman et al., 1990; Kelley and Simoneau, 1994) 

due to accumulation of FFAs, thus inducing insulin resistance (Boden and Chen, 1995). FFA 

accumulation upregulates tyrosine phosphorylation of IRS-1 in the insulin signalling pathway. 

This inhibits activation of phosphatidylinositol 3-kinase (PI3K) (Dresner et al., 1999) and 

impedes glucose transport (Roden et al., 1996; Dresner et al., 1999; Itani et al., 2002; Yu et 

al., 2002), uptake (Boden et al., 1991; McQuaid et al., 2011), oxidation (Roden et al., 1996) 

and glycogen synthesis (Boden et al., 1991; Roden et al., 1996). This insulin resistance is 

correlated with a reduction of oxidative enzymes within the mitochondria (Simoneau et al., 

1999) and accumulation of triglycerides (TGs) (He et al., 2001), of skeletal muscle,  in obesity 

and T2D (Simoneau et al., 1995; Simoneau and Kelley, 1997). Furthermore, a similar 

mechanism is assumed to suppress glucose production in the liver and establish insulin 

resistance  (Petersen et al., 2002; Seppälä-Lindroos et al., 2002).  

Cardiovascular metabolic parameters, such as plasma HDL, are controlled by lipases in the 

liver, including hepatic triglyceride lipase (H-TGL). During obesity, although the underlying 

mechanisms are still unknown, dysregulation of hepatic lipases (Després et al., 1989b) causes 

elevation of HDL levels. This is associated with AT size (Després et al., 1987) and further 

exacerbated by obesity (Jimenez et al.,1989). The eventual manifestation of these 

documented processes may result in lipid accumulation ectopically in non-adipose tissue 

depots and contribute to metabolic disease (Fabbrini et al., 2009).  

 

1.1.1.4.  Mitochondrial dysfunction 

Mitochondria play a crucial role in biological events including adipocyte differentiation and fatty 

acid and TG synthesis (lipogenesis) (Tormos et al., 2011). In metabolic diseases, such as diet- 
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induced obesity (DIO) (Feldmann et al., 2009), the oxidative capacity of mitochondria is 

reduced. This results in dysregulation of heat production (thermogenesis), upregulation of TG 

accumulation and a reduction in glucose uptake (Vankoningsloo et al., 2005). In addition to 

these, an imbalance of adenosine triphosphate (ATP) production and demand (Petersen et al., 

2003; Wang et al., 2017) are characteristics of insulin resistance (Petersen et al., 2003) and 

heart failure (Wang et al., 2017). 

Mitochondria residing in cardiomyocytes of the heart, express mitochondrial microRNAs 

(miRNA) that regulate gene expression associated with oxidative stress (Wang et al., 2017). 

In a damaged heart, an increase in miRNAs can suppress mitochondrial components, such as 

Cytochrome C Oxidases (COX), leading to dysfunctional mitochondrial metabolism (Das et al., 

2012; Das et al., 2014). This is characterised by an increase in intracellular fatty acid 

metabolites which may disrupt peripheral insulin signalling (Lowell and Shulman, 2005). This 

can induce insulin resistance associated with heart endothelial dysfunction, increase the risk 

of atherosclerosis in obesity (Steinberg et al., 1996) and contribute to acquisition of a diabetic 

heart (Jagannathan  et al., 2015; Shepherd et al., 2017).   

Additionally, the hormone Adiponectin controls insulin and glucose metabolism in liver and 

muscle cells (Yamauchi et al., 2002). Downregulation of Adiponectin Receptor 1 (AdipoR1) 

expression in turn downregulates the expression of the mitochondrial related gene peroxisome 

proliferator-activated receptor gamma coactivator 1 alpha (PGC1α), fatty acid oxidation and 

mitochondrial biogenesis in muscle cells (Iwabu et al., 2010).  PGC1α expression is reduced 

in WAT of obese humans (Semple et al., 2004), muscle of mice (Crunkhorn et al., 2007) and 

impairs mitochondrial respiration and biogenesis (Uldry et al., 2006).  However, therapeutic 

intervention, at least in diabetic mice, with activators of 5' adenosine monophosphate-activated 

protein kinase (AMPK), such as thiazolidinediones (TZDs), can increase expression of 

Adiponectin, AdipoR1 and mitochondrial related genes to improve insulin signalling in skeletal 

muscle (Coletta et al., 2009).   

Furthermore, brown adipose tissue (BAT) has an extensive thermogenic capacity due to the 

vast number of mitochondria that reside in brown adipocytes. BAT activity is inversely  
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proportional to BMI, glucose levels and body fat percentage (Cypess, 2009; Saito et al., 2009; 

Van Marken Lichtenbelt et al., 2009). Although ectopic fat deposition is considered deleterious, 

skeletal muscle from obesity-resistant mice, compared to obesity-prone mice, have ectopic 

BAT deposition which expresses higher levels of uncoupling protein 1 (UCP1), a thermogenin 

housed in mitochondria. A similar observation is observed in humans, suggesting  brown 

adipocyte infiltration in muscles (Crisan et al., 2008).  In certain white depots, there are a 

population of brown-like adipocytes which express UCP1 accompanied by increased 

mitochondrial biogenesis (Barbatelli et al., 2010) and is upregulated by adrenergic receptor 

beta 3 (ADRβ3) (Champigny and Ricquier, 1996). Studies in ADRβ3-knockout mice 

demonstrate a diminished presence of brown-like adipocytes residing within white depots 

(Jimenez et al., 2003) and in humans, low ADRβ3 activity is associated with increased weight 

gain (Andersson et al., 2009). This demonstrates a vital role of ADRβ3 action in lipid 

metabolism in white depots (Krief et al., 1993) and weight management in humans. Although 

these UCP1-positive (UCP1+) brown-like adipocytes differ from the classical brown adipocytes 

located in BAT (Jimenez et al., 2003), they present an attractive target for upregulating 

mitochondrial function to induce thermogenesis and influence the susceptibility of developing 

obesity (Kontani et al., 2005). 

 

1.1.2.  Influences that alter metabolic health 

Humans are evolutionary designed to store fat in times of food shortages (Neel, 1999). In 

modern society, there is an increase in food  availability (Spiegelman and Flier, 2001) and this 

evolutionary trait has become redundant. While eating more and moving less contributes to an 

increase in BMI, some individuals may have a greater pre-disposition to obesity and related 

co-morbidities in later life (Reilly and Kelly, 2011; Singh et al., 2008). The geographical location 

of populations around the world, as well as their genetic background and gender, influence the 

shift of a lean to obese phenotype in particular individuals (Finucane et al., 2011).  

A widely accepted concept considers that the environment of a developing fetus is impacted 

by maternal influences (Gillman et al., 2010). A mechanism known as plasticity, allows a  
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developing fetus to alter their physiology and organ development to predict and adapt to the 

changing maternal environment (West-Eberhard, 2005). Interestingly, a ‘U-shaped’ 

relationship defines the association between birthweight and the risk of developing obesity in 

adulthood (Curhan et al., 1996). The exposure to maternal nutritional intake, such as 

overnutrition and undernutrition during pregnancy, can increase the risk of metabolic 

complications in both the mother and offspring in later life (Drehmer et al., 2013). 

 

 

1.1.2.1. Maternal undernutrition 

Exposure to maternal dietary malnourishment during pregnancy (maternal undernutrition) can 

impact the metabolic health of a developing fetus in later life (Barker et al., 1993). Cohort 

studies have demonstrated that an increase in mortality of young infants, linked with poor living 

conditions,  is associated with atherosclerosis, a risk factor for CVD (Forsdahl, 1997; Barker 

and Osmond, 1986).  Furthermore, offspring born to mothers who were malnourished during 

pregnancy had a higher BMI (Ravelli et al., 1999), a higher lipid profile (Roseboom  et al., 

2000a) and an increased risk of coronary heart disease (CHD) (Roseboom  et al., 2000b).  

Offspring AT can alter during different stages of pregnancy in response to the maternal 

nutritional environment encountered in utero (Symonds et al., 2007). This can influence the  

long-term dietary behaviour of a developing offspring (Bellinger et al., 2006). In later life, 

cardiovascular-related implications (Remacle et al., 2011), lower levels of the ‘satiety’ hormone 

Leptin (Jousse et al., 2011) and hyperphagia (Bellinger et al., 2006) are induced by both 

prenatal and postnatal alterations. In fact, the postnatal overnutrition of an offspring is required 

to manifest the pathogenesis of metabolic diseases (Bellinger et al., 2006; Jousse et al., 2011). 

Central endocrine changes that may occur during gestation could lead to such complications. 

However, the key underlying mechanisms involved in these characteristics are relatively 

unclear (Ravelli et al., 1999).  
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1.1.2.2. Maternal overnutrition 

As with maternal undernutrition, overnutrition of the mother during pregnancy also influences 

the health of a developing fetus in later life (Sarker et al., 2019), exacerbated by offspring 

overnutrition (Cardenas-Perez et al., 2018).  As mentioned previously, the demographic of 

people has an impact on the prevalence of obesity. For instance, offspring exposed to 

gestational diabetes in mothers of Pima Indians, have higher birthweights and a higher BMI in 

their adult life (Nelson et al., 1998). Obesity during pregnancy (maternal obesity), induced by 

maternal overnutrition, causes epigenetic changes in offspring. To illustrate, maternal 

overnutrition alters DNA methylation of essential developmental genes in offspring, such as 

upregulating Zinc-finger protein 423 (Zfp423), to progress adipogenesis. This  transcription 

factor in turn induces peroxisome proliferator-activated receptor gamma (PPARγ) expression 

and commences adipocyte commitment during differentiation (Yang et al., 2013). Additionally, 

maternal obesity plays a role in the regulation of offspring adipogenesis and development of 

AT  (Borengasser et al., 2013; Liang et al., 2016) via hormonal regulation. Insulin and Leptin 

hormone levels are elevated in obese mothers. This activates the hormones respective 

signalling pathways in the placenta and determines the overgrowth potential of a developing 

fetus (Rosario et al., 2016). 

 

1.1.3. Metabolically Healthy Obesity and Metabolically Unhealthy Obesity  

Although BMI is commonly acknowledged as a measure to determine obesity, it does not 

consider other factors such as muscle mass or body fat composition and distribution (Chait 

and den Hartigh, 2020). This classification system may falsely define obesity in certain 

individuals.  

Humans can be defined as ‘obese’ based on the BMI classification system, however, they may 

not acquire obese-related clinical traits. These individuals are defined to have Metabolically 

Healthy Obesity (MHO), as opposed to those with co-morbidities, Metabolically Unhealthy 

Obesity (MUO). In fact, despite excess adiposity (Primeau et al., 2011), MHO is associated 

with the protection against obesity-related metabolic risks, with the addition of a beneficial  
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inflammatory profile (Stefan et al., 2009). In humans, obesity is a heterogenous disorder and 

there is still uncertainty on the definition and limits of parameters used to classify this disease 

(Liu et al., 2019).  Although the mechanisms are not fully understood, factors such as visceral 

adipose tissue (VAT) accumulation, adipocyte size and differentiation may contribute to the 

development of a MUO phenotype (Primeau et al., 2011). In addition, anti-inflammatory 

molecules, such as Adiponectin, are often downregulated in association with fat mass 

expansion and obesity (Aguilar-Salinas et al., 2008), as well as other factors (Karelis et al., 

2004) stated in Table 1.1.  

As mentioned earlier, the deposition and distribution of fat around the body is involved in the 

development of obesity and acts as a predictive risk factor (Vega et al., 2006). For instance, 

obese men possess thicker amounts of AT around the abdominal region, whereas women are 

more inclined to deposit fat in the peripheral regions. These differences in metabolic profiles 

could be due to adipocyte number in depots around the body (Krotkiewski et al., 1983) and 

contribute to sex-differences involved in metabolic disorders.  

 

Table 1.1. Metabolic characteristics in Metabolically Healthy Obesity (MHO) and 

Metabolically Unhealthy Obesity (MUO) in humans  

 MHO MUO 

VAT content Low High 

BMI High High 

Fat mass High High 

Insulin Sensitivity High Low 

TG levels Low High 

HDL Levels High Low 

LDL levels Low High 
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1.2. Adipose tissue  

Adipose tissue (AT) in mammals is distributed around the body. The various depots have their 

own distinct genetic profile, differing in functional activity depending on its cellular composition 

and location (Waldén et al., 2012). Stored in the form of TGs, AT is composed of a dynamic 

collection of adipocytes, amongst other cells including immune and vascular cells. This loose 

connective tissue provides a cushioning for internal organs and regulates a variety of 

mammalian homeostatic mechanisms including insulin sensitivity, lipid storage and hormonal 

control (Nawrocki and Scherer, 2004). 

In mammals, AT exists in two compartments: White Adipose Tissue (WAT) and Brown Adipose 

Tissue (BAT). WAT is further categorised into Subcutaneous Adipose Tissue (SAT), situated 

under the skin, and Visceral Adipose Tissue (VAT) which surrounds internal organs (Figure   

1.1). Furthermore, cells known as ‘brown-in-white’, abbreviated to ‘brite’, or ‘beige’, are a 

population of non-classical adipocytes that may reside in white depots. Based on their unique 

morphological (Figure 1.2), functional, and locational aspects, AT is a potential target to 

regulate obesity. 

 

1.2.1. Development of adipose tissue  

Different types of AT develop at specific timings and locations in mammals.  In mice, the 

amount of fat remains relatively constant throughout adulthood (Hemmeryckx et al., 2010; 

Wang et al., 2013). In humans, there is a tight regulation of adipocyte number throughout 

adulthood, determined during childhood. Regardless of BMI, adipocytes are renewed every 

year in adults. This high turnover of fat cells demonstrates a route to therapeutically target 

obesity (Spalding et al., 2008). 

Upon formation, AT responds to a variety of external and hormonal cues to perform specific 

roles in organisms to maintain homeostasis. Development of AT is regulated by a cascade of 

transcription factors that control fat production (Suh et al., 2006; Suh  et al., 2007). This 

overlaps with the plastic and sensitive periods of gestation and lactation where maternal 

influences may manipulate AT expandability in offspring (Liang et al., 2016). 
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Developmental progenitors are defined for adipose organogenesis, regulated by signalling 

pathways (Jeffery et al., 2015) and transcription factors (Wang et al., 2015) to generate 

adipocytes. For example, in mice, inhibition of certain pathways including Wingless-related 

integration site (Wnt) signalling pathway enables the activation of adipocyte differentiation 

(Ross et al., 2000), DNA methylation (Lim et al., 2016) and blood vessel formation 

(angiogenesis) (Billon et al., 2010; Han et al., 2011).  

 

 

 

A. B. C. 

SAT VAT BAT 

Figure 1.2. Morphology of adipose tissue in mice represented by histological sections 

stained with Haematoxylin and Eosin. WAT, including SAT and VAT, differ in size and 

heterogenicity. SAT has a collection of uni-locular and multi-locular adipocytes, whereas VAT 

is composed more of uni-locular adipocytes. BAT’s morphology is distinctively different to WAT 

as it is uniformly consisted of multi-locular adipocytes. Adapted from Berry et al., (2013).  WAT: 

White adipose tissue; SAT: Subcutaneous adipose tissue; VAT: Visceral adipose tissue; BAT: 

Brown adipose tissue. 
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1.2.2. Adipogenesis  

Although white and brown adipocytes differ in appearance (Figure 1.3) and the role they play 

in mammals, they arise via similar transcriptional cascades (Figure 1.4). This process is tightly 

regulated and results in the formation of mature lipid-laden adipocytes controlled by proteins 

including peroxisome proliferator-activated receptors (PPARs) and cytosine-cytosine-

adenosine-adenosine-thymidine (CCAAT)/enhancer binding proteins (C/EBPs), with C/EBPα 

being the most abundant C/EBP (Lefterova et al., 2008). PPARγ expression is essential for 

the development of AT, including white and brown fat (Barak et al., 1999; Rosen et al., 1999). 

C/EBPα expression, on the other hand, which is required for maintaining insulin sensitivity 

(Kajimura, Seale and Spiegelman, 2010) and maturation (Lefterova et al., 2008) of mature 

adipocytes, is only essential for the development of white fat, but not brown fat (Linhart et al., 

2001). Homeobox genes are also specific in their expression during white and brown adipocyte 

differentiation (Cantile et al., 2003). Moreover, fatty acid binding protein 4 (FABP4) is another 

pro-adipogenic factor needed for the differentiation of adipocytes (Shan et al., 2013; Sim et al., 

2017), whilst, other C/EBPs such as C/EBPβ, are important for the initiation and progression 

of adipogenesis during Mitotic Clonal Expansion (MCE). This works alongside other 

transcription factors including PPARγ, PGC1α (Huang et al., 2011) and PR domain containing 

16 (PRDM16) (Seale et al., 2008). 

 

White adipocyte Brown adipocyte 

Lipid droplet 

Cytoplasm 

Plasma membrane 

Mitochondrion 

Nucleus 

Figure 1.3. Diagrammatic representation of a mature white and brown adipocyte. White 

adipocytes (left) have a large uni-locular lipid droplet. Brown adipocytes (right) contain 

considerably more mitochondria than white adipocytes, contributing to the brown colour of the 

cell.  
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1.2.3. Mechanisms of growth  

Adipose tissue (AT) grows via two mechanisms to store energy in the form of fat. This includes 

hypertrophy, in which the size of the cell increases, and/or hyperplasia, in which the number 

of cells increase. Hypertrophy as a growth mechanism in AT occurs in the early stages of AT 

development (Drolet et al., 2008; Spalding et al., 2008) prior to hyperplastic growth to 

compensate for the excessive fat storage associated with obesity (Faust et al., 1978).  

WAT is heterogenous in both morphology and function. Adipocyte size within the depot plays 

a role in different homeostatic mechanisms and are correlated with metabolic and phenotypic 

parameters (Skurk et al., 2007). Abnormal lipid levels are associated with larger visceral 

adipocytes within VAT, whereas insulin and glucose insensitivity are linked with larger 

subcutaneous adipocytes within SAT (Hoffstedt et al., 2010).  

The dysfunction of AT results from an imbalance between energy intake and expenditure, 

resulting in both the increase in cell number and volume. If insufficient in regulating lipids, these 

mechanisms may result in AT dysfunction (Hosogai et al., 2007), excess adiposity  (Wang et 

al., 2013) and upregulated secretion of FFAs and inflammatory molecules in the blood stream 

(Weisberg et al., 2003). This state of underlying chronic inflammation disrupts physiological 

mechanisms, such as insulin signalling, and increases the risk of developing obesity 

accompanied with T2D and CVD (Balagopal et al., 2011).  

Angiogenesis is the formation of blood vessels. This is an important process in physiology and 

is required for adipocyte differentiation (Fukumura et al., 2003). AT mass can be determined 

through the regulation of the vasculature (Rupnick et al., 2002).  Endothelial cell and 

adipogenic markers increase proportionally during AT development. Studies suggest that the 

neo-vasculature originates by sprouting from larger, host-derived blood vessels that run 

parallel to peripheral nerves and a close spatial relationship between angiogenesis and 

adipogenesis is established (Neels, Thinnes, and Loskutoff, 2004). As angiogenesis is 

associated with hyperplasia in AT, this mechanism of growth is more desirable during obesity, 

compared to hypertrophic growth, especially in SAT compared to VAT (Rydén et al., 2014). 

However, dysregulated AT hypertrophy is associated with a deleterious metabolic profile in  
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white fat (Rydén et al., 2014; Skurk et al., 2007). This is true more so in visceral fat in 

individuals suffering from a cluster of risk factors including glucose intolerance and 

hypertension, known as metabolic syndrome (MetS) (Reaven, 1998; Hoffstedt et al., 2010).  

 

1.3. White adipose tissue  

During high-energy demands, FFAs and glycerol are metabolised by surrounding organs, such 

as the liver (Ahima, 2008) and white adipose tissue (WAT) acts as a storage site to regulate 

energy. The two subcategories of white fat, subcutaneous and visceral adipose tissue, do not 

arise from the same developmental origins and thus differ in their functionalities. For example, 

visceral adipocyte precursor cells express the Wilms’ tumour (Wt1) gene, whereas 

subcutaneous adipocyte precursor cells do not express this gene (Chau et al., 2014). Visceral 

fat such as gonadal white adipose tissue (gWAT), is limited in its capacity to store lipids and 

contains substantially more macrophages than subcutaneous fat  (Wang et al., 2013). 

Furthermore, their gene expression profiles are extremely varied. This is suggestive of the 

underlying differences that these depots play in the role of adiposity. Even between different 

types of VAT, such as omental and mesenteric, their genetic profile and rates of adipogenesis 

differ, relating to their contributions to the development of obesity. For instance, mesenteric 

gene expression is similar to that of SAT and shows its clinical relevance in obesity (Tchkonia 

et al., 2007). This expression profile and excess accumulation in visceral adipocytes is 

associated with metabolic dysfunction and obesity-linked complications (Spalding et al., 2008). 

On the other hand, subcutaneous adipose tissue (SAT), which accounts for almost 80% of AT 

in the human body, is a beneficial depot as it buffers against lipid accumulation (lipotoxicity) 

(Spalding et al., 2008) and expansion of this depot counteracts insulin resistance associated 

with obesity (Kim et al., 2007). 

 

1.3.1. Development of white adipose tissue  

In many species, the formation of WAT begins during pregnancy, prior to birth, (Desnoyers et 

al., 1977; Poissonnet et al., 1983; Poissonnet et al., 1984) and rapidly expands upon exposure  
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to a high-fat (HF)-diet (Faust et al., 1978; Miller, Faust and Hirsch, 1984).  In both humans and 

rodent models, AT has the ability to expand during later life (Spalding et al., 2008). However, 

expansion usually ends at adolescence, with humans turning over around 10% of new fat cells 

each year, whereas mice turnover 0.6% of new adipocytes each day (Rigamonti et al., 2011; 

Spalding et al., 2008). It is now recognised that new adipocytes can develop from adipocyte 

precursors throughout life, as demonstrated by differentiating precursor cells to mature 

adipocytes, in vitro, isolated from adult white depots (Hauner et al., 1989).   

In mammals, development of AT begins in utero and  continues throughout life, even during 

adulthood (Spalding et al., 2008). Current understanding of AT development is still fairly limited 

as adipocytes are dispersed around the body in various locations.  In humans, AT formation 

occurs in the second trimester of pregnancy (between 14 and 23 weeks). Fetal development 

is a sensitive period. This period may be prone to nutritional disturbances which could lead to 

an offspring developing metabolic complications in later life. The formation and proliferation of 

AT commences between the 14th and 16th week of fetal development, closely associated with 

angiogenesis. Between the 23rd to 29th week of embryonic development, AT grows mainly by 

an increase in size (hypertrophy), with the number of cells remaining constant after this period 

(Poissonnet et al., 1983; Poissonnet et al., 1984).  

In rodents, AT development occurs during the final stages of gestation, with an extremely high 

proliferative phase after birth, for 4 weeks, with markedly less proliferation until puberty 

(Greenwood and Hirsch, 1974). In mice, a system known as the ‘AdipoChaser’ has been 

developed to observe the presence of adipocytes already established and recently formed. 

This revealed that SAT formation occurs during the early stages of embryogenesis (days 14 

to 18). Expression of pro-adipogenic markers including FABP4, PPARγ and C/EBPα in 

adipocytes occur in the late gestation period to early postnatal period (embryonic day 17.5 to 

postnatal day 0). Lipid droplets appear on postnatal day 1 (Han et al., 2011) with a unilocular 

appearance on postnatal day 5 (Birsoy et al., 2011). There is rapid lipid accumulation between 

day 5 and day 10, postnatally (Kozak et al., 2010), with maturation of white adipocytes 

occurring primarily in postnatal life, in mice (Han et al., 2011). Visceral adipocytes such as  
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epididymal adipocytes also develop postnatally (Wang et al., 2013). This concurs with 

evidence demonstrating that there are no precursor cells in epididymal fat that possess 

adipogenic capacity until postnatal day 4, in mice (Han et al., 2011). 

 

1.3.2. Endocrine activity 

White fat is hormonally active, responds to various stimuli and secretes adipose tissue-specific 

cytokines, known as adipokines. WAT’s role as an endocrine organ is important in the 

progression of obesity. As an inflammatory disease (Kershaw and Flier, 2004), obesity is 

characterised by increased hypertrophy and hyperplasia of adipocytes, as well as, infiltration 

of inflammatory cells and elevation of cytokines in VAT  (Samaras et al., 2010; Spranger et al., 

2003). This pro-inflammatory state increases the risk of an individual suffering from CV-related 

and T2D-related events, such as myocardial infarction (MI) (Ridker et al., 2000b) and 

hyperinsulinemia (Xu et al., 2003), respectively. 

 

1.3.3. Leptin 

Leptin, known as the ‘satiety’ hormone, is secreted from adipocytes, more so from 

subcutaneous than visceral adipocytes (Van Harmelen et al., 1998). This hormone acts on the 

hypothalamus to  regulate appetite, body weight (Pelleymounter et al., 1995) and insulin 

sensitivity (Kulkarni et al., 1997) by acting on pancreatic cells via the sympathetic nervous 

system (SNS) (Park et al., 2010). 

Leptin activates the AMPK pathway (Minokoshi et al., 2002). Stimulation regulates glucose 

metabolism to increase glucose uptake in skeletal muscle and BAT in mice (Kamohara et al., 

1997). Leptin gene (ob gene) mutations (Zhang et al., 1995) and dysfunctional Leptin activity 

causes hyperphagia (irregular increase in eating), insulin resistance and obesity (Friedman, 

2011), even on a non-high-fat diet (Rausch et al., 2008) in mice. Elevated Leptin levels from 

WAT in obese mice (Hosogai et al., 2007) and humans (Considine et al., 1996) are directly 

proportional with adipocyte size (Skurk et al., 2007) and BMI (Hamilton et al., 1995). 
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Figure 1.4.  White, brown, and beige adipocyte differentiation.  Adipogenesis is 

controlled by several positive and negative regulators, some of which are presented in the 

diagram. White and brown adipocytes, which arise via different developmental origins, share 

a similar transcriptional cascade of C/EBPs and PPARs for the progression of differentiation. 

Mesenchymal Stem Cells (MSCs) are either committed to the myogenic cell line from 

myogenic factor 5 negative (Myf5-) or positive cells (Myf5+). The definitive mechanisms of 

how beige cells arise are still unclear, but they may acquire certain phenotypic traits from 

other cells (trans-differentiation) or by stimuli such as cold exposure, beta-adrenergic or 

PPARγ agonists. The latter stimuli also activates brown adipocytes. +: positive; -: negative; 

MSC: Mesenchymal Stem Cell; En1: Engrailed 1; Myf5: Myogenic factor 5; Wnt: Wingless-

related integration site; BMP: Bone Morphogenetic Protein; C/EBPα/β: CCAAT (cytosine-

cytosine-adenosine-adenosine-thymidine) Enhancer Binding Protein alpha/beta; PPARγ: 

Peroxisome proliferator-activated receptor gamma; PGC1α: Peroxisome proliferator-

activated receptor gamma coactivator 1 alpha; PRDM16: PR domain containing 16; UCP1: 

Uncoupling protein 1. Adapted from Kajimura, Seale and Spiegelman (2010); Park, Kim and 

Bae (2014); Brestoff and Artis (2015). 
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This establishes that Leptin plays a vital role in pathogenesis and that obesity in humans is 

progressed by an imbalance of food intake and energy expenditure (Considine et al., 1996).  

Weight gained due to the malfunction of Leptin activity can be reversed via Leptin replacement 

therapy. In humans, therapy increases weight loss, reduces energy intake with a reduction in 

hyperphagia (Farooqi et al., 2002), improves glycaemic control and reduces TG levels (Oral et 

al., 2002), with a reversal of an obese phenotype observed in mice (Friedman, 2011).  

 

1.3.4. Adiponectin  

As with Leptin, Adiponectin is a true endocrine factor (Chait and den Hartigh, 2020). This 

hormone encoded by the gene AdipoQ is a potential anti-inflammatory and anti-atherogenic 

molecule, with levels inversely proportional to insulin resistance (Ouchi and Walsh, 2009). 

Expression is specific to AT and is reduced in mature adipocytes of obese mice and humans 

(Hu, Liang and Spiegelman, 1996). Low levels of Adiponectin (hypoadiponectinemia) is 

associated with adiposity (Kazumi et al., 2004), especially in VAT (Yatagai et al., 2003), and 

insulin resistance, via a reduction of TG levels in the muscle and liver, in mice (Yamauchi et 

al., 2001) and humans (Weyer et al., 2001). Adiponectin expression may be manipulated by 

circulating cytokines including TNFα. This activates the c-Jun N-terminal Kinase (JNK) 

pathway in adipocytes, causing inhibition of Adiponectin expression (Kim et al., 2005). 

Adiponectin replacement therapy may provide an insight into treatment of T2D (Yamauchi et 

al., 2001) to upregulate expression and improve a diabetic phenotype in obesity (Kim et al., 

2007). 

 

1.4. Brown adipose tissue 

In humans, brown adipose tissue (BAT) is distributed in the supraclavicular and paraspinal 

regions (Figure 1.1). This is observed by the uptake of positron emitting radiotracer 2-

deoxyglucose (2-DG) when an individual is exposed to a cold environment (Saito et al.,2009; 

Virtanen et al., 2009). Rodents possess similar fat depots topologically to humans, as 

confirmed by histological (Figure 1.2) and gene expression analysis, especially upon cold  
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exposure (Zhang et al., 2018). As mentioned previously, white adipocytes are highly active 

and produce adipokines. Although there is little known about adipokines secreted from brown 

adipocytes (batokines), there are cases in which they exist. For instance, in BAT, Slit homolog 

2 (Slit2) protein is a recently discovered batokine which has been shown to improve glucose 

homeostasis in mice and is reduced in diabetic humans (Kang et al., 2017a). However, the 

contribution that batokines play in metabolic health may be insignificant compared to other 

depots. Regulators of mitochondrial function pose more relevance to BAT activity and act as 

thermogenic and lipolytic markers. Although recognised as a thermogenic organ, BAT plays a 

role in regulating glucose homeostasis, reducing fat mass and body weight (Stanford et al., 

2013). Recently there has been a shift in research towards the presence of this organ and its 

therapeutic potential in humans for obesity research (Cypess, 2009; Saito et al., 2009; Virtanen 

and Al., 2009). 

 

1.4.1. Development of brown adipose tissue  

Brown adipocytes arise from the dermomyotome, sharing a developmental lineage to muscle 

cells (Atit et al., 2006). Engrailed 1 (En1) positive cells (Atit et al., 2006) and Paired boxed 

protein 7 (Pax7) precursors give rise to brown adipocytes at day 9.5, in utero  (Lepper and 

Fan, 2010). Furthermore, morphogens such as bone morphogenetic protein 7 (BMP7) are 

essential for brown adipocyte differentiation (Tseng et al., 2008) (Figure 1.4). 

In humans, BAT deposition happens concurrently within the shoulder and thoracic regions of 

the fetus, alongside WAT from the 14th week of gestation (Poissonnet et al., 1984). In rodents, 

interscapular BAT (iBAT) develops during the last stages of embryogenesis at day 15 of 

gestation. Brown fat becomes more morphologically identifiable at day 17 in utero (Nnodim 

and Lever, 1985) and transcriptionally relevant at day 18 in utero until after birth, with an 

increase in UCP1 expression (Giralt et al., 1990). This expression remains stable (Xue et al., 

2007) until stimulation upon cold exposure (Rosenwald et al., 2013).  

Similar to rodents, Type II iodothyronine deiodinase (DIO2) activity in iBAT occurs early in 

human development in neonates (Houstĕk et al., 1993). iBAT in humans is situated in the neck  
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region. This depot shows similarities to that of rodent iBAT with high expression levels of 

thermogenic and mitochondrial genes including DIO2, UCP1 and PGC1α (Cypess et al., 

2015). The functional relevance of brown fat in healthy humans remains unclear, but there 

seems to be a resemblance of BAT activity in humans and rodents. 

 

1.4.2. Regulators of mitochondrial biogenesis 

Type II iodothyronine deiodinase (DIO2) is a thyroid hormone that is stimulated by adrenergic 

control and cold exposure (Silva and Larsen, 1983) to regulate thermogenesis (De Jesus et 

al., 2001). DIO2 catalyses the conversion of thyroxine (T4) to triiodothyronine (T3), a more 

potent and active form of the thyroid hormone. This conversion results in the increase of gene 

and protein synthesis of uncoupling protein 1 (UCP1) (Bianco and Silva, 1987), a thermogenin 

housed in brown adipocytes.  UCP1 facilitates the proton leakage from the inner mitochondrial 

membrane to its matrix, allowing the release of energy in the form of heat, known as adaptive 

thermogenesis, in which uncoupled respiration occurs (Figure 1.5)  (Bastías-Pérez et al., 

2020).   

UCP1 is the main regulator of mitochondrial activity in BAT. However, there are other 

transcriptional regulators that play vital roles in BAT function and act as potential therapeutic 

targets. Peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) is a 

transcriptional regulator (Wu et al., 1999). Expression of PGC1α plays an important role in 

thermogenesis, mitochondrial biogenesis (Uldry et al., 2006) and glucose metabolism (Kleiner 

et al., 2012) in BAT (Virtanen and Al., 2009). When activated upon cold stimuli, PGC1α initiates 

other genes such as peroxisome proliferator-activated receptor gamma (PPARγ) and UCP1 in 

brown fat (Puigserver et al., 1998).  

Cytochrome C Oxidase (COX) is the final component in the Electron Transport Chain (ETC) 

in mitochondria. This catalyses electron movement from reduced cytochrome c to oxygen  

(Fabrizil et al., 1989; Mitchell, 2011). Upon cold exposure, Cytochrome C Oxidase Subunit VIIa 

Polypeptide 1 (COX7A1) and Cytochrome C Oxidase Subunit VIIIb Polypeptide (COX8B)  are 

upregulated in BAT and are involved in oxidative phosphorylation (Cummings et al., 2014; 

Maurer et al., 2015).  
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1.4.3. Thermogenic activity 

In response to external stimuli, the primary role of BAT is to regulate whole-body energy 

expenditure (Cannon and Nedergaard, 2004) by generating heat (thermogenesis). 

Thermogenesis is activated to maintain normal body temperature in hibernating and new-born 

animals (Obregón  et al., 1996). This occurs primarily in new-born humans (Cannon and 

Nedergaard, 2004), rather than in adults, as brown fat regresses throughout adulthood (Lean, 

1989). Thermogenesis acts to protect against cold exposure (Lowell and Spiegelman, 2000; 

Monemdjou, Kozak and Harper, 1999) and is regulated by shivering. However, shivering 

gradually subsides and non-shivering thermogenesis (adaptive thermogenesis) is initiated 

(Davis et al., 1960; Davis, 1961).  

 

1.4.3.1. Diet-induced thermogenesis  

Diet-induced thermogenesis (DIT) is classified as an increase in energy expenditure over basal 

fasting levelss and divided by the energy content in food consumed, presented as a 

percentage (Westerterp, 2004). DIT is defined into two compartments. This includes the 

obligatory compartment, consisting of heat generated by processes such as absorption and 

digestion, and the facultative compartment, consisting of heat generated by the dissipation of 

food energy (Van Marken Lichtenbelt and Schrauwen, 2011).  

Diet can influence the facultative component of DIT, by stimulating the SNS, whilst fasting 

suppresses the SNS (Young and Landsberg, 1977; Young and Landsberg,1997). In humans, 

DIT during obesity is reduced (Granata and Brandon, 2002), but increased in healthy 

individuals with high BAT activity (Hibi et al., 2016). On the contrary, results differ based on 

experimental model and a consensus about DIT in metabolic health has not been achieved 

(Westerterp, 2004). 

 

1.4.4. Lipolysis 

Lipolysis is the breakdown of triglycerides (TGs) into glycerol and free fatty acids (FFAs). TGs 

are located in adipocyte stores and each lipolytic step in the pathway results in the removal of  
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a fatty acid (Frühbeck et al., 2014). There are three main mammalian lipases that catalyse this 

reaction; Adipose TG Lipase (ATGL), Hormone-Sensitive Lipase (HSL) and Monoglyceride 

Lipase (MGL) (Nielsen et al., 2014) (Figure 1.6). 

In white adipocytes, lipolysis is activated to generate FFAs and glycerol to fuel other tissues, 

whereas, lipolysis in brown adipocytes regulate adaptive thermogenesis (Zhu et al., 2019).  In 

response to cold exposure, brown adipocytes are activated via SNS innervation. β-adrenergic 

receptors, including ADRβ3 on the surface of brown cells (Bronnikov et al., 1999), are 

stimulated by the hormone noradrenaline (NA). NA activates adrenergic signalling and induces 

the breakdown of TGs. This process is known as lipolysis (Figure 1.6). During lipolysis in brown 

adipocytes, FFAs are released and activate UCP1, acting as an energy source for 

thermogenesis (Figure 1.5). Following this, UCP1 uncouples the electromotive force from ATP 

synthesis via ATP synthase and generates heat (Fedorenko, Lishko and Kirichok, 2012; Lidell, 

Betz and Enerbäck, 2014). Adrenergic mediation in thermogenic events involves the increase 

of cyclic adenosine 3’ 5’ monophosphate (cAMP), which stimulates Protein Kinase A (PKA) 

and phosphorylates perilipin and lipases in the lipolytic pathway (Uldry et al., 2006; Zhao et 

al., 1997). 

 

1.5. Beige adipocytes  

Distributed amongst certain white depots are cells that morphologically and phenotypically 

resemble both brown and white adipocytes. These are known as brown-in-white (‘brite’) or 

beige cells (Figure 1.7). They have thermogenic properties and express brown-like markers 

when exposed to certain stimuli (Shabalina et al., 2013; Waldén et al., 2012).  

Beige adipocytes differ in location and the role they play in metabolic health compared to other 

classical adipose depots (Chait and den Hartigh, 2020).  In rodents, brown-like adipocytes are 

evident to reside in WAT (Cousin et al., 1992; Zhang et al., 2018) such as SAT including, 

inguinal white adipose tissue (iWAT). They are multi-locular (Figure 1.7) and express brown 

adipocyte-related markers such as UCP1, PGC1α (Wu et al., 2012), COX7A1 (Rosenwald et 

al., 2013) and COX8B (Garcia, Roemmich and Claycombe, 2016). Increased expression of  
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such markers in WAT of mice may reduce the progression of adverse obesity (Kopecky et al., 

1995)  and suggests a greater capacity for adipose tissue plasticity between a brown and white 

phenotype (Cousin et al., 1992). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Under non-stimulatory conditions, these cells resemble white adipocytes, in which they have 

low levels of basal UCP1 expression. However, beige cells, like brown adipocytes, respond to 

stimuli such as cAMP (Wu et al., 2012), cold exposure or adrenergic stimulation (Zhang et al.,  

 

Figure 1.5. Adaptive thermogenesis in mitochondrion of brown adipocytes. Brown 

adipocytes can generate heat production and increase energy expenditure via uncoupling of 

oxidative phosphorylation from ATP generation, facilitated by UCP1, acting as a H+ channel. 

The electrochemical gradient is produced via the ETC (Fedorenko, Lishko and Kirichok, 2012; 

Lidell, Betz and Enerbäck, 2014). H+: Hydrogen ions; ETC: Electron Transport Chain; UCP1: 

Uncoupling Protein 1; ADP: Adenosine diphosphate; Pi: Inorganic Phosphate; ATP: Adenosine 

triphosphate; FFA: Free Fatty Acid. 
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2018). They express high levels of UCP1 upon activation (Wu et al., 2012), almost comparable 

to that observed in brown adipocytes (Zhang et al., 2018) in rodents. 

In humans, a population of UCP1+ cells, which resemble recruitable beige adipocytes, are 

present in the neck region of human adults (Jespersen et al., 2013). These UCP1+ cells 

resemble those found in mice, rather than classical brown adipocytes. Unlike rodents, visceral 

white adipocytes in humans are more susceptible to browning than subcutaneous fat (Zuriaga 

et al., 2017) and suggests the identity of beige-like characterised cells (Shinoda et al., 2015).

Figure 1.6.  Diagrammatic representation of the lipolytic pathway in white and brown 

adipocytes by sympathetic innervation. In white adipocytes (A), sympathetic activation 

results in a cascade of the lipolytic pathway to convert TGs to FFAs and glycerol as fuel to be 

utilised by other tissues. In brown adipocytes (B), sympathetic innervation regulates adaptive 

thermogenesis, including DIT and cold-induced thermogenesis (CIT). UCP1 in mitochondria is 

activated by FFAs, carried by FABP4 to the mitochondria, released by lipolysis into energy in 

the form of heat (Zhu et al., 2019). NA: Noradrenaline; ADRβ3: Adrenergic receptor beta 3; 

TG: Triacylglycerol; DG: Diacylglycerol; MG: Monoglyceride; ATGL: Adipose triglyceride 

lipase; HSL: Hormone-sensitive lipase; MGL: Monoglyceride lipase; FFAs: Free Fatty Acids; 

UCP1: Uncoupling Protein 1. 

A. B. 
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1.5.1. Development of beige adipocytes  

Brown adipocyte-related markers (Wu et al., 2012; Rosenwald et al., 2013; Garcia, Roemmich 

and Claycombe, 2016) are optimal for determining the process of ‘browning’ in white fat 

(Garcia, Roemmich and Claycombe, 2016). ‘Browning’ is the process in which white 

adipocytes acquire a brown-like phenotype and genotype regulated by various cues. In mice, 

white-like cells express UCP1, appearing between 10 and 30 days of age after birth (Xue et 

al., 2007). It is still unclear how beige adipocytes arise; however, two processes have been 

documented to occur. When exposed to cold or adrenergic stimulation, mediated by ADRβ3, 

beige cells (unilocular in their basal state) undergo ‘trans-differentiation’ of the phenotype (Wu 

et al., 2012). This includes the conversion of white adipocytes into mitochondrial-laden, UCP1+ 

cells (Barbatelli et al., 2010). Managing this shift from a white to beige phenotype may provide 

an insight into tackling obesity via increased energy expenditure (Rosenwald et al., 2013).  On 

the other hand, beige cells may also arise via ‘de novo differentiation’ or ‘adipogenesis’ from a 

resident precursor (Wang et al., 2013), resulting in browning of the white depot (Figure 1.4).  

Previous research demonstrated that Myogenic factor 5 (Myf5) was expressed in  precursor 

cells of the myogenic lineage and that PRDM16 controlled the bidirectional switch between 

muscle and brown adipocytes (Seale et al., 2008).  However, recent studies have reported that 

white and brown adipocytes may share common progenitor cells. A subgroup of white  

 

Beige adipocyte 

Lipid droplet 
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Figure 1.7. Diagrammatic representation of a mature beige adipocyte. Beige adipocytes 

dispersed within WAT have a combination of smaller and larger lipid droplets and a vast 

number of mitochondria, contributing to its unique characteristics. WAT: White Adipose Tissue. 
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adipocytes has been observed to derive from cells expressing Myf5 (Sanchez-Gurmaches et 

al., 2012) and platelet-derived growth factor receptor alpha (PDGFRα). This is associated with 

brown adipocytes residing in white depots (Lee et al., 2012). Although WAT browning is 

considered beneficial in rodents (Seale et al., 2011; Shao  et al., 2016), the weight loss results 

may not be permanent. The effects upon cold stimulation can be rapidly reversed and 

stimulation by adrenergic effects may promote adverse CV-events (Chait and den Hartigh, 

2020).  

 

1.6. Ectopic adipose tissue deposition 

The increased prevalence of obesity and associations with CVD have led to a strong interest 

in understanding ‘the obesity paradox.’ In some cohort studies, evidence suggests obesity 

occupies a protective role in individuals who have suffered from detrimental CV-related events  

(Horwich et al., 2001). However, protection may only protect against short-term mortality risks 

after a cardiac infarction.  The long-term mortality risks are comparable to that of normal-

weighted individuals (Nigam et al., 2006). There is a suggestive ‘U-shaped’ relationship with 

the association of obesity and risk of CVD (Kapoor and Heidenreich, 2010; Sun et al., 2020; 

Wang et al., 2020), in which mortality is greatest at both extreme ends of the BMI scale.  

Undesirable accumulation of fat in non-adipose tissue organs, such as the heart, may play a 

role in the initiation of CV-related events in diabetes (Iozzo et al., 2009). Ectopic fat deposition 

associated with the heart releases significant amounts of fatty acids and pro-inflammatory 

cytokines. This ectopic fat deposition elicits local effects into the circulatory system of the heart 

and induces the progression of CVD (Barandier, Montani and Yang, 2005; Henrichot et al., 

2005; Yudkin  et al., 2005; Kankaanpää et al., 2006; Mahabadi et al., 2009; Hirata et al., 2011; 

Horckmans et al., 2018) and insulin resistance (Iacobellis and Leonetti, 2005). Furthermore, 

ectopic AT accumulation associated with the myocardium, somewhat related to VAT adiposity, 

in animals (Zhou et al., 2000) and humans (Szczepaniak et al., 2007), is associated with 

myocardium dysfunction.  Pericardial adipose tissue (PAT), associated with the heart, has 

been linked with an increased risk of CVD (Ding et al., 2009; Rosito et al., 2008). Visceral  
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adiposity appears to be mainly associated with metabolic syndrome (MetS) (Reaven, 1998) 

and exhibits systemic inflammation (Wu et al., 2016). On the other hand, ectopic AT deposition 

around the heart has a more local effect and is associated with coronary artery disease (CAD) 

(Wu et al., 2016), increased atrial size (Fox et al., 2009) and atrial fibrillation (Thanassoulis et 

al., 2010). The fact that PAT volume is associated with the local effects on the heart, unlike 

VAT, indicates the importance of AT deposition and the role that PAT may play in CV health. 

 

1.6.1. Adipose tissue in proximity with the heart 

There are two distinct adipose depots in proximity to the heart. These are known as pericardial 

adipose tissue (PAT) and epicardial adipose tissue (EAT) (Figure 1.8), which are linked with 

metabolic complications in humans.   

The distribution and location of EAT relates to its physiology and the role it plays in pathology 

(Wu et al., 2017). EAT may act to buffer against lipotoxicity as it has a local energy storage 

capacity for cardiac muscle (Marchington and Pond, 1990). In human disease, EAT 

accumulation is associated with a higher turnover of FFA release and uptake, compared to 

other AT (Pezeshkian et al., 2009), and increased risk of atherosclerotic development 

(Mohammadzadeh et al., 2018). 

Although, researchers have previously established that mice do not possess EAT, recent 

studies have demonstrated a cardiac depot that may resemble EAT in mice, located in the 

atrial-ventricular groove. As EAT is relatively small, PAT is more abundant and commonly used 

to study AT in proximity to the heart, for translational studies in human disease (Liu et al., 2014; 

Yamaguchi et al., 2015). Like visceral white fat, excess PAT accumulation is associated with 

pro-inflammation (Greif et al., 2009; Ong et al., 2015), low Adiponectin levels (Greif et al., 

2009) and increased risk of atherosclerosis (Greif et al., 2009; Rodriguez-Granillo et al., 2018), 

CVD and obesity (Aslanabadi et al., 2014; Ding et al., 2009; Liu et al., 2010; Mahabadi et al., 

2009). 
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1.7. Pericardial adipose tissue  

The pericardium is divided into a parietal and visceral pericardium, with the latter also referred 

to as the epicardium. Serous fluid within the pericardial cavity, between the parietal and 

visceral pericardium, protects the heart and acts as a lubricant (Rodriguez and Tan, 2017). 

PAT resides externally of the parietal pericardium, whereas EAT, is located between the heart 

muscle (myocardium) and visceral pericardium (Figure 1.8). In this thesis, the following 

definition stated and referenced by Al-Dibouni et al., (2020), will be used when discussing PAT 

and EAT. 

Studies from rodents (Wu  et al., 2012) and humans (Cheung et al., 2013; Guauque-Olarte et 

al., 2011; Sacks et al., 2013) have identified through gene expression analysis that AT 

associated with the cardiac and vascular system have both white and brown fat-like features.  

In adult humans, EAT has the gross appearance of a white-like adipose depot (Sacks et al., 

2009) but has histological and genetic patterns that resemble ‘beige’ cells (Chechi et al., 2019). 

EAT UCP1 expression levels (Chechi et al., 2019) are correlated with BMI (Sacks et al., 2009) 

and lipid metabolism (Chechi et al., 2013), yet EAT has a higher inflammatory profile than 

subcutaneous fat (McAninch et al., 2015). As EAT has both a thermogenic and visceral profile, 

this demonstrates the possibility of trans-differentiation from brown-to-white adipose tissue and 

vice versa (Sacks et al., 2013). The trans-differentiation of brown-to-white adipocytes is known 

as ‘whitening.’ It is associated with inflammation (McAninch et al., 2015; Kotzbeck et al., 2018), 

impaired glucose metabolism (Shimizu et al., 2014), inhibited thermogenesis (Miranda et al., 

2020) and increased levels of reactive oxygen species (ROS) (Dozio et al., 2014). As 

‘browning’ of white depots is beneficial (Okamatsu-Ogura et al., 2013; Shabalina et al., 2013),  

targeting brown and beige adipocytes in cardiac depots could induce a beneficial thermogenic 

profile that is lacking in obesity. 

 

1.7.1. Development of pericardial adipose tissue  

The terms pericardial and epicardial fat have been used interchangeably throughout research, 

due to the complication of dissection for surgery and imaging (Greif et al., 2009). However,  
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PAT and EAT have different embryonic origins and blood supply systems. PAT originates from 

ectodermal cells, like SAT, with blood supplied from thoracic vessels. On the other hand, EAT, 

like VAT, originates from mesodermal cells, with a blood supply from myocardial coronary 

arteries (Nagy et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.8. Interventions to improve metabolic health  

To improve metabolic health in overweight or obese individuals, it is important to lose excess 

weight (Borges et al., 2019). This may be achieved by managing dietary intake, increasing 

levels of physical activity, surgery or by therapeutic means (Barrow et al., 2019). During weight 

loss, chronic inflammation and large dysfunctional cells associated with excess adiposity 

become reduced (Salans et al., 1968). In addition, insulin sensitivity improves (Ziccardi et al., 

2002), TG levels decline (Ryan et al., 2014) and the risk of CVD decreases (Borges et al., 

2019), presumably due to reduced macrophage infiltration in AT (Bruun et al., 2006). 

Figure 1.8. Diagrammatic representation of the Heart and associated adipose tissue. 

EAT is situated between the myocardium and inner layer of the pericardium, whereas PAT is 

located anterior to the pericardium. EAT is not present in the hearts of rodents but is present 

in the heart of humans. PVAT: Perivascular adipose tissue; PAT: Pericardial Adipose Tissue; 

EAT: Epicardial adipose tissue. Adapted from Al-Dibouni et al., (2020). 
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Although surgery, such as bariatric surgery, can attenuate macrophage infiltration in AT 

associated with the heart (Aghamohammadzadeh et al., 2013) and pro-inflammation, diet and 

exercise are the most desirable forms of managing weight loss. However, for some, these are 

not viable modes of weight loss action. Alternatively, pharmaceutical compounds are another 

route that may be taken and are less invasive than surgical interventions. Currently, anti-

obesity drugs on the market, such as orlistat, promote weight loss by reducing food intake.  

However, as with most drugs, beneficial outcomes are accompanied by severe adverse 

effects, such as gastrointestinal discomfort (Bray and Tartaglia, 2000; Montan et al., 2019). To 

this end, it is important to investigate potential therapeutic agents that induce weight loss and 

reduce other health implications, whilst safe for human intake.  

 

1.8.1. Exercise and caloric restriction  

Mitochondrial dysfunction is a characteristic in diabetes but can be simply improved by 

exercise and caloric restriction. In addition to weight loss, exercise improves adiposity and 

insulin sensitivity via enhanced mitochondrial biogenesis and increased density of 

mitochondria within skeletal muscles of diabetic individuals (Toledo et al., 2007). Exercise 

(Jäger et al., 2007) and caloric restriction (Civitarese et al., 2007) is known to activate AMPK, 

which induces PGC1α phosphorylation and initiates mitochondrial biogenesis (Jäger et al., 

2007).  

 

1.8.2.  Pharmacological intervention  

As obesity is a heterogeneous disorder, many physiological functions may become 

dysregulated and act as potential therapeutic targets.  These include mitochondria, AT and 

metabolic pathways to counteract obesity and related diseases. Although beneficial, these 

compounds may be accompanied by side effects such as gastro-intestinal discomfort, have a 

short half-life and specific doses may give varied outcomes.  
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1.8.2.1. AMPK pathway  

5' adenosine monophosphate-activated protein kinase (AMPK) is the principal energy sensor 

of the cell and is a promising target for obesity treatment. The compound Resveratrol (RSV) 

mediates an increase in AMPK and PGC1α activity. RSV can improve mitochondrial function 

and protect against obesity, insulin resistance and cardiac dysfunction  (Baur  et al.,  2006; 

Lagouge et al., 2006; Rivera et al., 2009; Thandapilly et al., 2010; Rimbaud et al., 2011). Anti-

diabetes drugs also work via the AMPK pathway. Metformin is a first line drug for regulating 

insulin resistance. This biguanide reduces FFA concentrations and glucose production by 

reducing gluconeogenesis in diabetic patients (Galuska et al., 1994; Hundal et al., 2000), via 

an AMPK mediated process (Zhou et al., 2001).  Furthermore, Metformin also exerts effects 

to provide cardio-protection after CV-related events (Sasaki et al., 2009; Yin et al., 2011), 

potentially by promoting mitochondrial function (Gundewar et al., 2009). Thiazolidinediones 

(TZDs) or glitazones are anti-diabetic compounds that have a high affinity for PPARγ and work 

via AMPK-mediated mechanisms (Konrad et al., 2005). These compounds can reduce 

hypertension and oxidative stress (Dobrian et al., 2004), perhaps by activating PPARγ in 

macrophages and preventing the release of reactive oxygen species (ROS) (von Knethen and 

Brüne, 2002) to improve the overall metabolic profile in obesity (Pickavance et al., 1999).  

 

1.8.2.2. Inflammatory response pathway 

Obesity is characterised by chronic inflammation. Targeting the inflammatory pathway is 

another route that may be taken to target this disease. Increased levels of TNFα are associated 

with obesity and the development of insulin resistance in T2D.  Interfering with the TNFα 

signalling pathway improves insulin sensitivity (Stagakis et al., 2012) and fasting glucose levels 

(Stanley et al., 2011) in inflammatory-related diseases. TZDs as a therapeutic agent disrupt 

TNFα from interfering with insulin signalling (Peraldi et al., 1997) and also decreases 

inflammation (Kolak et al., 2007).  
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1.8.3. Activity of brown adipose tissue   

Obesity and insulin resistance are associated with inactive BAT, downregulation of 

mitochondrial genes such as PGC1α (Wu et al., 1999; Kleiner et al., 2012; Uldry et al., 2006) 

and UCP1 (Feldmann et al., 2009) and impaired lipolysis (Tsujita, Morimoto and Okuda, 1995; 

Arner et al., 2018). These are all targets for improving metabolic health. Transplantation of 

BAT into the visceral cavity of mice results in an increase in whole-body insulin sensitivity and 

a reduction in body weight and adiposity (Stanford et al., 2013).  Upon cold exposure, 

detectable BAT activity in humans is accompanied by a higher insulin sensitivity capacity 

(Yoneshiro et al., 2011), whereas reduced activity is associated with obesity (Orava et al., 

2013). Furthermore, In rodent studies, activating BAT by exposure to cold stimuli improves 

insulin resistance, due to upregulated TG uptake and clearance (Bartelt et al., 2011).  The 

presence of UCP1+  cells (Cypess et al., 2009) and BAT activity (Van Marken Lichtenbelt et 

al., 2009) are negatively correlated with BMI and percentage body fat in humans exposed to 

cold stimuli (Saito et al., 2009). They also have an increased rate of thermogenesis (Van 

Marken Lichtenbelt et al., 2009). In addition to targeting UCP1 expression, ADRβ3 is a 

potential therapeutic target for obesity (Arch et al., 1984; Collins et al., 1997) with high 

functional activity associated with weight loss (Andersson et al., 2009). Furthermore, ADRβ3 

gene expression levels are negatively correlated with BMI (Cao et al., 2018) and ADRβ3 

agonistic action induces thermogenesis in human BAT (Cypess et al., 2015). Furthermore, 

taking advantage of ‘browning’ in susceptible white fat may increase energy expenditure and 

provide protection against obesity in mice (Vegiopoulos et al., 2010; Seale, et al., 2011). This 

browning process can be induced in brown-like adipocytes differentiating within the white depot 

by TZDs (Petrovic et al., 2010) and demonstrates a possible route for activating thermogenesis 

in brown-like cells that reside in humans.  
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1.9. Mice as an animal model for obesity 

Over the last few decades, extensive knowledge of the mouse genome has been acquired 

which demonstrates the similarities between mice and humans (Guénet, 2005), at the level of 

the genome. Due to ethical issues, it is not feasible to freely conduct experiments in humans 

to document obesity, maternal influences or therapeutic intervention. For this reason, smaller 

studies are conducted in mice to perform such experimental paradigms. 

The distribution of AT in mice differs slightly to that of humans. For example, omental WAT 

does not exist in mice, but SAT characteristics are still comparable between the two species 

(Zuriaga et al., 2017) and it is becoming increasingly more important to use mice as models 

for biomedical research.  

As a model for obesity, male mice are more prone to developing metabolic diseases, such as 

T2D (Vitali et al., 2012), when induced by a high-fat (HF)-diet, compared to female mice 

(Hwang et al., 2010).  Inducing obesity by a HF-diet in mice, results in a similar phenotype as 

in humans (Clegg et al., 2011). In particular, C57BL/6 mice develop obesity resembling that of 

human obesity, in that a gradual accumulation of AT, metabolic and hormonal changes occurs 

(Becskei, Lutz and Riediger, 2009; Becskei, Lutz and Riediger, 2010). Furthermore, C57BL/6 

mice possess the classical brown and white adipose tissue depots, as well as, brown-like cells 

populated in inguinal white adipose tissue (Vitali et al., 2012).  Mice as animal models are 

advantageous in that both their gestation and lifespan periods allow the observation of fetal 

development in utero. As developmental programming in utero can influence fetal metabolism, 

inducing a HF-diet in pregnant dams may also effect the developing fetus and offspring in later 

life  (Guo and Jen, 1995; Tamashiro et al., 2009).   

 

1.10. Rationale 

The accumulation of fat in non-adipose tissue depots is a common characteristic in obesity. 

Excess ectopic fat deposition around the heart, such as PAT, has been associated with an 

increased risk of CV-implications  (Greif et al., 2009; Liu et al., 2011; Rosito et al., 2008). As 

PAT is in close proximity to the heart, it effects local cardiac function, rather than systemically  
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(Ding et al., 2009; Rosito et al., 2008), and may have a significant impact on metabolic health. 

Obesity in humans are usually induced by excessive caloric dietary intake. A diet high in sugar 

(Yi et al., 2020) and fat (Wang  et al.,2018) increases the risk of ectopic fat accumulation. 

However, a healthier lifestyle, exercising and restricting caloric intake aids in the reduction of 

ectopic fat deposition (Larson-Meyer  et al., 2006; Lim et al., 2011). Weight loss is linked to a 

reduction in ectopic fat associated with the heart (Iacobellis et al., 2008; Snel et al., 2012) and 

reduced visceral adiposity (Bosy-Westphal et al., 2010).  

Studies have suggested that PAT has both a white and brown adipogenic potential, in which 

it acts as a visceral fat depot with endocrine-like traits (Horckmans et al., 2018; Bale, West and 

Conover, 2018) and has a thermogenic capacity (Al-Dibouni et al., 2020), respectively. 

However, these studies have not delved further into how these beige-like signatures identified 

in pericardial fat are effected by various dietary influences encountered in utero and during 

adulthood, and its response to therapeutic stimulation.  

The ‘thrifty phenotype hypothesis,’ as proposed by Hales and Barker (2001), states that 

undernutrition at various timepoints in the developmental stages of a fetus is associated with 

metabolic dysfunction later in life (Barker et al., 1993). There is evidence to suggest that 

maternal undernutrition effects the state of cardiac AT. PAT from new-born sheep has been 

identified as a brown depot. The thermogenic capacity, but not adipogenic potential, of 

pericardial fat is effected by maternal undernutrition in the late gestation period. This is 

demonstrated by a downregulation of brown adipocyte-related genes including UCP1, DIO2 

and ADRβ3 (Ojha et al., 2013). However, maternal undernutrition induced earlier in the 

gestation period, followed by ad libitum feeding in the mothers, upregulated the expression of 

UCP1 and visceral adipogenic makers such as C/EBPα in PAT of offspring (Ojha et al., 2014). 

Although the underlying mechanisms of maternal undernutrition are still unclear, it provides a 

basis that gene expression of pericardial fat may be altered depending on the window of 

susceptibility in fetal development. This offers an insight into investigating the effects of the 

other extreme of maternal nutrition (maternal overnutrition) in the development of offspring AT. 

Maternal obesity models demonstrate gene expression changes in  white fat during the fetal  
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development of rodents (Borengasser et al., 2013; Shankar et al., 2008) and the effects of 

maternal overnutrition at specific periods throughout lactation and/or pregnancy in rodents 

(Sarker et al., 2019) and in sheep (Muhlhausler et al., 2007a; Muhlhausler et al., 2007b).  

Ojha et al., focused on pericardial fat in offspring in the context of maternal undernutrition 

during pregnancy in sheep (Ojha et al., 2013; Ojha et al., 2014), yet maternal overnutrition was 

not elucidated. The study conducted in this thesis utilises the evidence that thermogenic and 

adipogenic gene expression markers are altered under maternal influences in pericardial fat, 

as demonstrated by Ojha et al. Current knowledge is lacking in how exposure to extreme 

maternal obesogenic conditions, prior to and during gestation and lactation in mice, followed 

by an obesogenic post-weaning diet in offspring, effects the thermogenic and adipogenic 

capacity of pericardial fat.  

Given that PAT may have a brown-like phenotype, stimulating the SNS with ADRβ3 mediated 

action can activate beige adipocytes in animals (Barbatelli et al., 2010). In some human 

studies, this activation causes only short-term effects such as improved insulin sensitivity 

(Weyer et al., 1998) and reduced TG levels (Larsen et al., 2002). In other human studies,  there 

have been no differences in thermogenesis demonstrated upon ADRβ3-mediated activation  

(Buemann et al., 2000; Larsen et al., 2002). This could be due to the efficacy of ADRβ3-

mimetics and the dose to ensure no adverse off-target effects are established (Buemann et 

al., 2000).  Although ADRβ3-agonists can increase lipolysis and energy expenditure in obese 

men (Van Baak et al., 2002) and increase thermogenesis in BAT, side effects such as 

increased heart rate, may still occur (Cypess et al., 2015). Moreover, activating the AMPK 

pathway with anti-diabetes compounds could be an alternative route to activate 

thermogenesis. A recently developed agent known as Compound 14 (Cpd14) activates AMPK 

in vitro (Spurr et al., 2012) and promotes weight loss in obese mice (Asby et al., 2015). 

However, the mechanistic effects of weight loss  and action in AT with Cpd14 treatment is still 

undetermined. Activation of AMPK may modulate metabolism by regulating the thermogenic 

capacity of brown-like cells populated in a beige depot like perciardial fat. 
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1.11. Aims and Objectives 

The volume of pericardial fat has been associated with metabolic complications. However, 

there is little known about the white and/or brown characteristics that pericardial fat may adopt 

under normal environmental cues and/or changes in the nutritional status of an animal 

encountered in utero and/or during adulthood. The aim of this thesis is to investigate the 

transcriptional and histological profile of pericardial adipose tissue, in direct comparison to 

classical white depots, visceral gonadal and subcutaneous inguinal adipose tissue, and brown 

adipose tissue: 

Aim 1: Investigate the effects of an obesogenic diet on pericardial adipose tissue at different 

timepoints during adulthood. 

Objective 1: Determine the histological and adipogenic, inflammatory and thermogenic 

transcriptional profile of pericardial adipose tissue of 10-week-old male mice and 30-week-old 

male mice fed a chow or high-fat-diet. 

Aim 2: Investigate the effects of an obesogenic maternal diet prior to and during pregnancy 

and lactation in offspring mice. 

Objective 2: Determine the histological and adipogenic, inflammatory and thermogenic 

transcriptional profile of pericardial adipose tissue of 30-week-old male offspring mice fed a 

chow or high-fat diet, post-weaning, from dams fed a chow or high-fat-diet.  

Aim 3: Investigate the effects of a novel anti-diabetes compound, Cpd14, on pericardial 

adipose tissue in lean and obese mice. 

Objective 3: Determine the histological and adipogenic, inflammatory and thermogenic 

transcriptional profile of pericardial adipose tissue of 10-week-old male mice fed a chow or 

high-fat-diet and treated orally with Cpd14 for 10 days and following a 26-day recovery period. 
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CHAPTER 2 

 

MATERIALS AND METHODS 
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2.1. Materials and reagents 

Cell culture: 3T3-L1 mouse cell line (Catalogue code: 86052701), High glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM, Product code: D429), Trypsin-EDTA, phenol red, 0.25% 

(Product code: T4049), Dimethyl sulfoxide (DMSO, Product code: D4540), 3-isobutyl-1-

methylxanthine (IBMX, Product code: I5879), Dexamethasone (Product code: D1756), Insulin 

solution human (Product code: I9278), Phosphate Buffered Saline (PBS, Product code: 

D8537), Penicillin-Streptomycin (P/S, Product code: P4333), Collagenase from Clostridium 

histolyticum (Product code: C0130), LookOut® Mycoplasma Erase Spray (L1420),  Freezing 

container, Nalgene® Mr. Frosty (Product code: C1562), LookOut® Mycoplasma PCR 

Detection Kit (Product code: MP0035), JumpStartTM Taq DNA Polymerase with MgCl2 (Product 

code: D9307) were purchased from Sigma-Aldrich, United Kingdom.  GibcoTM Fetal Bovine 

Serum (FBS, Product code: 11573397), GibcoTM Dialyzed Fetal Bovine Serum (FBS, Product 

code: 11520646), Invitrogen™ Trypan Blue stain (0.4%) (Product code: T10282) and 

Invitrogen™ CountessTM  Reusable Slides (Product code: 15311986) for use with the 

CountessTM Automated Cell Counter, Gibco™ Collagenase, Type I, powder (Product 

code:11500536), Thermo Scientific™ Nalgene™ General Long-Term Storage Cryogenic 

Tubes (Product code: 10731432) were purchased from Fisher Scientific, United Kingdom. 6-

well tissue culture treated plate with lid (Item number: 657160), 12-well tissue culture treated 

plate with lid (Item number: 665180), 75cm2 tissue culture treated flask with filter cap (Item 

number: 658175), were purchased from Greiner Bio-One Limited, United Kingdom. Cell 

scrapers (Product code: 1173209), were purchased from Camlab, United Kingdom. 2-

Propanol (Product code: 20842.330) was purchased from VWR, United Kingdom. CellTiter 

96® AQueous One Solution Cell Proliferation Assay (MTS) (Product code:  G3580) was 

purchased from Promega. Compound 14 (Cpd14) was provided by the research group at 

University of Southampton, United Kingdom.  

Agarose gel: Invitrogen™ SYBR™ Safe DNA gel stain 10,000X concentrate in DMSO  

(Product code: 10328162), Invitrogen™ 1 Kb Plus DNA ladder (and 10X BlueJuice Gel 

Loading Buffer) (Product code: 11578636), Invitrogen™ UltraPure™ Agarose (Product code:  
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11553277), Boric acid (Product code: 10263370), Ethylenediaminetetraacetic acid (EDTA) 

99+% ACS reagent (Product code: 10413551) were purchased from Fisher Scientific, United 

Kingdom. Tris Base ULTROL® Grade (Product code: 648311), was purchased from 

Calbiochem, United Kingdom.  Sodium hydroxide (Product code: 221465) was purchased from 

Sigma-Aldrich, United Kingdom.  

RNA isolation from cell lysates: RNeasy Mini Kit (Catalogue Number: 74104) was 

purchased from Qiagen, United Kingdom. Dithiothreitol (DTT, Product code: 10592945), BD™ 

Microlance™ Stainless Steel Needles 25G 25mm (Product code: 12389169) was purchase 

from Fisher Scientific, United Kingdom.  BD Plastipak Syringe 1ml (Produce code: 1201270) 

was purchased from Camlab, United Kingdom.  

RNA isolation from frozen tissue: Chloroform (Product code: 372978), Invitrogen™ TRI 

Reagent™ Solution (Product Code: 1131294), 2-Propanol (Product code: 10315720), Ethanol 

absolute (Product code: 10041814), DNase and RNase free water (Product code: 10295243),  

MP BiomedicalsTM Lysing Matrix D (Product code: 11432420), were purchased from Fisher 

Scientific. United Kingdom. 

cDNA synthesis: Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit 

(Product code: 10186954), Invitrogen™ RNaseOUT™ Recombinant Ribonuclease Inhibitor 

(Product code: 10154652) were purchased from Fisher Scientific, United Kingdom. 

RT-qPCR: qPCRBIO Probe Mix No-ROX (Product code: PB20.23-20) was purchased from 

PCR biosystems, United Kingdom. Sealing tape, optically clear (Product code: 95.1994) was 

purchased from Sarstedt, United Kingdom.  Thermo Scientific™ PCR Plate, 96-well, 

segmented, semi-skirted, white (Product code: 10058822), Applied Biosystems™ TaqMan™ 

Gene Expression Assays, FAM-MGB (Product code: 10794597) (Table 2.1) were purchased 

from Fisher Scientific, United Kingdom.  External well factor solution (Product number: 

1708794) was purchased from Bio-Rad, United Kingdom.  

Triglyceride extraction and quantification from cell lysates: Triton™ X-100 (Product code: 

T8787), Triglyceride Reagent (TR, Product code: T2449), Free Glycerol Reagent (FGR, 

Product code: F6428) were purchased from Sigma-Aldrich, United Kingdom. 96-well micro test  
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plates F-bottom (Product code: 1144689), were purchased from Camlab, United Kingdom. 

UltraPure™ Glycerol (Product code: 11508746) was purchased from Fisher Scientific, United 

Kingdom.  

 

Table 2.1. Applied Biosystems™ TaqMan™ Gene Expression Assays for RT-qPCR  

Gene Assay ID 

ACTA1 Mm00808218_g1 

AdipoQ Mm00456425_m1 

ADRβ3 Mm02601819_g1 

C/EBPα Mm00514283_s1 

COX7A1 Mm00438297_g1 

COX8B Mm00432648_m1 

DIO2 Mm00515664_m1 

FABP4 Mm00445878_m1 

GAPDH Mm99999915_g1 

IL6 Mm00446190_m1 

Leptin Mm00434759_m1 

MYH6 Mm00440359_m1 

MYH7 Mm00600555_m1 

NOX4 Mm00479246_m1 

NPPA Mm01255747_g1 

PGC1α Mm01208835_m1 

PLIN1 Mm01320554_g1 

PPARγ Mm00440940_m1 

PPIA Mm02342430_g1 

TNFα Mm00443258_m1 

UCP1 Mm01244861_m1 

 

Triglyceride extraction and quantification from frozen heart tissue: Nonidet P 40 (NP-40) 

Substitute conc. (Product code: 11754599001) was purchased from Roche, United Kingdom. 

Triglyceride quantification colorimetric/fluorometric Kit (Product code: MAK266), was 

purchased from Sigma-Aldrich, United Kingdom. NuncTM MicroWellTM 96-Well Microplates 

(Product code: 10058820) were purchased from Fisher Scientific, United Kingdom. 
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Protein analysis and Western Blots: Abcam 10X RIPA Buffer (Product code: 15584906), 

Thermo Scientific™ Pierce™ Protease Inhibitor Mini Tablets (Product code: 15672129) 

Thermo Scientific™ Pierce™ Phosphatase Inhibitor Mini Tablets (Product code: 15691759), 

UltraPure™ Glycerol (Product code: 11508746), Thermo ScientificTM  PierceTM  BCA Protein 

Assay Kit (Product code: 10741395),  Alfa Aesar™ Acrylamide/Bisacrylamide 37.5:1, 40% soln 

(Product code: 15433569), Sodium Dodecyl Sulfate (SDS, Product code: 10356463), Thermo 

Scientific™ PageRuler™ Unstained Broad Range Protein Ladder (Product code: 11892124), 

Thermo Scientific™ SuperSignal™ West Femto Maximum Sensitivity Substrate (Product 

code: 11859290), Dithiothreitol (DTT, Product code: 10592945), GE Healthcare Whatman™ 

Gel Blotting Paper Grade GB003 (Product code: 12415272), Sodium Chloride (Product code:  

10092740), Thermo Scientific™ Coomassie Brilliant Blue R-250 Dye (Product code: 

11876744) were purchased from Fisher Scientific, United Kingdom. 96-well micro test plates 

F-bottom (Product code: 1144689), Tris Base ULTROL® Grade (Product code: 648311), was 

purchased from Calbiochem, United Kingdom. Methanol (Product code: 322415), acetic acid 

(Product code: 27225-M), N,N,N′,N′-Tetramethylethylenediamine (TEMED, Product code: 

T9281), Glycine (Product code: G8898), Methanol (Product code: 322415), TWEEN® 20 

(Product code: P1379), BSAV-RO Roche Bovine Serum Albumin Fraction V (Product code: 

10735086001), Ammonium persulfate (APS) (Product code: A3678), Ponceau S (Product 

code:  P3504), Bromophenol Blue (Product code: 114391), Antibodies (Table 2.2) were 

purchased from Sigma-Aldrich, United Kingdom. Supported Nitrocellulose Membrane (Product 

number: 1620094) was purchased from Bio-rad, United Kingdom. Marvel Original Skimmed 

Milk Powder was purchased from Premier Foods, United Kingdom.  Antibodies purchased from 

Cell signalling, United Kingdom, are listed in Table 2.2.  

Cytology: Formalin solution, neutral buffered, 10% (Product code: HT501128), Phosphate 

Buffered Saline (PBS, Product code: D8537) were purchased from Sigma-Aldrich, United 

Kingdom. Alfa AesarTM Oil Red O (Product code: 114590300) was purchased from Fisher 

Scientific, United Kingdom. 2-Propanol (Catalogue number: 20842.330) was purchased from 

VWR, United Kingdom.  
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Histology: SuperFrost Plus™ Adhesion slides (Product code: 15438060) and BRAND Coplin 

Staining Troughs (Produce code: 10315091) and ReadyProbes™ Hydrophobic Barrier Pap 

Pen (Product code: 16660484), Xylene (Product number: 10385910), Thermo Scientific 1LT 

lamb DPX mounting medium (Product code: 12658646), BRAND Coplin Staining Troughs 

10315091 (Product code: 10315091) and BRAND™ Borosilicate Glass Cover Glasses 

(Product code: 15212469) were purchased from Fisher Scientific, United Kingdom. Optimal 

Cutting Temperature (OCT) Compound (Code: AGR1180) was purchased from Agar 

Scientific, United Kingdom. Hematoxylin Solution, Mayer’s (Product number: MHS16), Eosin 

Y solution, aqueous (Product number: HT110216), Magnesium sulfate (Product number: 

M2643), Sodium bicarbonate (Product code: S5761), humidity chamber (Product code: 

H6644), Hydrochloric acid 37% (Product code: 258148) were purchased from Sigma-Aldrich, 

United Kingdom. Ethanol absolute (Catalogue number: 20821.330) was purchased from VWR, 

United Kingdom.  
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Table 2.2. Antibodies for Western blot analysis 

 

 

Product 

number 

Antibody Isotype Molecular 

Weight (kDa) 

Dilution 

ratio 

Blocking 

buffer 

Primary/ 

Secondary 

Purchase details 

A2066 Anti-β-Actin Rabbit 42 1:4000 Milk Primary Sigma-Aldrich 

A0545 Anti-Rabbit IgG (whole molecule) 

– Peroxidase 

Goat N/A 1:5000 Milk Secondary Sigma-Aldrich 

2535 Phospho-AMPKα (Thr172) Rabbit 

IgG 

62 1:1000 BSA Primary Cell signalling 

5831 AMPKα Rabbit 62 1:1000 BSA Primary Cell signalling 

11818 Phospho-Acetyl CoA Carboxylase 

(ACC) (Ser79) 

Rabbit 

IgG 

280 1:1000 BSA Primary Cell signalling 

5831 ACC Rabbit 280 1:1000 BSA Primary Cell signalling 
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2.2. Methods 

2.2.1. Cell culture 

3T3-L1 mouse pre-adipocytes were used in this study to determine the effects of Compound 

14 (Cpd14) on adipocyte differentiation, in vitro. Cells were grown in basal media, consisting 

of High Glucose (HG) Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

(v/v) Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin (P/S) (10,000 U/ml, 10mg/ml, 

respectively) and incubated in a humidified atmosphere of 5% CO2, at 37°C.  Before 

supplementing to the media, FBS was filtered with a 0.45µM filter and syringe to remove any 

precipitates. Next, basal media was filtered with a 0.22µM filter and syringe to remove any 

contamination that may have occurred during preparation of media. These were aliquoted and 

stored at 4°C. Aseptic techniques were carried out by spraying tissue culture laminar flow hood 

surfaces with 70% ethanol and LookOut® Mycoplasma Erase Spray. The latter eliminates 

Mycoplasma contamination almost immediately by preventing growth of Mycoplasma which 

may interfere with cell culture experiments.  

 

2.2.1.1. Counting cells 

To determine the cell count and viability of growing cells from 75cm2 (T75) flasks, after sub-

culturing which is a process to enable the propagation of cell lines, 10µl of cell suspension was 

added to 10µl of trypan blue solution (0.4%) (an exclusion dye). 10µl of sample was pipetted 

into a plastic, disposable chamber slide and inserted into the Invitrogen CountessTM Automated 

Cell Counter (Fisher Scientific). 0.4μl of volume is counted which equates to 4 squares (1mm 

× 1mm) in a standard haemocytometer. After selecting ‘count’ on the touch-screen of the 

machine, there is an output of live and dead cell concentrations per ml, total cell concentration 

per ml and the percentage of live cells to dead cells (cell viability), as well as, displaying an 

image on the screen of the cell suspension inserted for counting (Figure 2.1). Using an 

automated cell counter is faster, more accurate and a less subjective way of counting cells and 

viability than manual counting. 
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2.2.1.2. Sub-culturing and freezing cells 

Once the number of cells and viability (between 80 and 100 %) was determined automatically, 

T75 flasks (surface area of 75 cm2) were seeded as a 1 in 3 split ratio. Cell suspensions were 

obtained by passaging/splitting cells grown in 75cm2 culture flasks and maintained in basal 

media, incubated in a humidified atmosphere of 5% CO2, at 37°C. At ~80% confluence, media 

was removed from cells and washed with PBS. Trypsin-EDTA was added for 1 minute at room 

temperature to digest the focal adhesions that aid in anchoring cells to the T75 flask and 

remove the bonds that hold cells together. Trypsin-EDTA was removed and cells were 

incubated (5% CO2, at 37°C) for 2 minutes before adding basal media. As the FBS 

supplemented to basal media contains protease inhibitors, it disables Trypsin-EDTA and 

prevents further digestions of bonds. T75 flasks were used to grow and maintain cells for future 

experiments that were seeded in 6-well or 12-well culture plates. The oldest passage used for 

the experiments was passage 18. Any cells not used for seeding of experiments or  

A. 

Figure 2.1. Images displayed on Invitrogen CountessTM Automated Cell Counter before 

and after counting cells of cell suspension inserted into the machine. (A) Before counting 

cells, live cells have brighter centres and darker edges compared to dead cells which have a 

consistent blue colour.  Trypan blue exclusively labels dead cells by entering through the 

damaged cell membrane and into the cytoplasm. (B) After counting cells, cells circled in blue 

are considered as ‘live’ cells, red circled cells are indicated as ‘dead’ cells and black circled 

objects are excluded when determining cell count.  

 

B. 
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maintenance were centrifuged at 1000rpm for 5 minutes. The supernatant was discarded and 

the pellet was diluted in freezing media consisting of basal media and 5% DMSO, to prevent 

ice crystallisation during freezing which could damage cells. Approximately, 0.5 x 106 

cells/1.5ml to 1 x 106 cells/1.5ml, as determined by automatic counting, were transferred to a 

2ml cryogenic tube, and placed in the Nalgene® Mr. Frosty Freezing Container (Fisher 

Scientific), immersed in 2-Propanol. The cells were kept in the -80°C freezer for no longer than 

24 hours and transferred to liquid nitrogen, indefinitely. The Nalgene® Mr. Frosty Freezing 

Container allows the optimal conditions to preserve cells with a cooling rate close to -1°C per 

minute.  

 

2.2.1.3.  Mycoplasma detection  

An aliquot of media was collected from 80% confluent cells maintained in T75 flasks before 

sub-culturing and frozen at -20°C for future use with the assay. Detection of Mycoplasma 

contamination in growing cells was modified from the manufacturer’s instructions for the 

LookOut® Mycoplasma PCR Detection Kit (Fisher Scientific). Reagents and media were 

completely thawed before continuing with the kit and kept on ice. 100µl of media was heated 

at 95°C for 5 minutes to denature samples, using Fisherbrand™ Isotemp™ Digital Dry 

Bath/Block Heater (Product code: 15387928, Fisher Scientific), then kept on ice.  

To prepare the stock reaction mix, 22.5µl of Rehydration buffer and 0.5µl of JumpStartTM Taq 

DNA Polymerase with MgCl2 (2.5U/μL) (Sigma-Aldrich) was used per sample, including 

negative and positive controls. JumpStartTM Taq DNA Polymerase with MgCl2 is an inactivated 

antibody and a hot-start enzyme which has been manufactured to reduce non-specific 

amplification, whilst maximising product yield. At 70ºC, DNA polymerase activity is optimal and 

the polymerase chain reaction (PCR) result in a higher yield and specificity.  

23µl of reaction mix was added, per test reaction tube, to test samples and a negative control. 

The test reaction tubes are pre-coated with primers, deoxyribonucleotide triphosphates 

(dNTPs), internal DNA controls and gel loading buffer/dye. Half the number of test reaction 

tubes were used for the number of samples that were tested. The 23µl sample/negative control  
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mix was divided into two Eppendorf PCR tubes (11.5µl final volume). 1µl of media was added 

to the designated tube and 1µl of Nuclease-free water was added to the negative control tube. 

25µl of reaction mix was added to the positive control PCR reaction tube, which contains all 

components as listed above for test reaction tubes, in addition to non-infectious DNA 

fragments of Mycoplasma orale genome, prepared by PCR. The positive control mix was 

divided into two Eppendorf PCR tubes (12.5µl final volume). After each reagent was added, 

reaction tubes were centrifuged to ensure efficient mixing. To perform the PCR on the T100 TM 

Thermal cycler (Catalogue number:  186-1096, Bio-Rad), the following conditions were used 

in Table 2.3. 

Mycoplasma was detected using an 1.5% agarose gel. For preparation of the gel, buffers, 

running times and gel imaging, see section 2.2.3. Plates seeded from Mycoplasma negative 

media corresponding to the T75 flasks were used as experimental plates (Figure 2.2). 

Table 2.3. Settings for T100 TM Thermal cycler to perform PCR  

Settings 1 cycle 40 cycles Cool down 

Temperature 

(°C) 

94 94 55 72 4 

Time (seconds) 120 30 30 30 ∞ 

 

 

2.2.1.4. Cell viability assay  

To determine the cell titre and viability of cells seeded in 12-well plates, the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (Promega) was used. This colourimetric 

solution contains a tetrazolium compound called 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (MTS) and an electron 

coupling reagent called phenazine ethosulfate (PES). Due to its stability, PES combines with  

MTS to form a stable compound. The quantity of the formazan product, quantified by 490nm 

absorbance, is directly proportional to the number of living cells in cultured cells (Figure 2.3). 
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Figure 2.2. Image of an agarose gel from a Mycoplasma detection test. Two positive 

controls (on the left of the ladder) were run every gel that was prepared, with a band at 259bp 

and an additional band of the internal control at 481bp. One negative control (on the right of 

the ladder) was run every gel and showed a band at 481bp. Mycoplasma spp. from 260 + 8 

bp. All samples show bands at 481bp and therefore are a negative sample and Mycoplasma 

free. L: Ladder; bp: base pair. 

Positive 
controls 

L 

Negative 
control 

Samples 

481bp  

259bp  
  3 4 

Figure 2.3. The structure of MTS tetrazolium and its formazan product. MTS: 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt). 
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Media was discarded from the wells and 500µl of fresh media was added directly to cells per 

33µl of CellTiter 96® AQueous One Solution Cell Proliferation Assay. The cell culture plate 

was incubated at 37ºC, at 5% CO2, for 40 minutes. The media was collected and 180µl, in 

duplicates, were pipetted into a 96-well plate and absorbances were read at 490nm using the 

SPECTRAmax® 190 Microplate Spectrophotometer (Part number: 0112-0085, Molecular 

Devices Corporation), using SOFTmax PRO software. The readings were corrected to the 

blank well (containing no cells). 

To correct the samples from the blank:  

Average Sample Absorbance – Average Blank Absorbance 

To normalise cell titre data to the control:  

Absorbance of sample – Average absorbance readings of the control group 

2.2.2. Animal models 

All animal work as stated in sections 2.2.2.1, 2.2.2.2 and 2.2.2.3 was conducted by the 

technical staff at either the University of Southampton or the Medical Research Council Harwell 

Institute. 

 

2.2.2.1. Ethical approval  

All animal studies were either performed and approved by the University of Southampton or 

by the Medical Research Council Harwell Institute Animal Welfare and Ethical Review Board. 

All procedures were carried out within project license restrictions under the UK Animals 

(Scientific Procedures) Act 1986, issued by the UK Government Home Office.  

 

2.2.2.2. Animal husbandry  

All C57BL/6 mice used to carry out experimental procedures were maintained under a 12-hour 

light/dark cycle and a constant temperature of 22°C ± 2°C, with food and water available ad 

libitum. Mice were fed either a chow diet or high-fat (HF)-diet, to resemble that of a human 

‘western’ diet (Table 2.4.). 
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Table 2.4.  Nutritional composition of chow (C) and high-fat (HF)-diets 

 

% Kcal From 

10-week-old mice 30-week-old mice 

Chow (C) 

diet 

High-fat (HF)-

diet 

Chow (C) 

diet 

High-fat (HF)-

diet 

Fat 7 45 10 60 

Protein 18 20 20 20 

Carbohydrate 75 35 70 20 

 

 

2.2.2.3. Dissection of adipose tissue 

Whole adipose tissue including gonadal white adipose tissue (gWAT), inguinal white adipose 

tissue (iWAT), interscapular brown adipose tissue (iBAT) and pericardial adipose tissue (PAT), 

as well as the myocardium of the heart, represented in Figure 2.4 and Figure 2.5, were 

dissected from mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PAT 

Parietal 
Pericardium 

Figure 2.4. Location of PAT in mice. Adapted from Al-Dibouni et al., (2020). PAT: Pericardial 

Adipose Tissue.  
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2.2.3. Agarose gel 

As RNA, like DNA, is negatively charged, the fragments can be separated based on size in 

response to an electric charge. An agarose gel was used to determine the quality of RNA and 

for Mycoplasma detection tests. For both procedures, a 1.5% agarose gel was prepared as 

shown below. 

 

To prepare 100ml of 0.5M Ethylenediaminetetraacetic acid (EDTA) pH 8 for the Tris-Boric 

Acid-EDTA (TBE) buffer: 

 14.6g of EDTA was added to 75ml of double distilled water (ddH2O) and stirred vigorously 

on a magnetic stirrer with a magnet 

 Sodium hydroxide (NaOH) pellets were added until the EDTA powder had completely 

dissolved. EDTA will only fully dissolve once the pH reaches ~8 

 The pH was determined using the Fisherbrand™ accumet™ AE150 Benchtop pH Meter 

(Catalogue number: 13-636-AE151, Fisher Scientific). Acid/Alkali solutions were added to 

adjust the pH to ~8 and ddH2O was added to achieve a final volume of 100ml 

FRONT BACK 

Figure 2.5. Location of gWAT, iWAT, iBAT, PAT and Myocardium of the heart in mice. 

gWAT: gonadal White Adipose Tissue; iWAT: inguinal White Adipose Tissue; iBAT: 

interscapular Brown Adipose Tissue; PAT: Pericardial Adipose Tissue. 
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To prepare 1 litre of stock solution of 10X TBE buffer, the following were dissolved in 

800ml of ddH2O and the volume was adjusted to 1 litre with ddH2O: 

 108g of 89mM Tris Base ULTROL® Grade  

 55g of 89mM Boric acid  

 40ml of 0.5M EDTA  

 

To prepare 1 litre of working solution of 1X TBE buffer: 

 1-part 10X TBE buffer 

 9-parts ddH2O 

 

To prepare 5X BlueJuice Gel Loading Buffer from 10X BlueJuice Gel Loading Buffer, 

equal parts of 10X BlueJuice Gel Loading Buffer was diluted with ddH2O. 

 

To prepare stock concentration of 0.8mg/ml of Invitrogen™ 1 Kb Plus DNA ladder, 50µl 

of 5X BlueJuice Gel Loading Buffer was added to the stock solution of 250µg.  

 

To prepare RNA samples for loading, 2µl of RNA sample was diluted with 2µl of 5X 

BlueJuice Gel Loading Buffer and 6µl of ddH2O, to make a final volume of 10µl. 

 

To prepare 50ml of 1.5% agarose gel, 0.75g of Invitrogen™ UltraPure™ Agarose, which is 

ideal for separation analysis of RNA and DNA fragments from 500bp to 23,000bp, with no 

RNAse or DNAse activity, was added to 50ml of 1X TBE in an uncovered glass duran. This 

was heated in the microwave, in 30 second bursts and swirled each time, until the agarose 

powder had fully dissolved.  

 

Once the agarose gel solution had cooled, 2µl of Invitrogen™ SYBR™ Safe DNA gel stain 

was added per 50ml of agarose gel solution (1:25,000 dilution) for visualisation of RNA/DNA 

in the gel.   Invitrogen™ SYBR™ Safe DNA gel stain (Fisher Scientific) binds to nucleic acids  
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and fluoresces upon excitation. This is suitable for staining both RNA for integrity (Figure 2.6) 

and DNA for Mycoplasma detection (Figure 2.2) in agarose gels, detected by UV 

transilluminator systems.  It is a safer alternative and offers the same sensitivity of detection 

as ethidium bromide. The agarose gel solution containing the gel stain was poured into Scie 

Plas Easigel H1-SET Horizontal Gel Unit (Product code: 15825571, Fisher Scientific), with a 

1.5mm 20-well comb and boarders in place. Once the gel had set, the comb and boarders 

were removed, and 1X TBE buffer was poured over the gel until completely covered and below 

the ‘maximum’ line, as indicated by the apparatus. 2µl of the prepared Invitrogen™ 1 Kb Plus 

DNA ladder (0.5µg/µl) was added for all runs, with 10µl of sample added per lane. All gels 

were run at constant 80mA for 30 minutes, until the bands migrated 2.5cm down the gel. This 

was visualised using the Syngene™ G:BOX Chemi XX9 (Product code: 15859922, Fisher 

Scientific), and software GeneSys with chemiluminescent image capture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L 

Figure 2.6. Image of a non-denaturing agarose gel to determine the integrity of RNA 

after extraction from frozen adipose and heart tissue. Non-denaturing agarose gels do not 

give clear, distinct bands, however, is suitable for visualisation of the 28S rRNA and 18S rRNA 

bands (2:1 ratio of band width). Samples with visible 28S and 18S bands were considered to 

have intact total RNA and were used for cDNA synthesis and PCR analysis. Samples which 

showed almost invisible bands (1 and 2), due to low RNA yield and/or degraded RNA, appear 

as smears and were re-extracted from the original tissue for RNA. The sample may have been 

introduced to degradation either before, during or after tissue sampling, as well as, throughout 

the process of RNA isolation. L: Ladder; RNA: Ribonucleic acid; cDNA: Complementary 

deoxyribose nucleic acid; PCR: Polymerase chain reaction; 18S: 18 Svedberg; 28S: 

Svedberg. 

 18S 

Samples 

1 
2  28S 
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2.2.4. RNA isolation 

Extracting RNA from cell lysates and tissues allows the study of genes which have been 

expressed. These genes make cells diverse and relate to how cells respond to a specific 

stimulus, such as drug treatment. Messenger Ribonucleic Acid (mRNA) detection is essential 

to investigate gene expression and what specific proteins are synthesised from genes.  

To achieve purification of total RNA, it is essential to ensure the disruption of cell walls and 

membranes. This allows the release of RNA via homogenisation of cells or tissues to shear 

genomic DNA and other components in the cell. If these steps are not performed fully, this will 

result in a low yield of RNA.  

 

2.2.4.1. RNA isolation from cell lysates 

Isolation and homogenisation were performed using Qiagen’s RNeasy mini kit, as suggested 

by the manufacturer (Qiagen). The maximum amount of RNA that can achieved in this protocol 

is 100μg as determined by the binding capacity of the RNeasy spin columns. The RNeasy 

protocol allows RNA isolation and purification by using selective binding technology of silica-

based membranes and microspin technologies. Moreover, DNase digestion was not 

performed in the processing of cell lysates, as the silica membrane of RNeasy Mini spin 

columns remove the majority of DNA present in the sample after centrifugation. The Buffer 

RNeasy Lysis (RLT), a reducing agent, and Buffer RW1 have a high salt content, enabling a 

maximum of 100μl to bind to the membrane. The lysis buffer is stable at room temperature for 

one month. The presence of RNases, which degrade RNA, need to be inactivated. This is 

achieved by cell lysis and homogenisation using a denaturing buffer containing guanidine-

thiocyanate. If homogenisation is incomplete, this can result in a low yield of RNA isolated from 

the sample. The addition of ethanol allows efficient binding of samples to the membrane of the 

RNeasy Mini spin columns, with contaminants being washed away. 
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To prepare 10ml of 1M Dithiothreitol (DTT) stock solution, 1.54g of DTT was dissolved in 

10ml ddH2O by vortexing and was aliquouted in 1ml Eppendorf tubes and kept at -20ºC for 

storage. 

To prepare 10ml of Buffer RLT and 1M DTT: 

 10ml of Buffer RLT 

 400μl of 1M DTT 

 

To prepare Buffer RPE, add 4 volumes of 100% ethanol, as specified depending on size of 

kit.  

 

6-well plates were used to seed experiments as this provides the optimal number of cells for 

isolation of RNA and to achieve a sufficient yield. After discarding media, cultured cells were 

washed with 1ml PBS. Cells were collected with 350μl of RNA lysis buffer (40μl of 1M DTT per 

1ml Buffer RNeasy Lysis (RLT)) by pipetting and aspirating multiple times around the well to 

collect the cells. Cell lysates were collected into an Eppendorf tube and stored at -80°C for 

future use or kept on ice to continue with the procedure. Cell lysate homogenisation was 

achieved by using a BD™ Microlance™ Stainless Steel Needles (25G 25mm) attached to a 

BD Plastipak Syringe (1ml) and passing through the sample 10 times.  

350μl of 70% ethanol was added to the homogenised sample and mixed well by pipetting. The 

supernatant was transferred to a RNeasy Mini spin column in a 2ml Collection Tube and 

centrifuged at 8,900rpm for 20 seconds at 20°C to 25ºC. The flow-through was discarded and 

the collection tube was re-used, unless stated otherwise. Any volume that remained in the 

RNeasy Mini spin column was centrifuged again, as stated earlier. 700μl of Buffer RW1 was 

added to the column and centrifuged at 8,900rpm for 20 seconds at 20°C to 25ºC. The flow-

through was discarded. 500μl of Buffer RPE was added to the column and centrifuged at 

8,900rpm for 20 seconds at 20°C to 25ºC. The flow-through was discarded. 500μl of Buffer 

RPE was added to the column and centrifuged at 8,900rpm for 2 minutes at 20°C to 25ºC. The 

RNeasy Mini spin column was transferred to a new 2ml Collection Tube and centrifuged at  
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8,900rpm for 1 minute at 20°C to 25ºC. The RNeasy Mini spin column was transferred to a 

1.5ml Eppendorf tube and 30μl of Nuclease-free water was added and centrifuged at 8,900rpm 

for 1 minute at 20°C to 25ºC. The RNeasy Mini spin column was disposed and the flow-through 

contained the RNA of the sample.  

 

2.2.4.2. RNA isolation from frozen tissue 

Animal tissues are not protected from degradation after harvesting until the tissue sample is 

flash-frozen or homogenised in reagents that inhibit RNases or denaturing substances. If this 

does not occur, unwanted gene expression alternations will progress, therefore immediately 

freezing samples at a low temperature of -80ºC is vital in maintaining RNA integrity and quality. 

When processing samples for RNA, tissues should be harvested as quickly and efficiently as 

possible, therefore it is best to estimate the weight of tissue being used, to avoid thawing 

samples when handling and initially weighing the sample. To preserve tissue integrity, samples 

were placed on a pre-cooled petri dish, on top of dry ice to ensure low temperatures were 

maintained, and cut for isolation of RNA, triglycerides, and protein. If the sample thaws too 

much, this may result in RNA degradation and skewed results when performing RT-qPCR.  

Homogenisation was achieved with TRI™ Reagent Solution and MP BiomedicalsTM  Lysing 

Matrix D tubes, agitated by MP Biomedicals™ FastPrep-24™ 5G Instrument (Product code: 

15260488, Fisher Scientific). MP BiomedicalsTM Lysing Matrix D tubes (Fisher Scientific) 

contains 1.4mm ceramic spheres to help disrupt the sample with agitation with TRI™ Reagent 

Solution, when using a homogenising instrument. Simultaneous disruption and 

homogenisation of the sample occurs when the spheres hit the cells to shear the tissue. TRI™ 

Reagent Solution is composed of a mixture of guanidine-thiocynate and phenol to extract and 

homogenise RNA, DNA and protein from tissue samples, while inhibiting the activity of 

RNases. This is a reliable technique to isolate RNA from tissue samples larger than ~5 mg. 

The MP Biomedicals™ FastPrep-24™ 5G Instrument is optimised to disrupt and homogenise 

cells while colliding Lysing Matrix Beads in contact with the sample to isolate stable RNA by 

disrupting cells and releasing RNA.   
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To disrupt and homogenise mouse adipose tissue and heart samples, the MP Biomedicals™ 

FastPrep-24™ 5G Instrument (Product code: 15260488, Fisher Scientific) was used. 1ml of  

TRI™ Reagent Solution (Fisher Scientific) was added to samples in a 2ml MP BiomedicalsTM  

Lysing Matrix D tube (Fisher Scientific) on a specific setting stated in Table 2.5. 

Homogenisation was performed 1 to 3 times or until the tissue had completely homogenised. 

Tissues such as the heart may have a low yield due to the make-up of this connective tissue. 

 

Table 2.5. Programme settings for the MP Biomedicals™ FastPrep-24™ 5G Instrument 

to disrupt and homogenise mice tissue 

Mouse sample type Speed 

(m/s) 

Adapter Time (seconds) Lysing matrix 

Adipose tissue 6.0 QuickPrep 40 D 

Heart 6.0 QuickPrep 30 D 

 

The homogenate was transferred to a clean Eppendorf tube. 200μl of chloroform per 1ml of 

TRI™ Reagent Solution was added to allow the phases to separate after centrifugation.  

Samples were vortexed vigorously for ~15 seconds (samples should resemble a cloudy pink 

appearance) and left to stand at room temperature for 5 minutes for nucleoproteins to 

separate. The sample was centrifuged at 13,000rpm for 15 minutes at 2°C to 8°C. If vortexing 

is not vigorous enough, the yield of RNA may be low. After centrifugation, the sample 

separates into 3 layers. The top layer is a clear aqueous phase containing RNA (desired phase 

for this protocol), the middle layer is the interphase containing DNA and the bottom layer is the 

organic phase (red phenol-chloroform phase), containing proteins and lipids (Figure 2.7). After 

centrifugation, if the sample did not separate into 3 distinct layers, or the layers were inverted, 

the sample was vortexed and was transferred into 2 clean Eppendorf tubes. 500μl TRI™ 

Reagent Solution were added to each tube and were vortexed and centrifuged as stated 

before. 
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For RNA isolation, the supernatant was collected into a clean Eppendorf tube. The supernatant 

was collected carefully without interfering with the interphase layer, as this could lead to a 

reduction in purity of RNA. 500µl of 2-Propanol per 1ml of TRI™ Reagent Solution was added 

to the supernatant to precipitate the RNA from the aqueous phase. Samples were inverted 

gently before centrifuging at 13,000rpm for 10 minutes at 2°C to 8°C. The supernatant was 

discarded, and the pellet was washed with 1ml 75% ethanol per 1ml of TRI™ Reagent. The 

solution was washed by vortexing briefly.  The sample was then centrifuged at 13,000rpm for 

5 minutes at 2°C to 8°C. The supernatant was discarded and the pellet was air-dried for 30 

minutes at room temperature before diluting and solubilizing the pellet with Nuclease-free 

water. Depending on pellet size, the amount of Nuclease-free water used to dissolve the pellet 

varied between 10µl to 100µl. Dissolving the pellet with Nuclease-free water based on size 

ensured accurate readings on the Nanodrop ND-1000 spectrophotometer V3.5 (Fisher 

Scientific) and RNA concentrations were no more that 1500ng/µl, to avoid pipetting extreme 

small amounts for cDNA synthesis. 

 

2.2.4.3. RNA quantification 

To quantify RNA to determine the amount of total RNA for gene expression analysis 

procedures, the Nanodrop ND-1000 spectrophotometer V3.5 (Fisher Scientific) was used 

(Figure 2.8). The concentration of RNA (ng/µl) present in a sample was determined by 

measuring the absorbance between 260nm and 280nm by UV spectroscopy as calculated  

 

Figure 2.7. The separated layers of RNA, DNA and Protein after 

centrifugation of homogenised tissue with TRI™ Reagent 

Solution and chloroform. RNA: Ribonucleic acid; DNA: 

Deoxyribose nucleic acid. 
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using Beer-Lambert’s law. An absorbance at 260nm (A260) reading of 1.0 equates to ~40 

µg/ml of single-stranded RNA.  The A260/A280 ratio is used to determine the purity of RNA, 

with a ratio of ~2.0, indicating RNA with high purity. If the ratios are lower, this may indicate 

presence of phenol, protein or other contaminants that may absorb ~280nm. The A260/A230 

ratio is another test for purity of RNA. After initialising the instrument, a blank is read. This is 

1µl of elution buffer, in this case Nuclease-free water. This reading is a reference and when a 

sample is measured, the light intensity transmitted through the sample is recorded, using the 

following calculation, computed by the machine: 

 

Beer-Lambert’s law to correlate absorbance with concentration: 

Absorbance = -log (Intensity of the sample/Intensity of the blank) 

A = E * b * c 

A: absorbance; E: wavelength-dependent molar absorptivity coefficient (litre/mol-cm); b: path 

length (cm); c: molarity (M) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. B. C. 

Figure 2.8. Use of Nanodrop ND-1000 spectrophotometer V3.5. 1µl of sample/blank is 

pipetted on the receiving fibre of the lower pedestal (A-B). When the sampling arm is lowered 

with the source fibre and ‘measure’ is selected on the software on the connected computer, 

this initiates a spectral measurement with a pulsed xenon lamp providing a source of light. The 

spectrometer uses a linear charged-couple device to analyse light passing through the sample 

(C). The detection limit for RNA is between 2ng/µl and 3000ng/µl. RNA: Ribonucleic acid 
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2.2.5. cDNA synthesis  

The Applied Biosystem™ High-Capacity cDNA Reverse Transcription Kit allows the reverse 

transcription of 2µg of total RNA to be synthesised to single stranded cDNA in a total reaction 

volume of 20µl, for subsequent qPCR procedures. The random primer method was used to 

initiate the synthesis of cDNA and to ensure the synthesis of the first strand ensues efficiently.   

Via reverse transcription, DNA is synthesised from an RNA template to produce cDNA. 

Complementary DNA (cDNA) is superior to RNA in stability and its resistance to degradation, 

thus is used to perform a polymerase chain reaction (PCR), being amplified during the process.   

Reverse transcription uses a short primer, which is complementary to the 3’ end of RNA, and 

an RNA template to directly synthesis the first strand of cDNA. This can be used immediately 

as a template for PCR. This allows the detection of a low yield of RNA in samples and 

amplification of cloning gene copies.  

To ensure that RNA has no RNase activity, Invitrogen™ RNaseOUT™ Recombinant 

Ribonuclease Inhibitor (40U/µL) was added to the reaction mix (Table 2.6). This inhibitor is 

active against RNases A, B and C and protects mRNA, whilst improving the total yield and 

length of cDNA. 

Total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit 

(Fisher Scientific), following the instructions as suggested by the manufacturer. The following 

conditions in Table 2.7 were used to synthesise 500ng and 1000ng cDNA, using the T100TM 

Thermal cycler (Catalogue number:  186-1096, Bio-Rad). Samples and controls were prepared 

in PCR tubes, using the master mix stated in Table 2.6, and the volume of Nuclease-free water 

was adjusted depending on the concentration of RNA. A negative template control (NTC) was 

prepared by adding the master mix and Nuclease-free water, to act as a general control for 

nucleic acid contamination.  A no reverse transcriptase control (NRT) was prepared by adding 

master mix, without the MultiScribe™ Reverse Transcriptase, plus an RNA sample. This 

control determines if there is any DNA contamination which may have occurred during RNA 

isolation.  
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Table 2.6. Preparation for 1X Reverse Transcription (RT) master mix 

 

 

Table 2.7. Settings for T100TM Thermal cycler to perform cDNA synthesis 

Settings Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time (minutes) 10 120 5 ∞ 

 

 

To prepare a total volume of 500ng of cDNA in 20µl: 

500(ng)/RNA concentration (ng/µl). For example, 500(ng)/800(ng/µl) = 1.2µl of RNA needed. 

In a PCR tube, add 14.3µl of master mix, plus 1.2µl of RNA and adjust volume with Nuclease-

free water to 20µl, in this case, 4.5µl.  

 

 

 

 

Component Volume (µl) 

10X RT Buffer 2.0 

25X dNTP Mix (100mM) 0.8 

10X RT Random Primers 2.0 

MultiScribe™ Reverse 

Transcriptase (50U/μl) 

1.0 

Invitrogen™ RNaseOUT™ Recombinant Ribonuclease Inhibitor 

(40U/µl) 

0.5 

Nuclease-free water 8.0 

Total volume 14.3 
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2.2.6.  RT-qPCR  

Real Time quantitative Polymerase Chain Reaction (RT-qPCR) is used to study the changes 

in gene expression of cDNA in samples. The genes expressed document the static event that 

has happened in the cell and is associated with mRNA level changes.  

A two-step RT-qPCR was performed for gene expression analysis (Figure 2.9). This involved 

a multitude of DNA denaturation cycles at certain temperatures to increase the number of gene 

copies. In RT-qPCR, fluorescent reporters monitor the PCR product, with the amount of 

fluorescence emitted from the fluorophore proportional to the amount of amplicon.  

The Applied Biosystems™ TaqMan™ Gene Expression Assays (Table 2.8) used in PCR 

contain a reporter dye, in this case FAM™. This is linked to a non-fluorescent quencher (NFQ), 

at the 5’ end. A minor groove binder (MGB) is located at the 3’ end of the probe and is attached 

to the NFQ (Figure 2.10). 

In PCR, there are three phases that occur, including exponential, linear and plateau. The 

exponential phase provides the most accurate quantitative data output. During this phase, the 

MyiQ™ Single-Colour Real-Time PCR Detection System (Catalogue number: 170-9740, Bio-

Rad) detects the fluorescence and calculates the threshold. The threshold is the detection 

level that achieves a fluorescent intensity above the background. When the sample reaches 

this threshold, this is termed the cycle threshold (Ct). As soon as the exponential phase is 

reached, the threshold is drawn manually of accuracy for each sample (Figure 2.11). The filter-

based optical design of PCR allows the optimum light wavelength for excitation and emission, 

allowing optimal discrimination between fluorophores.   
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Figure 2.9. Two-step RT-qPCR.  Reverse transcription and PCR amplification steps are 

performed in separate reactions. This is a useful process for detecting a variety of gene 

transcripts from a sample. The reverse transcription is initially primed with random primers, 

which bind across the length of mRNA, resulting in RNA being transcribed. RT: Real Time; q: 

quantitative; PCR: Polymerase Chain Reaction; (m)RNA: (messenger) ribonucleic acid. 
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Figure 2.10. The chemistry behind TaqMan probe-based assays. R: Fluorescent reporter; 

NFQ: Non-fluorescent quencher; MGB: Minor groove binder 
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Table 2.8. Concentration of Applied Biosystems™ TaqMan™ Gene Expression Assay 

FAM-MBG 

Concentration 

Forward primer Reverse primer Probe 

1X 20X 1X 20X 1X 20X 

900nM 18µM 900nM 18µM 250nM 5µM 

 

To prepare cDNA for PCR: 

For example, to prepare 30ng of cDNA (6ng/ul) from 500ng/20µl 

C: concentration; V: volume  

C1V1 = C2V2 

500ng x 5µl = 30ng x V2 

(500ng x 5µ) / 30ng = V2 

83.3µl = V2 final volume 

 83.3µl - 20µl = 63µl of Nuclease-free water needed to dilute sample  

 

Figure 2.11. RT-qPCR amplification output graph.  RT-qPCR: Real time-quantitative 

Polymerase Chain Reaction; RFU: Relative Fluorescence Units; Ct: Cycle threshold 
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Each well of a Thermo Scientific™ PCR Plate (96-wells) contained 5µl of diluted cDNA and 

15µl of the master mix, as stated in Table 2.9. Plates were sealed with sealing tape and 

centrifuged for 2 minutes at 1200rpm. Any bubbles after centrifugation were removed, as these 

disturb results, by flicking the bottom of the wells. Plates prepared throughout the day were 

kept in the fridge for later use. qPCR Probe Mix No-ROX (PCR biosystems) was used to 

determine the expression of genes of 30ng cDNA on the MyiQ™ Single-Colour Real-Time 

PCR Detection System (Catalogue number: 170-9740, Bio-Rad) with the following conditions 

stated in Table 2.10. The fold change in mRNA was calculated by the comparative method 

(2−ΔΔ Ct method) (Pfaffl, 2001) and using a housekeeping gene to normalise the data for all 

samples. Readings were prepared in duplicates (20µl per reaction).  

 

2−ΔΔ Ct method is as follows: 

1) To determine ΔCt: Mean Ct of target gene – Mean Ct of housekeeping gene 

2) To determine ΔΔCt: ΔCt of sample – Mean ΔCt of control group 

3) To determine 2−ΔΔCt (fold change in mRNA expression): 2^-ΔΔCt 

 

Table 2.9. Preparation for cDNA synthesis mix 

Reagent Per reaction (µl) 

Template cDNA (~30ng) 5 

Applied Biosystems™ TaqMan™ Gene Expression Assay FAM-

MBG 

0.8 

2x qPCRBIO Probe Mix 10 

Nuclease-free water 4.2 

Final volume 20 
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Table 2.10. Settings for MyiQ™ Single-Colour Real-Time PCR Detection System to 

perform RT-qPCR 

Settings 1 cycle 40 cycles 40 cycles 

Temperature (°C) 95 95 60 

Time (seconds) 120 5 25 

 

2.2.7. Triglyceride extraction 

Triglycerides (TGs) are esters which are derived from a chain of three fatty acids and one 

glycerol molecule. They are the main components of vegetable oils, adipose tissue in animals 

and cholesterol, playing a vital role in energy metabolism.  Elevated levels of TGs are 

associated with metabolic diseases such as cardiovascular disease.  

 

2.2.7.1. Triglyceride extraction from cell lysates  

Experiments were seeded in a 6-well plate for TG extraction to provide an optimal number of 

cells for sufficient TG yield. Media was discarded and cells were washed with 1ml PBS. 90µl 

of a non-ionic emulsifier and surfactant to solubilize proteins, 5% TritonTM X-100, was added 

to the wells. Cell lysates were harvested by scrapping the cells with a cell scraper.  

TG content was determined using Triglyceride Reagent (TR) and Free Glycerol Reagent 

(FGR) (Table 2.11), using the protocol as recommended by Sigma’s Serum Triglyceride 

Determination Kit (Catalogue number: TR0100). This kit quantitatively measures the amount 

of TGs at an absorbance of 540nm. As TGs do not occur freely, but are bound to surface 

proteins, this method involves enzymatic activity to determine TG quantification as 

demonstrated in Figure 2.12.  TR includes lipases to hydrolyse TG to glycerol and FGR uses 

coupled enzyme reactions which cause an increase in absorbance, directly proportional to 

glycerol concentration.  This is essential to detect hydrolysed TGs by colourimetric 

assessment.  
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To perform the Serum Triglyceride Determination Assay: 

FGR is reconstituted with 40ml of ddH2O and TR is reconstituted with 10ml of ddH2O and 

mixed by inversion. These reagents, as well as the UltraPure™ Glycerol stock solution, are 

stored at 4ºC, but must equilibrate to room temperature before performing the assay,  

 

To prepare 1ml of 5% TritonTM X-100. The solution was vortexed until TritonTM X-100 was 

fully dissolved: 

 50µl of TritonTM X-100 

 950µl of ddH2O  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To prepare UltraPure™ Glycerol (density of 1.26 g/ml) stock concentration of 136.8mM 

(12.6mg/ml) (1:100 dilution), dilute 0.5ml of UltraPure™ Glycerol in 49.5ml of ddH2O. 

 

To prepare UltraPure™ Glycerol working concentration of 2.85mM (0.26mg/ml) (1:50 

dilution), dilute 0.1ml of 136.8mM UltraPure™ Glycerol stock solution in 4.7ml of ddH2O. 

 

Figure 2.12. Triglyceride Assay Enzymatic Reaction. ATP: Adenosine triphosphate; GK: 

Glycerol kinase; G-1-P: Glucose-1-phosphate; ADP: Adenosine diphosphate; O2: Oxygen; 

GPO: Glycerol phosphate oxidase; DAP: dihydroxyacetone phosphate; H2O2: Hydrogen 

peroxide; 4-AAP: 4-aminoantipyrine; ESPA: sodium N-ethyl-N-(3-sulfopropyl); POD: 

Peroxidase; H2O: water. 
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Table 2.11. Preparation of reagents for Triglyceride extraction from cell lysates 

Volume (µl) per 

sample 

Triacylglycerol Working 

Reagent (TWR) 

Triacylglycerol Reagent 

Blank (TRB) 

FGR 320 320 

TR 80 N/A 

ddH2O N/A 80 

 

Cell lysate homogenisation was achieved by using BD™ Microlance™ Stainless Steel Needles 

(25G 25mm) attached to a BD Plastipak Syringe (1ml) and passing through the sample 10 

times. The homogenised solution was heated to 95°C for 5 minutes to denature samples and 

vortexed for 2 seconds and heated again for 10 minutes at 95°C using Fisherbrand™ 

Isotemp™ Digital Dry Bath/Block Heater (Product code: 15387928, Fisher Scientific). This was 

repeated once more. The samples were then centrifuged for 5 minutes at 14,000rpm and the 

supernatant was collected. 400µl of TWR and 4µl of ddH2O (blank), standard or samples were 

prepared in Eppendorf tubes. 400µl of TRB and 4µl of ddH2O (blank), standard or samples 

were prepared in Eppendorf tubes. This was incubated for 5 minutes at 37ºC in an incubator. 

180µl from each Eppendorf tube was pipetted into a 96-well micro test plates (F-bottom) in 

duplicates and absorbances were read at 540nm on SPECTRAmax® 190 Microplate 

Spectrophotometer (Part number: 0112-0085, Molecular Devices Corporation), using 

SOFTmax PRO software. All values were corrected to the blank absorbance and TG 

concentration was normalised to total cellular protein concentration, as determined by 

bicinchoninic acid (BCA) method (see section 2.2.9). 

To determine all readings, the average absorbance for each blank, standard and sample were 

calculated. To correct the readings, the average absorbance reading of the blank was 

subtracted from the average absorbance reading for standards and samples.  
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Calculations to determine TG content: 

Total TG concentration (equivalent triolein concentration):  

((Average Sample Absorbance – Average Blank Absorbance) * 2.5 mg/ml triolein)) /                                      

(Average Standard Absorbance – Average Blank Absorbance) 

Glycerol concentration (equivalent triolein concentration): 

((Average Sample Absorbance – Average Blank Absorbance) * 2.5 mg/ml triolein)) /  

(Average Standard Absorbance – Average Blank Absorbance) 

To determine the true TG concentration:  

Total TG concentration (mg/ml) - Glycerol concentration (mg/ml) 

To convert equivalent triolein concentration from mg/ml to mM, the concentration (mg/ml) is 

multiplied by 1.13. 

To normalise TG concentration to protein, the determined protein concentration (µg/µl) was 

multiplied by 100 (µg) and TG (mM) was divided by protein (µg). These values should be lower 

than 10mg/ml as the Triglyceride Reagent is linear.  

2.2.7.2. Triglyceride extraction from frozen heart tissue  

Triglyceride concentrations from frozen heart tissue was determined (colourimetric detection) 

using the Triglyceride Quantification Kit (Sigma-Aldrich). TGs are converted to free fatty acids 

and glycerol, which is then oxidised to produce a colourimetric product, to detect between the 

range of 2mM and 10,000mM TGs. Before use, vials were centrifuged briefly, and the 

Triglyceride Assay Buffer was equilibrated at room temperature. The Triglyceride Probe was 

warmed at 37ºC for 5 minutes to melt the solution, prior to use.  The Triglyceride Enzyme Mix 

was reconstituted with 220µl of Triglyceride Assay Buffer. The lipase solution was 

reconstituted in 220µl of Triglyceride Assay Buffer.  

The Triglyceride Standard solution vial was placed in the Fisherbrand™ Isotemp™ Digital Dry 

Bath/Block Heater (Product code: 15387928, Fisher Scientific), at 100ºC for 1 minute. The  
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solution turned cloudy in appearance. This was vortexed for 30 seconds until the solution 

became clear. The heating and vortexing steps were repeated once more. The values obtained 

from the Triglyceride standard, as prepared in Table 2.12, was used to plot a standard curve 

(Figure 2.13). The amount of the TG present in the samples and blanks (Table 2.13), in 

duplicates, was determined from the curve.  

To prepare 5% Nonidet P-40 (NP-40) Substitute conc: 

0.5ml of NP-40 was added to 9.5ml of ddH2O and vortexed.  

 

To prepare 500µl 0.2mM standard solution in Eppendorf tubes from Triglyceride 

standard stock (1mM): 

 100µl of Triglyceride standard  

 400µl of Triglyceride Assay Buffer 

Frozen heart tissue extracts of ~20mg were sectioned and transferred to a MP BiomedicalsTM 

Lysing Matrix D tube in a solution of 200µl 5% Nonidet P-40 (NP-40) Substitute conc, used to 

solubilise membrane proteins. This was homogenised using the MP Biomedicals™ FastPrep-

24™ 5G Instrument (Product code: 15260488, Fisher Scientific) and settings stated in Table 

2.5.  The homogenised sample was transferred to a clean Eppendorf tube, heated to 90°C for 

5 minutes, using Fisherbrand™ Isotemp™ Digital Dry Bath/Block Heater (Product code: 

15387928, Fisher Scientific) until the NP-40 substitute became cloudy. Samples were cooled 

to room temperature for 5 minutes. The heating process was repeated once more to solubilize 

triglycerides. Samples were centrifuged for 2 minutes at 14,000rpm and supernatants 

containing the triglycerides were collected and diluted 10-fold.  

The NuncTM MicroWellTM 96-Well Microplate was incubated for 60 minutes at room 

temperature, protected from light and absorbances were read at 570nm on the 

SPECTRAmax® 190 Microplate Spectrophotometer (Part number: 0112-0085, Molecular 

Devices Corporation) using SOFTmax PRO software. Readings were performed in duplicates. 
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Table 2.12. Preparation of Triglyceride standard curve from 0.2mM standard solution 

Nmole/well 0.2mM standard 

solution (µl) 

Triglyceride Assay 

Buffer (µl) 

Final volume 

added to wells (µl) 

0 0 150 50 

2 30 120 50 

4 60 90 50 

6 90 60 50 

8 120 30 50 

10 150 0 50 

 

To prepare 50µl of Master Reaction Mix per reaction: 

 46µl of Triglyceride Assay Buffer  

 2µl of Triglyceride Probe 

 2µl of Triglyceride Enzyme Mix 

All values were corrected to the blank absorbance and TG concentration was normalised to 

the depot weight.  

 

Table 2.13.  Preparation of blank and samples for Triglyceride quantification  

 Volume per 

sample (µl) 

Triglyceride 

Assay Buffer 

(µl) 

Lipase (µl) Final volume 

(µl) 

Blank (5% 

NP-40) 

10 42 0 52 

Sample 

(1:10) 

10 40 2 52 

 

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 75 

 

Calculations to determine TG content: 

To determine all readings, the average absorbance for each blank, standard and sample were 

calculated. 

To correct the samples from the blank:  

Average Sample Absorbance – Average Blank Absorbance 

To determine amount of TG (nmole) in samples determined from standard curve: 

Corrected Absorbance / Slope of line 

To determine concentration of TG (nmole/µl): 

Amount of TG in sample (nmole) from standard curve / Sample volume added into wells  

 

This value is then multiplied by the dilution factor, i.e. 10. To convert equivalent triolein 

concentration from nmole/µl to ng/µl, the concentration (nmole/µl) is multiplied by the TG 

(triolein) molecular weight, 885.4g/mole.  TG concentration (ng/µl) was divided by depot weight 

(~20mg). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Triglyceride standard curve for colourimetric detection. The standard curve 

was prepared by plotting the value of the average blank minus the corrected 570nm read-out 

for each Triglyceride standard versus concentration (nmole/well). The standard curve was 

used to determine the Triglyceride concentration of each unknown sample. 
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2.2.8. Protein extraction from frozen gonadal white adipose tissue 

Genes contain the material and information to produce proteins with specific structures to carry 

out functions in the cell. Unlike research into gene expression analysis, protein analysis is 

more complex due to the diversity of proteins’ structure. 

 

To prepare 10X Protease/Phosphatase Inhibitors (4°C), stored at -20°C when diluted: 

 1 tablet in 1ml ddH2O 

 

To prepare 1X RIPA lysis buffer, stable for 1 month at 4°C: 

 100µl of 10X RIPA buffer (4°C) 

 100µl of 10X Thermo Scientific™ Pierce™ Protease Inhibitor Mini Tablet 

 100µl of 10X Thermo Scientific™ Pierce™ Phosphatase Inhibitor Mini Tablet  

 Adjust volume to 1ml with ddH2O 

 

To lyse tissues for the extraction of protein, 5µl of cold 1X Radioimmunoprecipitation assay 

(RIPA) buffer, containing Thermo Scientific™ Pierce™ Protease Inhibitor Mini Tablets and 

Thermo Scientific™ Pierce™ Phosphatase Inhibitor Mini Tablets, to prevent proteolysis and 

maintain the phosphorylation status of proteins, per 1mg of gonadal white adipose tissue 

(gWAT) was used. Samples were vortexed, embedded in ice and sonicated at 60% amplitude, 

10 seconds on and 10 seconds off for 1 minute on ice using Sonics Vibra-Cell Autotune series 

high intensity ultrasonic processor (Model CV18, Serial Number 9733, Sonics). This process 

was repeated two more times (or until full homogenisation) and vortexed between sonication 

cycles. Samples were centrifuged between 2°C to 8°C at 13000rpm for 30 minutes. The 

supernatant was collected for protein quantification using Thermo ScientificTM  PierceTM  BCA 

Protein Assay Kit, read at 562nm, using the SPECTRAmax® 190 Microplate 

Spectrophotometer (Part number: 0112-0085, Molecular Devices Corporation) and SOFTmax 

PRO software. 
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2.2.9. Protein quantification 

The concentration of protein levels in a sample were determined using the Thermo ScientificTM  

PierceTM  BCA Protein Assay Kit by colourimetric product. This kit combines the reduction of 

Cu2+ to Cu1+ protons and the colourimetric detection of cuprous cation (Cu1+) by bicinchoninic 

acid (BCA). Firstly, the biuret reaction is achieved by peptides in proteins forming a coloured 

complex with cupric ions in an alkaline environment. Secondly, BCA reacts with the reduced 

cation (Cu1+) to form a purple/blue coloured reaction. This displays a strong positive linear 

absorbance at 562nm. 

Preparation of blanks, samples and albumin standards (ratio to working reagent (WR) of 1:8) 

were prepared as stated in Table 2.14 and Table 2.15. Protein concentration of samples were 

determined using a standard curve (Figure 2.14). Tubes were mixed well by inversion and 

incubated for 30 minutes at 37ºC. After incubation, 180µl of blank, standards and samples 

were pipetted in duplicates in a 96-well plate. The plate was read at 562nm with the 

SPECTRAmax® 190 Microplate Spectrophotometer (Part number: 0112-0085, Molecular 

Devices Corporation), using SOFTmax PRO software. 

 

Calculations to determine protein concentration: 

To correct the samples from the blank:  

Average Sample Absorbance – Average Blank Absorbance 

To determine amount of protein (µg/µl) in samples determined from standard curve: 

(Corrected Absorbance /Slope of line)/volume of blank or sample (2.5µl)) 

To prepare the working reagent (WR), mix 50 parts of Reagent A with 1 part of Reagent B 

(1:50) 

 

 

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 78 

 

Table 2.14.  Preparation of Bovine Serum Albumin (BSA) standards from 2mg/ml 

Albumin Standard 

Concentration 

(µg/ml) 

ddH2O (µl) 2mg/ml Albumin 

Standard (µl) 

Concentration (µg) 

in 2.5µl 

0  80.00 0.00 0.00 

20 79.20 0.80 0.50 

50 78.00 2.00 1.25 

100 76.00 4.00 2.50 

200 72.00 8.00 5.00 

400 64.00 16.00 10.00 

800 48.00 32.00 20.00 

1000 40.00 40.00 25.00 

1200 32.00 48.00 30.00 

 

 

Table 2.15.  Preparation of blanks, samples and standards for protein quantification 

 Volume (µl) Working reagent 

(µl) 

ddH2O (µl) 

Blank (lysis buffer) 5 400 45 

Standard 50 400 0 

Sample 5 400 45 
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2.2.10. Western blot  

Western blots (Burnette, 1981) are used to detect the abundance of desired proteins by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Smaller proteins migrate 

at a faster rate than larger proteins, with polyacrylamide acting as a mesh for this separation 

to occur. SDS binds to proteins and with the help of reducing agents, such as DTT, disulphide 

bonds are cleaved to result in an unfolded, linear negatively charged protein. Once this occurs, 

the polypeptides are transferred to a nitrocellulose membrane via immunoblotting and an 

electric current. Next, the membrane is blocked to prevent non-specific binding of antibodies 

in the following antibody incubation stages.  

 

 

Figure 2.14. Protein standard curve for colourimetric detection. A standard curve was 

prepared by plotting the value of the average blank minus the corrected 562nm read-out for 

each albumin standard versus the concentration (μg). The standard curve was used to 

determine the protein concentration of each unknown sample. 
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To prepare 10% running gel (per gel): 

 2ml of ddH2O 

 1ml of Alfa Aesar™ Acrylamide/Bisacrylamide 37.5:1, 40% soln 

 1ml of 1.5M Tris (pH 8.8) 

 40µl of 10% SDS 

 20µl of 10% APS 

 6.7µl of TEMED 

 

To prepare the stacking gel (stored at 4°C): 

 6ml of Alfa Aesar™ Acrylamide/Bisacrylamide 37.5:1, 40% soln 

 6.25ml of 1M Tris (pH 6.8)  

 250µl of 20% SDS  

 Adjust volume to 50ml with ddH2O 

 

To prepare the working stacking gel, 2ml of refrigerated stacking gel was used with the 

addition of APS and TEMED (same volume as the running gel). 

 

To prepare 1X Running Buffer: 

 6g of Tris base (final concentration of 0.005M) 

 28.8ml of Glycine (final concentration of 0.04M) 

 10ml of 10% SDS (final concentration of 1%) 

 Adjust volume to 1L with ddH2O 
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To prepare 5X Loading Buffer (stored at -20°C):  

 3.2ml of Tris 1M (pH 6.8) (final concentration of 320mM) 

 1g of SDS (final concentration of 10%) 

 5ml of Glycerol (final concentration of 50%) 

 25mg of Bromophenol blue (final concentration of 0.25%) 

 Adjust volume to 10ml with ddH2O 

Add 100µl of 1M DTT per 1ml 5X Loading Buffer 

 

To prepare 1X Transfer/Blotting Buffer: 

 3g of Tris base (final concentration of 0.012M) 

 14.4g of Glycine (final concentration of 0.10M) 

 10ml of 10% SDS (final concentration of 0.1%) 

 200ml of Methanol (final concentration of 10%) 

 Adjust volume to 1L with ddH2O 

 

To prepare 10X Tris-Buffered-Salines (TBS) (pH 7.6) 

 2.42g of Tris base 

 8g of Sodium Chloride (NaCl) 

 Adjust pH to 7.6 with hydrochloric acid (HCL) 

 Adjust volume to 100ml with ddH2O 

 

To prepare Washing Buffer (1X TBS-T): 

 10ml of 10X TBS  

 500µl of 20% TWEEN® 20  

 Adjust volume to 100ml with ddH2O 
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To prepare Milk Blocking Buffer:  

 5ml of 10X TBS (final concentration of 1X TBS) 

 250µl of 20% Tween-20 (final concentration of 0.1%) 

 2.5g of non-fat (skimmed) dry milk  (final concentration of 5%) 

 Adjust volume to 50ml with ddH2O 

 

To prepare BSA Blocking Buffer:  

 5ml of 10X TBS (final concentration of 1X TBS) 

 250µl of 20% Tween-20 (final concentration of 0.1%) 

 2.5g of Bovine Serum Albumin (BSA) (final concentration of 5%) 

 Adjust volume to 50ml with ddH2O 

To ensure complete dissolution of solution, leave at 4°C for BSA to dissolve without agitation  

To prepare protein samples, protein samples were vortexed and 20µg of sample was 

prepared with 5X Loading buffer, containing 1M DTT, and lysis buffer. The samples were 

heated at 100°C for 5 minutes using Fisherbrand™ Isotemp™ Digital Dry Bath/Block Heater 

(Product code: 15387928, Fisher Scientific) and centrifuged briefly. 

 

To prepare Coomassie stain: 

 1g of Coomassie (final concentration 0.25%) 

 250ml of methanol (final concentration 50%) 

 50ml of acetic acid (final concentration 10%) 

 Adjust volume to 500ml with ddH2O  

 

To prepare Coomassie de-stain: 

 40ml of methanol  

 10ml of acetic acid 

 50ml of ddH2O 
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Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Firstly, the 0.75mm glass plates were cleaned with 75% ethanol and wiped dry with a tissue. 

They were placed in the supports and fixed with the green supporter clips. A buffer dam was 

used if only one gel was being run. The running gel was prepared as stated, with APS and 

TEMED added only prior to pouring the gel in a 15ml tube. The gel was mixed well and 4ml 

was poured in between the plates. Some solution was left in the tube to check polymerisation. 

1ml ddH2O was added on top of the setting running gel to prevent contact of the gel with air, 

as this inhibits polymerisation. Once the running gel had polymerised, ddH2O was retired and 

excess water was dried between the plates with a paper towel to ensure all ddH2O was 

removed. The stacking gel was prepared, mixed well and immediately added to the top of the 

running gel and the comb was placed. When polymerised, the comb was retired and the 

formed wells were washed with distilled water. The plates with the set gels were placed in the 

supports inside the Mini Trans-Blot® Electrophoretic Transfer Cell (Catalogue numbers: 170-

3930, Bio-Rad). Running buffer was used to fill the cell/tank and inside the support/gels, as 

well as washing the formed wells.  

20µl of samples and 10µl of Thermo Scientific™ PageRuler™ Unstained Broad Range Protein 

Ladder was loaded. The inside of the cassette was topped up with running buffer. Cables were 

placed and the gel was run at fixed 120V for 1 hour.  

Coomassie staining (optional) 

To check the integrity of the protein extraction, the gel was stained with Coomassie for 30 

minutes to 1 hour, on agitation. To de-stain, Coomassie de-stain was added for 30 minutes to 

1 hour or overnight, until the bands were visible. The gel was imaged using the Syngene™ 

G:BOX Chemi XX9 (Product code: 15859922, Fisher Scientific), using the software GeneSys 

with chemiluminescent image capture (Figure 2.15). If protein quality/integrity was not being 

assessed, this stage was omitted and the blotting step was performed after electrophoresis. 
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Blotting: Transferring the protein from gel to the membrane 

The blotting procedure was performed under wet conditions. The GE Healthcare Whatman™ 

Gel Blotting Paper Grade GB003 was cut to 7.5cm x 9.5cm and the Supported Nitrocellulose 

Membrane was cut to 7cm x 9cm and soaked in cold transfer buffer. After electrophoresis, the 

gel was removed from the glass plates using a spatula and the wells were cut off.  The top left 

corner of the membrane was notched to indicate orientation. The sandwich (Figure 2.16) was 

prepared in transfer buffer. The cassette was locked and placed in the transfer apparatus, on 

top of a magnetic stirrer. Transfer buffer was added, and an ice pack was placed inside the 

apparatus to prevent heat build-up. The transfer was run at fixed 350mA for 1 hour.  

 

Figure 2.15. Coomassie stain. The integrity of proteins extracted from tissue was 

determined by staining SDS-PAGE gels with Coomassie dye. This binds to basic amino acids 

in proteins. Samples with visible bands were used for Western blots, however, samples with 

almost invisible bands (1) were considered as ‘degraded’ and re-extracted for protein from 

the original tissue.  SDS-PAGE: Sodium dodecyl sulphate-polyacrylamide gel electrophoresis; 

L: Ladder. 
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Ponceau staining 

After the transfer, all layers were removed from the membrane. This was carried out in transfer 

buffer. As the membrane was removed, it was noted that the proteins have been transferred 

from the gel to the membrane, with no proteins left on the gel. To determine successful transfer 

of proteins from gel to membrane, the reversible stain Ponceau was used by binding to 

positively charged amino acids. The membrane was washed with 1X TBS-T for 5 minutes on 

agitation and then stained with Ponceau, in agitation, for 5 minutes. Afterwards, the membrane 

was rinsed with 1X TBS-T until the protein bands were visible to indicate successful protein 

transfer. The membrane was washed again with 1X TBS-T until Ponceau was no longer visible 

and the ladder was drawn on with a pencil.   

 

Blocking 

The membrane was immersed in blocking solution for 1 hour at room temperature, with 

agitation, to prevent non-specific binding from occurring in later stages of the Western blot. 

 

Antibody incubation 

The blocking buffer was discarded, and the membrane was incubated with primary antibody 

overnight, in agitation, at 2°C to 8°C. The following day, the antibody solution was discarded, 

and the membrane was washed with 1X TBS-T thrice for 10 minutes, on agitation. The  

 

Figure 2.16. Preparation of sandwich for electrophoresis. 
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secondary antibody (horseradish peroxidase (HRP)-conjugated) was added to the membrane 

for 1 hour at room temperature. The antibody solution was discarded, and the membrane was 

washed with 1X TBS-T thrice for 10 minutes, on agitation. 

 

Detection 

The developing solution was prepared by adding equal amounts (1:1) of luminol and peroxide 

buffers. The Thermo Scientific™ SuperSignal™ West Femto Maximum Sensitivity Substrate 

Kit is a sensitive chemiluminescent substrate system. It has HRP enzymes and allows the 

detection of low amounts of proteins on membranes probed with antibodies. The solution was 

added over the whole membrane and left for 5 minutes, without agitation. Excess liquid was 

removed by dabbing the corner on tissue. The membrane was placed in between two plastic 

sheets and care was taken to ensure the protein side was dry. Visualisation of membranes 

were achieved by Syngene™ G:BOX Chemi XX9 (Product code: 15859922,Fisher Scientific), 

using the software GeneSys with chemiluminescent image capture with selection of the ‘visible 

marker.’ Different membranes were imaged separately as signals differ between detected 

antibodies.  

 

2.2.11. Cytology 

2.2.11.1. Oil Red O staining 

Oil Red O is a lysochrome dye used to detect lipids present in cells by staining neutral TGs, 

lipids and cholesterol. To perform Oil Red O staining, Alfa AesarTM Oil Red O was dissolved in 

2-Propanol (0.5% in 2-Propanol) and left overnight, on agitation, to dissolve. The next day, the 

solution was filtered with a 0.45µM filter and syringe. A working concentration (3mg/ml) of the 

stain was prepared by diluting the stock solution with ddH2O (3:2 ratio) and filtered again with 

a 0.45µM filter. Both the stock and working solutions were filtered before each use. Media was 

removed from cells seeded in a 12-well plate and washed with 1ml PBS for 5 minutes before 

fixing with 1ml formalin solution (neutral buffered,10%) for 30 minutes. The fixed 3T3-L1 cells 

were washed with 1ml PBS for 5 minutes thrice after removing formalin, on agitation. 500µl of  
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3mg/ml Oil Red O was added to the cells for 1 hour at room temperature, on agitation. After 

discarding the stain, cells were washed with 1ml PBS for 5 minutes thrice and wells were 

covered with 1ml PBS to prevent cells from drying out. Images were taken with the Nikon 

TE200 Brightfield Inverted Microscope, at 10x object lens.  

 

2.2.11.2. Oil Red O extraction 

To determine the amount of Oil Red O absorbed by the cells, PBS was discarded and cells 

were air-dried for 5 minutes. Images were taken before eluting the stain. 450μl 2-Propanol was 

added to each well, on agitation, for 5 minutes. 180µl of elution was read, in duplicates, at 

560nm using the SPECTRAmax® 190 Microplate Spectrophotometer (Part number: 0112-

0085, Molecular Devices Corporation) and SOFTmax PRO software. 

 

Calculations to determine Oil Red O stain: 

The blank used in these experiments were undifferentiated 3T3-L1 cells.  

To correct the samples from the blank:  

  Average Sample Absorbance – Average Blank Absorbance 

To normalise Oil Red O data to the control:  

Absorbance of sample – Average absorbance readings of control group 

To normalise data to cell titre as determined in 2.2.1.4:  

Oil Red O data normalised to the control / Cell titre data normalised to the control 

 

2.2.12. Histology 

To preserve cells and tissues for histological analysis, gonadal, inguinal and pericardial fat 

were fixed with 10% neutral buffered formalin. The adipose tissue depots were embedded in 

Optimal Cutting Temperature (OCT) compound and sectioned between 10µM and 15µM using 

a Bright 5040 Cryostat (Bright Instruments Limited). Sections were stained with Haematoxylin  
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and Eosin (H&E) and imaged with a Nikon TE200 Brightfield Inverted Microscope, at x40 

objective lens.  

 

Settings for the cryostat: 

 Specimen temperature : - 30°C   

 Chamber temperature: - 35°C 

 ‘Continuous’ cold temperature  

 Motor switches set to ‘off’ and ‘single’ 

 Blade holder angel at 2.5º 

 

2.2.12.1 Haematoxylin and Eosin  

As adipocyte size/volume is altered during normal and obesogenic environments, the general 

morphology of adipose tissue from mice and presence of brown-like cells within susceptible 

white depots were observed. Haematoxylin and Eosin (H&E) staining protocol is commonly 

used as it is quick, inexpensive and simple to perform. Haematoxylin with a combination of 

metal cations, such as aluminium, is a basic dye that stains acidic structures purple/blue, such 

as the nuclei of cells. Eosin is acidic and stains basic structures red/pink, such as the cytoplasm 

and extracellular matrix.  

 

To prepare 1% acid alcohol: 

 49.5ml of 70% Ethanol 

 0.5ml of 37% Hydrochloric Acid (HCl) 

 

To prepare working solution of Scott’s tap water: 

 20g of Magnesium Sulphate  

 2g of Sodium Bicarbonate 

 Adjust volume to 1 litre with ddH20  
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To prepare 1% Eosin from Eosin Y (5w): 

 20ml of Eosin Y 

 80ml of ddH20 

Tissue sections were placed on SuperFrost Plus™ Adhesion slides and air-dried for 10 to 30 

minutes before staining with the H&E procedure. Incubations took place in BRAND Coplin 

Staining Troughs, unless stated otherwise. The backs of slides were rinsed under running tap 

water for 20 seconds. Slides were incubated with ddH2O for 2 minutes. Drops of Haematoxylin 

were added to tissue sections for 5 minutes. The backs of slides were rinsed under running 

tap water for 20 seconds. The tissue sections were differentiated in 1% acid alcohol (8 to 12 

dips). Next, bluing of Haematoxylin was achieved by incubating slides in Scott’s tap water, 

which helps minimise the loss of tissues from slides, for 2 minutes. Slides were stained with a 

few drops of 1% Eosin for 2 minutes. The backs of slides were rinsed under running tap water 

for 20 seconds. Slides were dehydrated through changes of 70% ethanol for 20 seconds, 90% 

ethanol for 20 seconds and 100% ethanol for 20 seconds. Next, slides were cleared in 2 

changes of xylene, 5 minutes each, to clarify the samples. Slides were air-dried for 10 to 30 

minutes and drops of Thermo Scientific 1LT lamb DPX mounting medium was added and 

coverslips were placed. 

 

To perform analysis with Image-J on captured images (Figure 2.17): 

1. File  Open Select ‘Image’  

2. Image  Adjust  Brightness/Contrast  Auto  

3. Analyze  Set measurements Select ‘Area’ and ‘Overlay’  

4. Circle the adipocytes and click ‘control-M’ to measure the area  

5. Save area values on the ‘results’ window to excel  

 

Assuming the shape of adipocytes are spherically, to calculate adipocyte volume, Image-J 

software was used to determine adipocyte area, as stated below and described by Al-Dibouni 

et al., (2020). 
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To determine adipocyte volume from adipocyte area: 

Radius = √(Area/3.14) 

Radius3 = Radius^3 

Volume of a sphere = (4/3)*(3.14*Radius3) 

To determine percentage change in adipocyte volume:  

(Adipocyte volume / Average adipocyte volume of control group) * 100  

 

To assess adipocyte size distribution, raw values of the adipocyte volumes derived from 

Image-J analysis were used. This was achieved by using the frequency function as an array 

formula in excel and calculating the percentage of cells present within each cell volume 

category, also known as a bin, across the adipocyte size spectrum (presented as arbitrary 

units (a.u.)).  

 

To determine % cells: 

(Value of frequency / frequency total) * 100 

 

For certain studies, depot weight was measured as it is an indication of the capacity of adipose 

tissue expandability and associated with metabolic dysfunction. Depot weights were used to 

determine adipocyte number. This was calculated from the adipocyte volume (presented as 

arbitrary units)  determined using the following equation previously described by Merkestein et 

al., (2015): 

Depot weight (g) / ((adipose tissue density 0.915 g/cm-3) * mean adipocyte volume (a.u.)) 
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2.2.13. Statistical analysis  

For all experimental procedures documented, samples were run in technical duplicates. For 

cell culture experiments, three biological replicates were used and for animal studies a 

minimum of four and maximum of 17 biological replicates were used. In all cases, N refers to 

the number of mice in each group or number of wells seeded containing 3T3-L1 cells. 

To determine the statistical significance between the means of two independent groups, an 

unpaired, parametric, two-tailed t-test was performed. This test assumes that random samples 

are approximately normally distributed and the means of the two groups are equal.  

A one-way analysis of variance (ANOVA) was used to determine the relationship between the 

sample means of three or more independent groups, assuming normal distribution, to 

determine if any groups were statistically significant against each other. This test allows each 

group to be compared against each other instead of individual t-tests. A one-way ANOVA 

considers one independent variable effecting a dependant variable. For example, the effect of 

dietary feeding in mice on gene expression in different adipose depots (Al-Dibouni et al., 2020). 

A two-way ANOVA considers two independent variables to determine their relevance in the 

context of the data presented. For example, the effects of two independent dietary feedings, 

such as a chow and a high-fat (HF)-diet given to animal dams, and the effect it has on their 

offspring (Gaspar et al., 2021) and differences amongst groups with therapeutic intervention  

A. B. 

Figure 2.17.  Image-J analysis. Image taken with Nikon TE200 Brightfield Inverted 

Microscope, at x40 objective lens, of iWAT before (A) and after (B) processing and analysing 

on Image-J. iWAT: inguinal White Adipose Tissue. 
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(Sheen et al., 2018). This test aids in determining the importance of one treatment versus the 

other. The outcome from a two-way ANOVA will result in a main and an interaction effect. The 

main effect is not dissimilar to a standard one-way ANOVA, in which each group’s effect is 

considered on an individual basis. However, all factors are considered simultaneously with the 

interaction effect (Krantz, 2019). The aim is to determine the extent of the effect of the 

intervention within the categories of each subgroup (Ferreira and Patino, 2017). In this thesis, 

the two-way ANOVA models were considered additive if no interactions were detected  

(Fujikoshi, 1993).  

In some cases, such as body weight changes over a certain period, a repeated measures 

ANOVA was conducted in which all representatives of a sample group were measured at 

different timepoints/conditions.   

To establish which groups were statistically significant against each other, a post-hoc test 

(Tukey’s multiple comparison) was conducted following an ANOVA, under the assumption that 

there was homogeneity of the variances. 

Biochemical and metabolic parameters, the inflammatory and thermogenic capacity and 

adipocyte size are dysfunctional in diseases such as obesity. The association of these markers 

were correlated for analysis. To determine if two independent quantitative variables were 

significantly related to each other, a simple linear regression was performed. This allows an 

estimate of the strength and direction of the two variables, regarding linear relationship. 

Pearson’s correlation coefficient (r) values range between -1 and 1. The closer to an r value of 

1, the stronger the relationship is between the two parameters and vice versa. The negative 

or positive sign before the r value, determines the relationship between the two variables.  If 

the r value is equal to -/+1, this shows that the variables can be explained by linearity. This 

test provides an inference between the variables as correlation does not equal causation.  

The software GraphPad Prism versions 6.00 to 9.00 (GraphPad Software, California, United 

States of America) were used to produce all statistical analysis and graphs. Data are presented 

as mean + standard error of the mean (SEM). Standard error (SE) is the deviation of a sample 

population from the mean. In statistical analysis, sample means can deviate from the true 

mean of a population.  
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This deviation is the SEM and measures the distance away from the sample mean and 

includes inference based on the distribution of samples. The confidence level for all analysis 

was 95%. A p value is a probability measure to indicate evidence against the null hypothesis 

or in favour of the alternative hypothesis. A value of p<0.05 was deemed as statistically 

significant with * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.  
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CHAPTER 3 

 

INVESTIGATING THE EFFECTS OF DIETARTY 

INTAKE ON PERICARDIAL ADIPOSE TISSUE IN 

MICE 
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3.1. INTRODUCTION 

Excessive food consumption in the human population contributes to the rise in obesity 

incidence (Vandevijvere et al., 2015). In humans, excessive food intake induces weight gain, 

fat mass and heart complications (Bouchard et al.,1990). Overfeeding is also accompanied by 

metabolic dysfunction, such as insulin resistance, due to enlargement of adipocytes  and their 

limited capacity to accommodate for excess lipid accumulation (Cotillard et al., 2014). The 

impact of the latter is dependent on the degree of adiposity (Arner et al., 2010) and distiburtion 

of adipocytes around the body. Hypertrophy of abdominal visceral adipocytes are associated 

more with higher levels of circulating triglycerides (TGs), compared to hyperplastic 

enlargement in subcutaneous depots (Veilleux et al., 2011). 

Obesity is a heterogenic disorder in humans and metabolic complications acquired differ due 

to the influence of uncontrollable factors such as genetics and environmental cues. Scientists 

have benefited from the use of animals, in particular rodents, to study obesity pathogenesis.  

In rodents, diet-induced obesity (DIO) can be displayed by feeding animals with commercially 

available diets, with a caloric fat intake of 45% or 60%. The former fat caloric intake is sufficient 

to induce obesity in rodents, but 60% kcal fat diet produces a more extreme case of obesity. 

The latter enables the observation of metabolic dysfunction manifesting in a quicker timeframe. 

Obesity induced by a high-fat (HF)-diet in rodents results in an increase in caloric intake (Yang 

et al., 2014), when food is provided ad libitum (Licholai et al., 2018), and an increase in weight 

gain (Yang et al., 2014).  Although DIO in mice does not directly mimic human obesity, the aim 

is to monitor and understand the physiological alterations that may occur in human obesity.    

During early adulthood, adipocyte number is mainly determined via the regulation of  adipocyte 

survival and death, to ensure numbers are unchanged (Spalding et al., 2008). Any differences 

that occur in adipocyte number are established during the childhood of lean and obese 

individuals (Knittle et al., 1979). For instance, overfeeding in rodents results in the generation 

of newly formed adipocytes (Faust et al., 1978) but number remains constant during adulthood 

(Spalding et al., 2008).  Under chow conditions, WAT adipogenesis in adult mice is relatively 

low (Wang et al.,2013). Adult progenitors are specified before developmental progenitors,  
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which characterises the extensive plasticity of AT during child and adult obesity (Jiang et 

al.,2014). During DIO, pre-existing and newly formed visceral adipocytes are primarily 

influenced by hypertrophy in the first month of post-weaning feeding. After a prolonged HF-

feeding plan, there is an increase in adipocyte number (hyperplasia) in visceral fat (Wang et 

al., 2013).  Subcutaneous fat number remains relatively low during the prenatal stages and 

differentiation is completed before birth (Wang et al.,2013). Due to the different developmental 

stages of white fat, their adipogenic potential in adult development varies (Wang et al.,2013) 

and plays different roles in pathogenesis. Under obesogenic conditions, due to the limited 

capacity of visceral adipocytes, hyperplasia of subcutaneous fat persists. This suggests a 

regulatory role of the latter when exposed to induced excess caloric intake (Wang et al.,2013). 

Reduced expandability of visceral fat is reflected by the weight of adipose depot pads and is 

linked with metabolic disease when induced by excessive feeding (Van Beek et al., 2015).  As 

visceral hypertrophy is a determinant of a deleterious phenotype (Laforest et al., 2015), 

increased adipocyte size due to TG accumulation during obesogenic conditions (Spalding et 

al., 2008) is linked with a pro-inflammatory response characterised in obesity. This influences 

the risk of developing insulin resistance and CVD (Drolet et al., 2008; Skurk et al., 2007; Kabir 

et al., 2011). 

Laboratory animals are well established models for studying the progression of obesity induced 

by a HF-diet. Overfeeding in mice causes excessive energy storage and increases adipocyte 

size (hypertrophy). Adipocyte capacity is limited and enlargement of classical visceral depots 

are associated with increased metabolic risk, under obesogenic conditions.  Given that cardiac 

adipose tissue is associated with the heart and obesogenic complications in disease, there is 

still little known about the role of pericardial fat in metabolic dysfunction in comparison to other 

classical adipose depots. 
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3.1.1. Aims  

The aim is to document how the genetic and morphological signatures of PAT compares to 

other adipose depots under short-term and pro-longed obesogenic environments. The 

transcriptional and histological profile of pericardial adipose tissue (PAT) was compared to 

gonadal (gWAT), inguinal (iWAT) and interscapular  brown (iBAT) adipose tissue harvested 

from (1) 10-week-old male mice fed a chow-diet of 7% kcal fat (control) or a high-fat-diet of 

45% kcal fat for 7 weeks to induce obesity and (2) 30-week-old male mice fed a chow-diet of 

10% kcal diet (control) or a high-fat diet of 60% kcal fat for 26 weeks to induce morbid obesity.  
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3.2. METHODS 

3.2.1. Animal and experimental design  

10-week-old mice: All animal work was conducted by the technical staff at the University of 

Southampton. Research was performed in accordance with the UK Animals (Scientific 

Procedures) Act 1986 and with Home Office licences held at the University of Southampton. 

Maintained under a 12-hour light/dark cycle and a constant temperature of 22°C ± 2°C, 

C57BL/6J male mice were used in this study, with food and water available ad libitum. At the 

age of 3 weeks old, mice were randomly allocated to either a chow (C) (7% kcal fat) or a high-

fat (HF) (45% kcal fat) diet, for 7 weeks. Death of mice by carbon dioxide euthanasia and neck 

dislocation was confirmed by cessation of the circulation. Dissection of gonadal white adipose 

tissue (gWAT), inguinal white adipose tissue (iWAT), interscapular brown adipose tissue 

(iBAT) and pericardial adipose tissue (PAT) for gene expression (samples stored at -80°C until 

further analysis) and histological analysis (samples stored at 4°C until further analysis) were 

performed at the end of the experimental procedure (10 weeks of age) (Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Experimental design of male mice fed a C-diet or HF-diet for 7 weeks. C-

diet: Chow-diet; HF-diet: High-fat-diet.  
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30-week-old mice: All animal work was conducted by the technical staff at the Medical 

Research Council Harwell Institute. Research was approved by the Medical Research Council 

(MRC) Harwell Institute Animal Welfare and Ethical Review Board. All procedures were carried 

out within project license restrictions (PPL 30/3146) under the UK Animals (Scientific 

Procedures) Act 1986, issued by the UK Government Home Office. Maintained under a 12-

hour light/dark cycle and a constant temperature of 22°C ± 2°C, C57BL/6N male mice were 

used in this study, with food and water available ad libitum. At the age of 4 weeks old, male 

mice were assigned to a chow (C) (10% kcal fat) or a high-fat (HF) (60% kcal fat) diet, for 26 

weeks. Throughout the dietary intervention, mice were weighed weekly, metabolic cage 

analysis was performed at 22 weeks using TSE PhenoMaster in vivo calorimetry system, whilst 

body composition and intraperitoneal glucose tolerance test (ipGTT) were measured at 26 

weeks of age. Body composition was measured by nuclear magnetic resonance (EchoMRI™, 

Zinsser Analytic GmbH, Eschborn, Germany) which determined total body fat, lean mass and 

free fluid in grams. The percentage of each component was then calculated based on the total 

body weight of the animal. Percentage body fat was calculated by dividing fat by weight and 

multiplying by 100. ipGTT was performed following an 8-hour fast and the area under the curve 

(AUC) was determined, with baseline values were subtracted. 2g/kg glucose was 

intraperitoneally administered to fasted mice and blood was taken from the tail vein, under 

local anaesthetic (EMLA cream, AstraZeneca, United Kingdom) at 0 (baseline), 15, 30, 60 and 

120 minutes, post glucose injection. Whole blood glucose was measured using an AlphaTRAK 

meter and test strips (Abbott Animal Health, United Kingdom). Blood was collected by a cardiac 

puncture under terminal anesthetic, in mice at the age of 30 weeks. For serological analysis, 

the blood was left to clot and centrifuged at 3000xg for 3 minutes. Sera was frozen at -80°C 

until further analysis. All samples for biochemistry analysis of serum, including free fatty acids, 

triglycerides and cholesterol, were performed using AU680 Clinical Chemistry Analyser 

(Beckman Coulter, High Wycombe, United Kingdom), by the Clinical Chemistry core facility, 

MRC Harwell Institute (Oxfordshire, United Kingdom) using commercially-available kits and 

performed according to manufacturer instructions. Death of mice was confirmed by cessation  
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of the circulation and neck dislocation. Dissection of gonadal white adipose tissue (gWAT), 

inguinal white adipose tissue (iWAT), interscapular brown adipose tissue (iBAT) and 

pericardial adipose tissue (PAT) for gene expression (samples stored at -80°C until further 

analysis) and histological analysis (samples stored at 4°C until further analysis) were 

performed at the end of the experimental procedure (30 weeks of age) (Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.2. RNA isolation 

1ml Invitrogen™ TRI Reagent™ Solution per 50mg to 100mg of gWAT, iWAT, iBAT and PAT 

was transferred to a MP BiomedicalsTM Lysing Matrix D tube. Lysing tubes were placed in the 

MP Biomedicals™ FastPrep-24™ 5G Instrument, with the QuickPrep Adaptor (Fisher 

Scientific) and homogenised at a speed of 6.0m/s, for 40 seconds. Isolation of RNA was 

performed as recommended by the manufactures of Invitrogen™ TRI Reagent™ Solution 

(Fisher Scientific). RNA was quantified and quality was checked as stated in section 2.2.3 and 

section 2.2.4.3. RNA samples were stored at -80°C until further analysis. 

 

 

 

Figure 3.2. Experimental design of male mice fed a C-diet or HF-diet for 26 weeks. C-

diet: Chow-diet; HF-diet: High-fat-diet.  
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3.2.3. cDNA synthesis and RT-qPCR 

Total RNA was reverse transcribed using the Applied Biosystems™ High-Capacity cDNA 

Reverse Transcription Kit (Fisher Scientific) and Invitrogen™ RNaseOUT™ Recombinant 

Ribonuclease Inhibitor (Fisher Scientific), following the instructions as recommended by the 

manufacturer to synthesise cDNA, performed using the T100™ Thermal cycler (Bio-Rad). 

500ng to 1000ng of cDNA was synthesised as stated in the section 2.2.5.  The gene expression 

of 30ng cDNA was determined using qPCRBIO Probe Mix No-ROX (PCR Biosystems), 

performed on the MyiQ™ Single-Colour Real-Time PCR Detection System (Bio-Rad). 

Samples were measured in duplicates and the fold change in gene expression levels were 

determined using the comparative threshold cycle (Ct) method, also referred to as the 2-ΔΔ Ct 

method (section 2.2.6). The target genes as listed in Table 3.1 were relative to the 

housekeeping gene, peptidylprolyl isomerase A (PPIA). All Applied Biosystems™ TaqMan™ 

Gene Expression Assays (FAM-MGB) were purchased from Fisher Scientific (Table 3.1). 

cDNA was stored at -20°C until further analysis. 

 

Table 3.1. Applied Biosystems™ TaqMan™ Gene Expression Assays for RT-qPCR 

Gene Assay ID 

AdipoQ Mm00456425_m1 

ADRβ3 Mm02601819_g1 

C/EBPα Mm00514283_s1 

COX7A1 Mm00438297_g1 

COX8B Mm00432648_m1 

DIO2 Mm00515664_m1 

FABP4 Mm00445878_m1 

IL6 Mm00446190_m1 

Leptin Mm00434759_m1 

PGC1α Mm01208835_m1 

PPARγ Mm00440940_m1 

PPIA Mm02342430_g1 

TNFα Mm00443258_m1 

UCP1 Mm01244861_m1 

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 102 

 

3.2.4. Histology 

Formalin fixed gWAT, iWAT and PAT embedded in Optimal Cutting Temperature (OCT) 

compound were sectioned between 10µM and 15µM using a Bright 5040 Cryostat (Bright 

Instruments Limited). Sections were stained with Haematoxylin and Eosin (H&E) and imaged 

with a Nikon TE200 Brightfield Inverted Microscope, at x40 objective lens. Assuming the shape 

of adipocytes are spherical, to calculate adipocyte volume, Image-J software was used to 

determine adipocyte area and volume distribution  as stated in section 2.2.12.1. The 

percentage change in volume was determined by normalising adipocyte volume to the chow 

(C)-fed mice, unless stated otherwise, and multiplying by 100. H&E stained slides were stored 

at room temperature until further analysis.  

3.2.5. Statistical analysis  

GraphPad Prism was used to perform statistical analysis of one-way ANOVA, repeated 

measures ANOVA, unpaired t-test or Pearson’s correlation coefficient. ANOVAs were 

performed with post-hoc Tukey’s multiple comparison. All values were relative to their 

respective depots from chow (C)-fed mice, unless stated otherwise. Graphs are expressed as 

mean + standard error of the mean (s.e.m), unless stated otherwise. A value of p<0.05 was 

deemed as statistically significant with * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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3.3. RESULTS  

3.3.1. Biochemical and metabolic parameters 

30-week-old male mice fed a high-fat (HF)-diet over 26 weeks, were heavier (Figure 3.3A), 

had a reduced percentage lean weight (Figure 3.3B) (p<0.001), increased percentage fat 

weight (Figure 3.3C) (p<0.001), glucose intolerant demonstrated by an ipGTT (Figure 3.3D) 

and analysis of area under the curve (AUC) (Figure 3.3E) and a lower respiratory exchange 

rate (RER) (Figure 3.3L and Figure 3.3M), compared to 30-week-old male mice fed a chow 

diet.  Levels of fasting glucose (Figure 3.3F) (p<0.0001), free fatty acids (FFAs) (Figure 3.3H) 

(p<0.01), total cholesterol (Figure 3.3I) (p<0.001), HDL (Figure 3.3J) (p<0.001) and LDL 

(Figure 3.3K) (p<0.01), were higher in HF-fed mice compared to C-fed mice. There were no 

differences between the depot weights of pericardial fat between chow and HF-fed mice 

(Figure 3.3N).  
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Figure 3.3. Metabolic effects of chow-fed and high-fat-fed 30-week-old male mice. 

Growth curve with weekly weight measurements (A), % lean mass (B), % fat mass (C), 

intraperitoneal glucose tolerance test (ipGTT) with glucose measured at 0, 15, 30, 60 and 120 

minutes after glucose injection (D), area under the curve (AUC) of blood glucose levels (E), 

fasting glucose (F), serum triglycerides (G), serum free fatty acids (FFAs) (H), serum total 

cholesterol (I), serum HDL (J), serum LDL (K), Respiratory Exchange Rate (RER) (L) during 

the dark period (M), PAT depot weight (N) in chow (C) and high-fat (HF)-fed 30-week-old male 

mice. Graphs represent mean + s.e.m (A,D,E,L-N) and minimum to maximum values of 

boxplots (B,C,E,F,G,H,I,J). Data analysed by an unpaired t-test (B,C,E-K,M,N) and by 

repeated measures ANOVA with Tukey’s multiple correction  (A,D,L). N = 8-17 for A-M, N = 

3-10. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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3.3.2. Adipose tissue gene expression differences at baseline in chow-fed mice  

All gene expression levels were relative to C-gWAT (Figure 3.4 and Figure 3.5).  

Adipogenic markers: In 10-week-old mice, PPARγ (Figure 3.4B) and C/EBPα (Figure 3.4C) 

expression was lower in PAT compared to gWAT (p<0.01 and p<0.0001, respectively), iWAT 

(p<0.001 and p<0.0001, respectively) and iBAT (p<0.001 and p<0.001, respectively). In 10-

week-old and 30-week-old mice, PAT FABP4 (Figure 3.4A and Figure 3.5A) expression was 

lower compared to gWAT (p<0.0001 and p<0.05, respectively) and iWAT (p<0.0001 and 

p<0.05).  

Inflammatory markers: In 10-week-old mice, PAT TNFα expression (Figure 3.4E) was 

significantly higher compared to gWAT (p<0.05) and in 30-week-old mice, PAT TNFα 

expression (Figure 3.5E) was significantly higher compared to iBAT (p<0.01). In 10-week-old 

mice, Leptin (Figure 3.4F) and AdipoQ (Figure 3.4G) expression was lower in PAT compared 

to gWAT (p<0.0001 and p<0.0001, respectively) and iWAT (p<0.05 and p<0.05, respectively). 

In 30-week-old mice, PAT Leptin expression (Figure 3.5F) was significantly lower compared 

to gWAT (p<0.05) and PAT AdipoQ expression (Figure 3.5G) was lower compared to iWAT 

(p<0.01) and gWAT (p<0.0001).  

Thermogenic markers: In 10-week-old mice, UCP1 (Figure 3.4H) and DIO2 (Figure 3.4J) 

expression in PAT was significantly lower compared to iBAT (p<0.0001 and p<0.0001, 

respectively). PAT ADRβ3 expression (Figure 3.4I) was lower than gWAT (p<0.0001) and 

iWAT (p<0.01). In 30-week-old mice, PAT UCP1 (Figure 3.5H) levels were lower than iBAT 

and higher than gWAT (p<0.01) and iWAT (p<0.01). PAT ADRβ3 levels (Figure 3.5I) were 

lower than gWAT (p<0.01). PAT DIO2 expression (Figure 3.5J) was higher than iWAT (p<0.01) 

and gWAT (p<0.01). 

Mitochondrial markers: In 10-week-old mice, COX7A1 (Figure 3.4L), COX8B (Figure 3.4M) 

and PGC1α (Figure 3.4K) levels were significantly lower compared to iBAT (p<0.0001, 

p<0.0001 and p<0.01, respectively). In 30-week-old mice, PAT PGC1α (Figure 3.5K) was 

significantly lower compared to iBAT (p<0.05). PAT COX7A1 (Figure 3.5L) and COX8B (Figure 

3.5M) levels were significantly lower than iBAT (p<0.0001 and p<0.0001, respectively) and 

higher compared to gWAT (p<0.01 and p<0.01, respectively) and iWAT (p<0.01 and p<0.01, 

respectively).  
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Figure 3.4. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F), AdipoQ (G), 

UCP1 (H), ADRβ3 (I), DIO2 (J), PGC1α (K), COX7A1 (L) and COX8B (M) fold change in 

mRNA expression in gWAT, iWAT, iBAT and PAT of chow (C)-fed 10-week-old male mice, 

relative to C-gWAT. Graphs represent mean + s.e.m. Data analysed by one-way ANOVA and 

Tukey’s multiple comparison test. N = 6-8. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 

0.0001.  

gW
AT

iW
AT

iB
AT

PAT

fo
ld

 c
h

a
ng

e
 in

 e
xp

re
ss

io
n

H. 

gW
AT

iW
AT

iB
AT

PAT
0.0

0.5

1.0

1.5

ADR 3

* *
* * * *

* *I. 

gW
AT

iW
AT

iB
AT

PAT
0

5

10

15

20
100

150

200

DIO2

* * * *
* * * *

* * * *J. 

gW
AT

iW
AT

iB
AT

PAT

K. 

gW
AT

iW
AT

iB
AT

PAT
0

5

10
100

150

200
COX7A1
* * * *
* * * * * * * *

L. 

gW
AT

iW
AT

iB
AT

PAT
0.0

0.5

1.0

1.5

2.0
5

205
405
605
805

COX8B
* * * *

* * * * * * * *

M. 

F. 

gW
AT

iW
AT

iB
AT

PAT
0.00

0.01

0.02

0.03
0.5

1.0

1.5

Leptin

* *
* * * *

* * * *

*

*

G. 

gW
AT

iW
AT

iB
AT

PAT
0.00

0.01

0.02

0.03
0.5

1.0

1.5

AdipoQ

** *
* * * *

*



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. C. 

D. E. G. 

I. J. 

K. M. L. 

H. 

 B. 

 F. 

Figure 3.5.  FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F), AdipoQ (G), 

UCP1 (H), ADRβ3 (I), DIO2 (J), PGC1α (K), COX7A1 (L) and COX8B (M) fold change in 

mRNA expression of gWAT, iWAT, iBAT and PAT of chow (C)-fed 30-week-old male mice, 

relative to C-gWAT. Graphs represents mean + s.e.m. Data analysed by one-way ANOVA and 

Tukey’s multiple comparison test. N = 8-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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3.3.3. Adipose tissue gene expression differences in HF-fed mice 

All gene expression levels were relative to HF-gWAT (Figure 3.6 and Figure 3.7). 

Adipogenic markers: In 10-week-old mice, PAT FABP4 expression (Figure 3.6A) was lower 

than gWAT (p<0.001) and iWAT (p<0.001). For PPARγ (Figure 3.6B), PAT expression was 

significantly lower compared to gWAT (p<0.05) and iBAT (p<0.01). For C/EBPα (Figure 3.6C), 

PAT expression was significantly lower compared to gWAT (p<0.0001) and iWAT (p<0.0001). 

30-week-old PAT FABP4 expression (Figure 3.7A) was significantly lower expression in PAT 

compared to gWAT (p<0.01), iWAT (p<0.01) and iBAT (p<0.05), and PPARγ (Figure 3.7B) 

showed a significantly lower expression in PAT compared to iBAT (p<0.05). 

Inflammatory markers: In 10-week-old mice, PAT Leptin expression (Figure 3.6F) was lower 

compared to gWAT and iWAT (p<0.001 and p<0.01) and AdipoQ expression (Figure 3.6G) in 

gWAT (p<0.0001), iWAT (p<0.01) and iBAT (p<0.01). In 30-week-old mice, IL6 (Figure 3.7D) 

and TNFα (Figure 3.7E) expression was higher in in PAT compared to iBAT (p<0.001 and 

p<0.001, respectively) and iWAT (p<0.0001 and p<0.01, respectively). PAT Leptin levels 

(Figure 3.7F) were significantly lower compared to gWAT (p<0.01) and iWAT (p<0.001). PAT 

AdipoQ levels (Figure 3.7G) were significantly lower compared to gWAT (p<0.05) and iWAT 

(p<0.001). 

Thermogenic markers: In 10-week-old mice and 30-week-old mice, PAT expression was 

significantly lower in UCP1 (Figure 3.6H, p<0.0001 and Figure 3.7H, p<0.0001), ADRβ3 

(Figure 3.6I, p<0.0001 and Figure 3.7I, p<0.0001) and DIO2 (Figure 3.6J, p<0.0001 and Figure 

3.7J, p<0.0001) compared to iBAT. In 10-week-old mice only, PAT ADRβ3 expression (Figure 

3.6I, p<0.01) was significantly lower than gWAT.  

Mitochondrial markers: In 10-week-old and 30-week-old mice, PAT expression was 

significantly lower in COX7A1 (Figure 3.6L, p<0.0001 and Figure 3.7L, p<0.0001) and COX8B 

(Figure 3.6M, p<0.0001 and Figure 3.7M, p<0.0001) compared to iBAT. In 10-week-old mice 

only, PAT PGC1α expression (Figure 3.6K, p<0.001) was lower than iBAT. 
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Figure 3.6.  FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F), AdipoQ (G), 

UCP1 (H), ADRβ3 (I), DIO2 (J), PGC1α (K), COX7A1 (L) and COX8B (M) fold change in 

mRNA expression in gWAT, iWAT, iBAT and PAT of high-fat (HF)-fed 10-week-old male 

mice, relative to HF-gWAT. Graphs represent mean + s.e.m. Data analysed by one-way 

ANOVA and Tukey’s multiple comparison test. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and 

**** p<0.0001. 
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Figure 3.7. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F), AdipoQ (G), 

UCP1 (H), ADRβ3 (I), DIO2 (J), PGC1α (K), COX7A1 (L) and COX8B (M) fold change in 

mRNA expression in gWAT, iWAT, iBAT and PAT of high-fat (HF)-fed 30-week-old male 

mice, relative to HF-gWAT. Graphs represent mean + s.e.m. Data analysed by one-way 

ANOVA and Tukey’s multiple comparison test. N = 8-12. * p<0.05, ** p<0.01, *** p<0.001 and 

**** p<0.0001. 
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3.3.4. Adipose tissue gene expression differences in chow-fed and HF-fed mice 

Adipogenic markers: In 30-week-old mice, PAT HF-fed mice exhibited significantly lower 

expression levels of PPARγ (Figure 3.14B, p<0.05) and a trend towards lower expression 

(p=0.0515) compared to chow-fed animals. 

Inflammatory markers: In 30-week-old mice, PAT TNFα expression (Figure 3.11B, p<0.05) 

and Leptin (Figure 3.13A, p<0.05) was significantly higher in HF-fed mice compared to chow-

fed mice.  

Thermogenic markers: In 10-week-old mice, HF-PAT ADRβ3 expression (Figure 3.14B, 

p<0.05) was higher compared to C-PAT. 

Mitochondrial markers: There were no statistically significant differences in mitochondrial 

markers of PAT. 
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Figure 3.8.   FABP4 (A), PPARγ (B) and C/EBPα (C) fold change in mRNA expression in 

gWAT, iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice, 

relative to their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired 

t-test between C and HF of each depot. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. 
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Figure 3.9. FABP4 (A), PPARγ (B) and C/EBPα (C) fold change in mRNA expression in 

gWAT, iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice, relative 

to their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test 

between C and HF of each depot. N = 6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.10. IL6 (A) and TNFα (B) fold change in mRNA expression in gWAT, iWAT, iBAT 

and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice, relative to their respective 

C. Graphs represents mean + s.e.m. Data analysed by an unpaired t-test between C and HF 

of each depot. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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A. 

Figure 3.11. IL6 (A) and TNFα (B) fold change in mRNA expression in gWAT, iWAT, iBAT 

and PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice, relative to their respective 

C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test between C and HF 

of each depot. N = 6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.12. Leptin (A) and AdipoQ (B) fold change in mRNA expression in gWAT, iWAT, 

iBAT and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice, relative to their 

respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test between 

C and HF of each depot. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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A. 

Figure 3.13. Leptin (A) and AdipoQ (B) fold change in mRNA expression in gWAT, iWAT, 

iBAT and PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice, relative to their 

respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test between 

C and HF of each depot. N = 6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.14. UCP1 (A), ADRβ3 (B) and DIO2 (C) fold change in mRNA expression in gWAT, 

iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice, relative to 

their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test 

between C and HF of each depot. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.15. UCP1 (A), ADRβ3 (B) and DIO2 (C) fold change in mRNA expression in gWAT, 

iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice, relative to 

their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test 

between C and HF of each depot. N = 6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.16. PGC1α (A), COX7A1 (B) and COX8B (C) fold change in mRNA expression in 

gWAT, iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice, 

relative to their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired 

t-test between C and HF of each depot. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. 
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Figure 3.17. PGC1α (A), COX7A1 (B) and COX8B (C) fold change in mRNA expression in 

gWAT, iWAT, iBAT and PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice, 

relative to their respective C. Graphs represent mean + s.e.m. Data analysed by an unpaired 

t-test between C and HF of each depot.  N = 6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. 
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3.3.5. Adipose tissue histological differences in chow-fed and HF-fed mice 

Percentage change in cell volume: Under chow conditions in 10-week-old mice (Figure 

3.18A), C-PAT had significantly smaller cells compared C-gWAT and iWAT (p<0.01 and 

p<0.0001, respectively). Under HF conditions (Figure 3.18C), HF-PAT had significantly smaller 

cells compared to HF-gWAT (p<0.001). When all depots are compared to C-gWAT (Figure 

3.18E), HF-gWAT had significantly larger cells compared to C-PAT and HF-PAT (p<0.0001 

and p<0.0001, respectively). In addition, HF-iWAT, had significantly larger cells compared to 

C-PAT and HF-PAT (p<0.001 and p<0.05, respectively). In 30-week-old mice, when relative 

to C-gWAT (Figure 3.19E), C-PAT had significantly smaller cells compared to HF-gWAT 

(p<0.01) and HF-iWAT (p<0.01).  

Adipose tissue morphology: In 10-week-old and 30-week-old mice, HF-PAT (Figure 3.24A, 

p<0.01 and Figure 3.25A, p<0.001) had larger cells compared to C-PAT. In 10-week-old and 

30-week-old mice, the morphological presence of multi-locular brown-like cells was observed 

C-PAT (Figure 3.24C and Figure 3.25C), but only in 10-week-old mice were these cells present 

in HF-PAT as well (Figure 3.24C).  

Cell volume distribution: For full post-hoc analysis of 10-week-old male mice demonstrated 

in Figure 3.18B, Figure 3.18D and Figure 3.18F, refer to Appendix Table 3.1 and Appendix 

Table 3.2. For full post-hoc analysis of 30-week-old male mice demonstrated in Figure 3.18B, 

Figure 3.19D and Figure 3.19F, refer to Appendix Table 3.3 and Appendix Table 3.4.  In 

general, pericardial adipocytes have a higher prevalence of smaller cells within the depot in 

both chow and HF-fed mice.  

For PAT cell volume distribution of 10-week-old mice (Figure 3.24D), there was a higher 

occurrence of smaller cells in C-PAT compared to HF-PAT in the 1 x 106 to 5 x 106 bin and 5 

x 106 to 1 x 107 bin (p<0.05 and p<0.01, respectively).  
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In 30-week-old chow-fed mice (Figure 3.18B), in the 5 x 105 to 1 x 106 bin, C-PAT had a higher 

frequency of smaller cells compared to C-iWAT (p<0.01), and C-PAT had fewer larger cells 

compared to C-iWAT (p<0.05), in the 5 x 106 to 1 x 107 bin. In Figure 3.18F, in the 5 x 105 to 1 

x 106 bin, C-PAT had a higher prevalence of smaller cells compared to C-iWAT (p<0.01) and 

HF-iWAT (p<0.01). In the 5 x 106 to 1 x 107 bin, C-PAT had significantly fewer larger adipocytes 

compared to C-iWAT (p<0.05). Furthermore, within the bin containing the largest cell size (>1 

x 107), C-PAT had a lower frequency of larger cells compared to HF-gWAT (p<0.001) and HF-

iWAT (p<0.01). The distribution of chow-fed adipocyte size (Figure 3.19B) and combination of 

both dietary groups (Figure 3.19F) seem to have a normal distribution, compared to adipocyte 

size of HF-fed mice presented with a negatively skewed distribution, suggesting a higher 

prevalence of medium sized cells.  

Regarding the distribution of adipocyte size in chow and HF-fed mice in 30-week-old mice, 

PAT (Figure 3.24D, p<0.001) had significantly more larger cells in HF-fed mice compared to 

C-fed mice, in the >1 x 107 bin, the largest cell size bin. In PAT (Figure 3.25D), in the 5 x 105 

to 1 x 106  bin (p<0.05) and 1 x 106  to 5 x 106 bin (p<0.05), there were significantly fewer 

smaller cells in HF-fed mice compared to C-fed mice. In the 5 x 106 to 1 x 107 bin, there were 

significantly more larger cells in HF-fed mice compared to C-fed mice (p<0.05). Both gWAT 

and iWAT cell volume distribution graphs resemble a negatively skewed distribution, compared 

to a normal distribution in PAT, suggesting that these depots have a higher prevalence of 

having larger adipocytes.   

The overall graph of pericardial adipocyte size resembles a positively skewed distribution, 

compared to gWAT and iWAT, suggesting smaller sized cells are more prevalent in pericardial 

fat. 
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Figure 3.18. The percentage change in cell volume normalised to c-gWAT (A) and cell volume 

distribution (B) of gWAT, iWAT and PAT of chow (C)-fed 10-week-old male mice. The 

percentage change in cell volume normalised to HF-gWAT (C) and cell volume distribution (D) 

of gWAT, iWAT and PAT of high-fat (HF)-fed 10-week-old male mice. The percentage 

change in cell volume normalised to C-gWAT (E) and cell volume distribution (F) of gWAT, 

iWAT and PAT of chow (C) or high-fat (HF)-fed 10-week-old male mice. Graphs represent 

mean + s.e.m. Data analysed by one-way ANOVA (post-hoc Tukey correction) between 

depots (A,C,E) and cell volume (a.u.) groups (B,D,F). N = 6-7. * p<0.05, ** p<0.01, *** p<0.001 

and **** p<0.0001. 
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Figure 3.19.  The percentage change in cell volume normalised to c-gWAT (A) and cell volume 

distribution (B) of gWAT, iWAT and PAT of chow (C)-fed 30-week-old male mice. The 

percentage change in cell volume normalised to HF-gWAT (C) and cell volume distribution (D) 

of gWAT, iWAT and PAT of high-fat (HF)-fed 30-week-old male mice. The percentage change 

in cell volume normalised to C-gWAT (E) and cell volume distribution (F) of gWAT, iWAT and 

PAT of chow (C) or high-fat (HF)-fed 30-week-old male mice. Graphs represent mean + 

s.e.m. Data analysed by one-way ANOVA (post-hoc Tukey correction) between depots 

(A,C,E) and cell volume (a.u.) groups (B,D,F). N = 6-11. * p<0.05, ** p<0.01, *** p<0.001 and 

**** p<0.0001. 
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Figure 3.20. The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B) and cell volume distribution of gWAT from chow (C) or high-fat (HF)-fed 

10-week-old male mice. All scale bars represent 100µM and imaged at x40 optical lens with 

Nikon TE200 brightfield inverted microscope.  Graphs represent mean + s.e.m. Data analysed 

by an unpaired t-test between C and HF (A) and cell volume (a.u.) groups (C). N = 6-7. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.21. The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B) and cell volume distribution (C) of gWAT from chow (C) or high-fat (HF)-

fed 30-week-old male mice. All scale bars represent 100µM and imaged at x40 optical lens 

with Nikon TE200 brightfield inverted microscope. Graphs represents mean + s.e.m. Data 

analysed by an unpaired t-test between C and HF (A) and cell volume (a.u.) groups (C). N = 

8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.22.  The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of iWAT from 

chow (C) or high-fat (HF)-fed 10-week-old male mice. All scale bars represent 100µM and 

imaged at x40 optical lens with Nikon TE200 brightfield inverted microscope.  Graphs represent 

mean + s.e.m. Data analysed by an unpaired t-test between C and HF (A) and cell volume 

(a.u.) groups (D).  N = 6-7. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 

 

B. 
C 

HF 

C. 

C 

A. 

%
 c

ha
n

ge
 in

 c
el

l v
ol

um
e

D. 

0 
to

 5
 x 

10
5

5 
x 1

0
5 to

 1
 x 

10
6

1 
x 1

0
6 to

 5
 x 

10
6

5 
x 

10
6 to

 1
 x 

10
7

>1 
x 1

0
7

1.5
2

12
22
32
42
52
62
72

cell volume (a.u.)

Cell volume distribution

C HF

*
* * * * * *

* * *



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of iWAT from 

chow (C) or high-fat (HF)-fed 30-week-old male mice. All scale bars represent 100µM and 

imaged at x40 optical lens with Nikon TE200 brightfield inverted microscope.  Graphs 

represents mean + s.e.m. Data analysed by an unpaired t-test between C and HF (A) and cell 

volume (a.u.) groups (D). N = 6-9. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.24. The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of PAT from chow 

(C) or high-fat (HF)-fed 10-week-old male mice. All scale bars represent 100µM and imaged 

at x40 optical lens with Nikon TE200 brightfield inverted microscope.    Graphs represent mean 

+ s.e.m. Data analysed by an unpaired t-test between C and HF (A) and cell volume (a.u.) 

groups (D). N = 6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 3.25. The percentage change in cell volume normalised to C (A), H&E representative 

images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of PAT from chow 

(C) or high-fat (HF)-fed 30-week-old male mice. All scale bars represent 100µM and imaged 

at x40 optical lens with Nikon TE200 brightfield inverted microscope. Graphs represents mean 

+ s.e.m. Data analysed by an unpaired t-test between C and HF (A) and cell volume (a.u.) 

groups (D). N = 6-11. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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3.3.6. The relationship between biochemical and metabolic parameters, gene 

expression levels and percentage change in cell volume in adipose tissue of chow-fed 

and HF-fed mice  

Inflammatory markers vs serum metabolite levels: In 30-week-old mice, there was a 

positive correlation in PAT IL6 (Appendix Figure 4.3C) (p<0.01) and TNFα (Appendix Figure 

4.3F) (p<0.05) compared to percentage change in cell volume. In PAT, there was a positive 

relationship between TNFα expression and serum total cholesterol (Appendix Figure 4.6D, 

p=0.001), serum HDL (Appendix Figure 4.6H, p<0.001) and serum LDL (Appendix Figure 4.6L, 

p<0.01). 

Inflammatory markers vs phenotypic data: In 30-week-old mice, IL6 mRNA levels were 

positively correlated in PAT compared to body fat content (Appendix Figure 4.5H, p<0.01), 

body weight (Appendix Figure 4.5L p<0.05), percentage body fat (Appendix Figure 4.5P, 

p<0.01), fasting blood glucose levels (Appendix Figure 4.5D) (p<0.05). There was a positive 

relationship between PAT TNFα expression and body fat content (Appendix Figure 4.7H, 

p<0.01), body weight (Appendix Figure 4.7L, p<0.05) and percentage body fat (Appendix 

Figure 4.7P, p<0.05). There was a negative trend between PAT UCP1 expression and 

percentage change in cell volume (Appendix Figure 4.3I, p<0.05), serum total cholesterol 

(Appendix Figure 4.8D, p<0.05), serum HDL (Appendix Figure 4.8H, p<0.05), body fat content 

(Appendix Figure 4.9H, p<0.01), body weight (Appendix Figure 4.9L, p<0.05) and percentage 

body fat (Appendix Figure 4.9P, p<0.01) and a negative trend towards significance in serum 

LDL levels (Appendix Figure 4.8L, p=0.0529). 

Percentage change in volume vs serum metabolite levels: In 30-week-old mice, the 

relationship between the percentage change in cell volume in PAT, showed a positive trend 

between serum total cholesterol (Appendix Figure 4.10C, p<0.01), serum HDL (Appendix 

Figure 4.10F, p<0.01), serum LDL (Appendix Figure 4.10I, p<0.01). 

Percentage change in volume vs phenotypic data: In 30-week-old mice, the relationship 

between the percentage change in cell volume PAT, showed a positive trend between body 

fat content (Appendix Figure 4.11F, p<0.0001), body weight (Appendix Figure 4.11I,  
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p<0.0001), percentage body fat (Appendix Figure 4.11L, p<0.001) and fasting blood glucose 

(Appendix Figure 4.11C, p=0.01).  

Inflammatory markers vs percentage change in cell volume: In 30-week-old mice, PAT 

Leptin levels were associated with percentage change in cell volume (Appendix Figure 4.12C, 

p<0.05).  

30-week Inflammatory markers vs phenotypic data: In 30-week-old mice, PAT Leptin levels 

were positively correlated with body weight (Appendix Figure 4.13G, p<0.01) and PAT AdipoQ 

levels were negatively correlated with PAT depot weight (Appendix Figure 4.14F, p<0.01). 
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3.4. DISCUSSION  

Pericardial fat in both 10-week-old and 30-week-old male mice demonstrated a unique 

transcriptional and histological profile under chow (7% kcal fat diet and 10% kcal fat diet, 

respectively) and HF-conditions (45% kcal fat diet and 60% kcal fat diet, respectively). The 

distinctive signatures were demonstrated by a (1) thermogenic and/or (2) visceral profile of 

pericardial fat under baseline and obesogenic conditions. This was further supported by the 

morphological resemblance of (3) uni-locular white-like cells and/or (4) multi-locular brown-like 

cells residing within pericardial fat. 

The classification of pericardial fat in mice as either a white or brown depot under normal 

physiological conditions during development is unclear. Depending on the need to upregulate 

thermogenesis or act as a storage site, ‘beige’ depots like perirenal fat adopt either brown-like 

or white-like characteristics (Clarke et al., 1997b). In fact, white depots have the capacity to 

recruit thermogenic cells, characterised by higher levels of UCP1 mRNA expression 

(Shabalina et al., 2013).  In 10-week-old male mice under baseline conditions (chow-fed state), 

the expression of UCP1 was second only to that of brown fat. This response was further 

potentiated in older chow-fed mice (30-week-old) in which PAT UCP1 mRNA expression levels 

were significantly higher than inguinal subcutaneous fat. These UCP1 levels were negatively 

correlated with cell volume, body fat content, percentage body fat and serum levels of total 

cholesterol and HDL.  Although relationships were not significant in iWAT, this resembles a 

similar correlative relationship as subcutaneous inguinal fat.   

Given that subcutaneous fat resembles a ‘beige’ depot under cold exposure with elevated 

levels of UCP1 expression (Waldén et al., 2012), the results suggest that under chow 

conditions, pericardial fat in mice resembles a ‘beige’ depot. This is further supported by DIO2 

expression levels which is associated with upregulated thermogenesis (Christoffolete et al., 

2004). The expression profile of DIO2 in 10-week-old and 30-week-old chow-fed male mice 

were similar to that of UCP1 expression levels in pericardial fat. In 30-week-old chow-fed male 

mice, DIO2 expression levels in PAT where higher than that of gonadal and inguinal white fat.  

Under chow conditions, DIO2 mRNA levels in pericardial fat were comparable to that of brown  
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fat in 30-week-old chow-fed male mice. However, in 10-week-old chow-fed male mice, 

pericardial DIO2 expression levels were significantly lower than brown fat. Indeed, this was 

true for the expression of mitochondrial-related genes PGC1α, COX7A1 and COX8B in 10-

week-old chow-fed male mice. Interestingly, the same transcriptional profile was observed in 

PGC1α in 30-week-old chow-fed male mice, however COX7A1 and COX8B expression levels 

were significantly higher compared to the white depots. This data suggests that under basal 

(chow) conditions, the thermogenic capacity of pericardial fat is upregulated in 30-week-old 

male mice, in comparison to 10-week-old male mice. This demonstrates the thermogenic 

changes that occur in pericardial fat during postnatal development.  

In 10-week-old chow-fed male mice, all pro-adipogenic markers were lower in pericardial fat 

compared to all depots. However, expression of FABP4, a mature adipocyte marker (Shan et 

al., 2013; Sim et al., 2017), did not differ between brown and pericardial fat. In 30-week-old 

chow-fed male mice, only FABP4 expression was lower than gonadal and inguinal fat.  

C/EBPα and PPARγ expression is essential for the maintenance of mature adipocytes (Christy 

et al., 1991; Christy et al., 1989; Imai et al., 2004) and C/EBPα expression is vital for white fat 

development, in vivo (Linhart et al., 2001). Moreover, in 30-week-old and 10-week-old male 

mice, TNFα levels in PAT were higher compared to brown fat, and further elevated compared 

to white fat, respectively. Perhaps high expression levels of this cytokine in pericardial fat, 

compared to white and brown fat, is linked with lower levels of pro-adipogenic markers, as 

TNFα suppresses adipocyte differentiation (Kurebayashi et al., 2001), therefore reducing lipid 

accumulation and adipocyte size. This is further supported by a relationship between 

pericardial adipocyte volume and TNFα mRNA expression levels in 30-week-old male mice. 

This suggests that pericardial adipocytes resemble an adipogenic profile that is dissimilar to 

white fat, further exaggerated in older 30-week-old male mice, than in 10-week-old male mice. 

Indeed, a reduction in pro-adipogenic markers are associated with smaller, multi-locular cells 

(Aziz et al., 2017; Sudhakar et al., 2020). Furthermore, adipokines Adiponectin (AdipoQ) 

(Musovic and Olofsson, 2019) and Leptin (Cinti et al., 1997) are primarily secreted by white 

adipocytes.  The expression of the latter is associated with adipocyte size and UCP1 mRNA  
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levels, under reciprocal control in brown fat (Cancello et al., 1998; Kim et al., 2003). AdipoQ 

and Leptin expression levels were significantly reduced in pericardial fat compared to gWAT 

in 30-week-old male mice and further reduced compared to iWAT in 10-week-old male mice. 

This is reflected by a population of brown-like cells in chow-fed 10-week-old and 30-week-old 

male mice. However, unlike 30-week-old chow-fed male mice, only pericardial adipocyte size 

from 10-week-old chow-fed male mice indicated a reduction in cell size compared to the white 

depots. In fact, this profile was true for pericardial fat of HF-fed mice too.  This is suggestive of 

an upregulated hypertrophic mechanism in growth as pericardial adipocyte size was increased 

in older mice (30-week-old), with no significant differences between pericardial fat and white 

depots. 

The presence and activity of brown adipocytes are associated with an improvement in body 

weight, whole-body insulin sensitivity (Stanford et al., 2013; Yoneshiro et al., 2011) and 

thermogenic capacity (Van Marken Lichtenbelt et al., 2009). With this view, these positive 

effects of brown cell activity are reduced in obesity (Orava et al., 2013) and can be 

dysregulated by HF-feeding. The metabolic profile was determined of 30-week-old male mice 

fed an extreme obesogenic 60% kcal fat diet, over a 26-week period, compared to a 10% kcal 

fat diet. The chronic HF-fed diet induced obesity, compared to chow-fed mice, characterised 

by an increase in body weight, a reduction in percentage lean weight, increase in percentage 

fat weight and reduced energy expenditure, demonstrated by reduced respiratory exchange 

rate (RER). Furthermore, this feeding plan induced glucose intolerance, demonstrated after an 

ipGTT and elevated fasting blood glucose levels and serum levels of FFAs, total cholesterol, 

HDL, and LDL.  In pericardial fat of 30-week-old male mice, there were no observable sub-

populations of multi-locular brown-like cells in mice fed a HF-diet (60% kcal fat diet), unlike in 

chow-fed mice (10% kcal fat diet). However, in 10-week-old male mice, brown-like cells were 

present, regardless of a 7-week dietary intake of a chow (7% kcal fat) or HF-diet (45% kcal 

fat). A pro-longed HF-diet may induce the trans-differentiation of brown-to-white cells in 

pericardial fat of 30-week-old HF-fed male mice. AT development is altered due to nutritional 

changes during adulthood. Perhaps an extreme obesogenic environment induces the  
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‘whitening’ (Dobner et al., 2017; Kuipers et al., 2019) of pericardial fat. This may impair the 

thermogenic capacity of pericardial adipocytes to reduce energy expenditure and promote 

obesity and metabolic dysfunction in 30-week-old HF-fed male mice.  

High levels of thermogenic markers in brown fat are often associated with a leaner phenotype 

in humans (Cypess, 2009).  Interestingly, the thermogenic and mitochondrial-related genes 

are elevated in brown fat, followed by pericardial fat. Of note, ADRβ3 expression is 

downregulated in obesity (Kurylowicz et al., 2015), yet there were elevated levels of ADRβ3 

expression in pericardial fat of 10-week-old HF-fed male mice, compared to chow-fed mice.  

This may be due to diet-induced thermogenesis (DIT) upon HF-feeding. The facultative 

component of DIT is influenced by diet to stimulate the SNS (Young and Landsberg, 1977), 

mediated by UCP1 activation (Feldmann et al., 2009; Hibi et al., 2016). In fact, it would be 

expected that ADRβ3 expression would be elevated in brown fat. However, in pericardial fat, 

expression of ADRβ3 is lower than gonadal fat in 30-week-old chow-fed male mice, and a 

further reduction compared to inguinal fat in 10-week-old chow-fed male mice. Perhaps there 

is a thermogenic response in these white depots as well, independent of UCP1 expression 

(Granneman et al., 2003), which is greater in adrenergic output compared to brown and 

pericardial fat to promote improved metabolic health in chow-fed mice.  

Under an obesogenic environment, a similar profile of pro-adipogenic markers in pericardial 

fat of chow-fed mice was demonstrated. However, unlike in 10-week-old HF-fed male mice, 

the pro-inflammatory markers of IL6 and TNFα in pericardial fat of 30-week-old HF-fed male 

mice, were elevated compared to inguinal and brown fat. In fact, levels were almost 

comparable to that of gonadal fat, a visceral depot, and IL6 and TNFα levels were only elevated 

in 30-week-old HF-fed male mice, compared to chow-fed male mice.  These inflammatory 

levels were positively correlated with body fat content, body weight and adiposity. Moreover, 

IL6 mRNA levels of pericardial fat were positively linked with fasting blood glucose levels, and 

TNFα expression was positively correlated with serum total cholesterol, HDL and LDL levels.  

This suggests that an extreme HF-fed diet may be potentiating a deleterious pro-inflammatory 

visceral status in pericardial fat.  
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Moreover, hypertrophy of visceral fat is associated with a pro-inflammatory state in metabolic 

and CV pathogenesis (Drolet et al., 2008; Elie et al., 2016; Horckmans et al., 2018; Kang et 

al., 2017b). Pericardial adipocyte cell volume was elevated in HF-fed 10-week-old and 30-

week-old male mice.  In 30-week-old male mice, these levels were positively associated with 

IL6 and Leptin mRNA levels, body weight, adiposity and blood levels of fasting glucose, total 

cholesterol, HDL and LDL.  Although there were no differences between pericardial depot 

weights in 30-week-old male mice, regardless of diet, this may be due to the small sample size 

(N = 3) in the HF-fed group, as capacity of adipose depots are reflected by their depot weight 

(Van Beek et al., 2015). With this said, depot weight was negatively correlated with the 

expression of the anti-inflammatory gene AdipoQ, which is often downregulated in obesity (Hu, 

Liang and Spiegelman, 1996).  

Additionally, Leptin mRNA expression levels were elevated in HF-fed 30-week-old male mice 

compared to chow-fed male mice in pericardial fat. As elevated levels of Leptin are associated 

with BMI (Hamilton et al., 1995), Leptin mRNA expression of 30-week-old male mice was 

positively correlated with body weight. Given that hypertrophy is associated with metabolic 

dysfunction (Laforest et al., 2015), in both 10-week-old and 30-week-old HF-fed male mice, 

pericardial adipocyte size was increased in comparison to their respective chow groups.  The 

hypertrophic and pro-inflammatory status of pericardial fat under a HF-diet demonstrates a 

similar trend to that of visceral gonadal fat, in this and previous studies (Drolet et al., 2008; 

Kang et al., 2017b). This along with correlation analysis represents the visceral-like qualities 

of pericardial fat, more so under extreme obesogenic conditions (30-week-old HF-fed male 

mice), to potentiate metabolic dysfunction.  
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3.4.1. Conclusion 

This study has demonstrated that pericardial fat adopts a ‘beige’ signature to adapt to various 

nutritional environments. Further studies are required to directly analyse the thermogenic 

capacity of pericardial fat demonstrated by transcriptional and histological analysis.  However, 

the results presented demonstrate that under baseline conditions, pericardial fat has 

thermogenic properties which are somewhat dysregulated upon HF-feeding, further 

exaggerated by an extreme obesogenic environment.  
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CHAPTER 4 

 

INVESTIGATING THE EFFECTS OF MATERNAL 

OVERNUTRITION ON PERICARDIAL ADIPOSE 

TISSUE IN OFFSPRING MICE 
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4.1. INTRODUCTION 

Around 20% of women are either overweight or obese during the early stages of pregnancy 

(Public Health England, 2018). Obesity during pregnancy, known as maternal obesity, 

increases the risk of developing insulin resistance, elevated levels of circulating FFAs (Boyle 

et al., 2017), hypertension and gestational diabetes (Khan et al., 2017), in the pregnant mother. 

Not only does maternal obesity pose detrimental health effects on the mother, but also impacts 

the normal development of a growing fetus. This could lead to negative outcomes, such as 

epigenetic alterations (Zhang et al., 2009) or even neonatal death  (Zhou et al., 2019a).  

The concept that the maternal environment during pregnancy influences the metabolic health 

and organ programming in utero in offspring was originally introduced by Professor David 

Barker (Barker and Osmond, 1986). Epidemiological studies revealed convincing evidence 

that low infant birthweight, suggestive of undernutrition in utero, was highly correlated with an 

increased risk of developing CVD in later life (Barker  et al., 1993; Osmond et al., 1993). These 

observations introduced the ‘thrifty phenotype hypothesis.’ This hypothesis proposes that 

undernutrition in utero, at various timepoints or ‘windows of susceptibility’ during the 

developmental stages of a fetus, are associated with the increased risk of metabolic 

complications of an offspring during adulthood (Barker et al., 1993; Hales and Barker, 2001).   

Furthermore, as AT development is a sensitive period primarily regulated during the perinatal 

stages of gestation, in particular the early postnatal period (Greenwood and Hirsch, 1974), 

maternal undernutrition may effect AT growth, contributing to health complications in offspring 

in later life. This has been demonstrated in the altered capacity of thermogenesis in non-

classical adipose depots, which have both white and brown-like qualities, in offspring exposed 

to maternal undernutrition during different developmental timepoints.  

Perirenal adipose tissue, associated with the kidneys, is a brown depot that resembles white 

adipose tissue characteristics postnatally in sheep. Clarke et al., demonstrated that in the early 

stages of postnatal life, high UCP1 gene expression levels were correlated with the thyroid 

hormone T3, resembling a brown-like depot. However, as a lamb increases with age,  UCP1 

gene expression levels decline, accompanied by increased lipid accumuation in adipocytes,  
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resembling a white-like depot (Clarke et al., 1997b). Interestingly, maternal undernutrition 

during the periconception period or late gestational period results in either an increase or 

decrease in UCP1 gene expression, respectively. This is observed in fetal perirenal adipose 

tissue of sheep, prior to birth (Budge et al., 2004). As expression levels decline after birth (Finn 

et al.,1998), the initial increase in UCP1 expression of fetal perirenal fat may act as a 

mechanism to induce thermogenesis in a fetus (Clarke et al., 1997a) to regulate body 

temperature nearing the time of birth.  

As with sheep, rodent offspring AT development is also effected by exposure to maternal 

undernutrition, in utero. Under normal developmental conditions, gonadal white fat is 

characterised largely by white adipocytes. However, exposure to maternal undernutrition 

during the final stages of gestation and lactation results in an increase of UCP1 expression. 

This is suggestive of a ‘browning’ effect in offspring white fat induced by maternal 

undernutrition, to promote thermogenesis for survival purposes (Delahaye et al., 2010), as 

demonstrated in perirenal fat of offspring ewes (Budge et al., 2004). 

The effects of maternal undernutrition in offspring perirenal fat are similar to that of pericardial 

fat which also possesses brown and white adipose depot characteristics. In pericardial fat of 

offspring sheep, exposure to maternal undernutrition during the early or late stages of gestation 

results in an increase (Ojha et al., 2014) or decrease (Ojha et al., 2013) in UCP1 gene 

expression levels, respectively. Regardless of the stage at which maternal undernutrition is 

induced, white adipogenic markers are increased in pericardial fat of offspring (Ojha et al., 

2013; Ojha et al., 2014). Moreover, the origins of excess pericardial adiposity may stem from 

offspring exposure to maternal undernutrition in utero. This could contribute to metabolic 

complications in the offspring in adulthood (Ojha et al., 2014).   

It is clear that exposure to maternal undernutrition during certain periods of fetal development 

effects the thermogenic capacity of offspring AT. This entices a premise that perhaps even 

maternal overnutrition may also effect offspring AT development. Obesogenic pregnancies 

may exacerbate chronic inflammation and lead to an inflammatory environment in utero. This 

could influence the metabolic health of an offspring later in life (Challier et al., 2008), including  
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an increased risk of weight gain (Boney et al., 2005; Oken et al.,2008), growth (Desai et al., 

2014), adiposity, insulin resistance (Catalano et al., 2009), obesity (National Health Service, 

2019) and CVD (Samuelsson et al., 2008).  

Using maternal obesity animal models may provide an insight into the mechanisms involved 

in which human maternal obesity effects offspring AT development. Whilst it is unclear whether 

genetic variations (Yang et al., 2013) are passed on from mother to offspring in utero, there is 

evidence to suggest that rodent neonates fed a high-fat (HF)-diet are more susceptible to 

increased adipocyte differentiation (Boyle et al., 2016). This is further exacerbated by a 

maternal HF-diet (Borengasser et al., 2013). The maternal HF-diet predisposes an offspring to 

share an affinity to food with a high fat content (Bayol et al., 2007) and is associated with 

increased weight gain, fat mass and development of MetS in offspring (Borengasser et al., 

2013). This increased hyperphagic response could be due to dysregulated Leptin signalling, a 

pathway that is essential for regulating appetite (Segovia et al., 2018). In perirenal fat of 

offspring sheep, exposure to maternal overnutrition during the late gestational period, causes 

an upregulation of pro-adipogenic white markers including Leptin and PPARγ (Muhlhausler et 

al., 2007a;  Muhlhausler et al., 2007b). 

Additionally, rodent studies have demonstrated that a combination of exposure with maternal 

overnutrition and offspring HF-diet post-weaning, further exaggerates the effects of maternal 

obesity on AT development (Sheen et al., 2018). Maternal obesity often induces negative 

effects on offspring, including larger visceral white fat  (Guberman et al., 2013; Lecoutre et al., 

2016; Sellayah et al., 2019), disrupted brown fat activity, further promoting dysregulated 

thermogenesis (Gaspar et al., 2021) and increased cardiac fat mass associated with CV 

impairment (Fernandez-twinn et al., 2012). This may contribute to an increased risk of 

metabolic dysfunction acquired in offspring. 

There is sound knowledge that obesity in adulthood may originate from the environment 

encountered in utero. Maternal undernutrition models have demonstrated that UCP1 gene  

expression of pericardial fat is altered depending on the timepoint of exposure and impedes 

normal development of AT.  
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Despite this, there is a lack of knowledge establishing to what extent pericardial fat is effected 

by maternal overnutrition in animals and the following health implications involved in offspring. 

 

4.1.1. Aims  

The aim is to document how the genetic and morphological signatures of PAT compares to 

other adipose depots under a standard maternal diet and maternal overnutrition. In this study, 

the transcriptional and histological profile of pericardial adipose tissue (PAT) was compared to 

gonadal (gWAT), inguinal (iWAT) and interscapular brown (iBAT) adipose tissue harvested 

from (1) 30-week-old male mice fed a chow-diet of 10% kcal fat or a high-fat-diet of 60% kcal 

fat, post-weaning, for 26 weeks from dams fed either a chow-diet or high-fat-diet prior to and 

during pregnancy and lactation.  
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4.2. METHODS 

4.2.1. Animal and experimental design  

All animal work was conducted by the technical staff at the Medical Research Council (MRC) 

Harwell Institute. Research was approved by the Medical Research Council Harwell Institute 

Animal Welfare and Ethical Review Board. All procedures were carried out within project 

license restrictions (PPL 30/3146) under the UK Animals (Scientific Procedures) Act 1986, 

issued by the UK Government Home Office. Maintained under a 12-hour light/dark cycle and 

a constant temperature of 22°C ± 2°C, C57BL/6N mice were used in this study, with food and 

water available ad libitum. At 8 weeks old, female C57BL/6N mice (dams) were randomly 

assigned either a chow (C) (10% kcal fat) or a high-fat (HF) (60% kcal fat) diet for 6 weeks 

prior to pregnancy. At 14 weeks of age, the female mice were mated with chow-fed C57BL/6N 

male mice and maintained on their respective diets during gestation (3 weeks) and lactation 

(4 weeks). In total, the dietary intervention from dams lasted 13 weeks. The presence of a 

vaginal plug confirmed pregnancy in dams and was deemed as day 0.5 of pregnancy. Weaning 

of male C57BL/6N offspring mice occurred at 4 weeks of age. These mice were randomly 

assigned either a chow (C) (10% kcal fat) or a high-fat (HF) (60% kcal fat) diet for 26 weeks. 

This resulted in four experimental offspring groups: C/C, C/HF, HF/C and HF/HF – the letters 

before the forward slash refer to the maternal diet and the letters after the forward slash refer 

to the offspring’s diet post-weaning (Table 4.1). The two maternal dietary groups generated 11 

C-fed-diet litters and 11 HF-fed-diet litters which were randomly assigned to the two offspring 

dietary groups. This included offspring from C-fed dams to C/C or C/HF and offspring from HF-

fed dams to HF/C or HF/HF. These new groups constituted from different litters, some 

originated from C litters and others from HF litters. From this, the littermates were randomised 

across different C or HF-fed groups to avoid littermate bias. One litter was often used in more 

than one group. Out of the 11 litters from C-fed dams and 11 litters from HF-fed dams, there 7 

litters for C/C, 6 litters for C/HF, 9 litters for HF/C and 7 litters for HF/HF.  Body weight and fat 

pads from dams were analysed before mating to confirm induction of obesity using nuclear 

magnetic resonance. Throughout the dietary intervention, mice were weighed weekly,  
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metabolic cage analysis was performed at 22 weeks using TSE PhenoMaster in vivo 

calorimetry system, whilst body composition and intraperitoneal glucose tolerance test (ipGTT) 

were measured at 26 weeks of age. Body composition was measured by nuclear magnetic 

resonance (EchoMRI™, Zinsser Analytic GmbH, Eschborn, Germany) which determined total 

body fat, lean mass and free fluid in grams. The percentage of each component was then 

calculated based on the total body weight of the animal. Percentage body fat was calculated 

by dividing fat by weight and multiplying by 100. ipGTT was performed following an 8-hour fast 

and the area under the curve (AUC) was determined, with baseline values were subtracted. 

2g/kg glucose was intraperitoneally administered to fasted mice and blood was taken from the 

tail vein, under local anaesthetic (EMLA cream, AstraZeneca, United Kingdom) at 0 (baseline), 

15, 30, 60 and 120 minutes, post glucose injection. Whole blood glucose was measured using 

an AlphaTRAK meter and test strips (Abbott Animal Health, United Kingdom). Blood was 

collected by a cardiac puncture under terminal anesthetic in mice at the age of 30 weeks. For 

serological analysis, the blood was left to clot and centrifuged at 3000xg for 3 minutes. Sera 

was frozen at -80°C until further analysis. All samples for biochemistry analysis of serum, 

including fatty acids, triglycerides and cholesterol, were performed using AU680 Clinical 

Chemistry Analyser (Beckman Coulter, High Wycombe, United Kingdom), by the Clinical 

Chemistry core facility, MRC Harwell Institute (Oxfordshire, United Kingdom) using 

commercially-available kits and performed according to manufacturer instructions. Death of 

mice by carbon dioxide euthanasia and neck dislocation was confirmed by cessation of the 

circulation. Dissection of gonadal white adipose tissue (gWAT), inguinal white adipose tissue 

(iWAT), interscapular brown adipose tissue (iBAT), pericardial adipose tissue (PAT) and 

myocardium of the heart for gene expression (samples stored at -80°C until further analysis) 

and histological analysis (samples stored at 4°C until further analysis) were performed at the 

end of the experimental procedure (30 weeks of age) (Figure 4.1). 
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Table 4.1. Experimental offspring groups fed either a chow (C) or high-fat (HF)-diet post-

weaning 

 

4.2.2. RNA isolation 

1ml of Invitrogen™ TRI Reagent™ Solution per 50mg to 100mg of gWAT, iWAT, iBAT, PAT 

and heart was transferred to a MP BiomedicalsTM Lysing Matrix D tube. Lysing tubes were 

placed in the MP Biomedicals™ FastPrep-24™ 5G Instrument, with the QuickPrep Adaptor 

(Fisher Scientific). Adipose tissue was homogenised at a speed of 6.0m/s, for 40 seconds and 

heart tissue was homogenised at a speed of 6.0m/s, for 30 seconds. Isolation of RNA was 

performed as recommended by the manufactures of Invitrogen™ TRI Reagent™ Solution 

(Fisher Scientific). RNA was quantified and quality was checked as stated in section 2.2.3 and 

section 2.2.4.3. RNA samples were stored at -80°C until further analysis. 

 

4.2.3. cDNA synthesis and RT-qPCR 

Total RNA was reverse transcribed using the Applied Biosystems™ High-Capacity cDNA 

Reverse Transcription Kit (Fisher Scientific) and Invitrogen™ RNaseOUT™ Recombinant 

Ribonuclease Inhibitor (Fisher Scientific), following the instructions as recommended by the 

manufacturer to synthesise cDNA, performed using the T100™ Thermal cycler (Bio-Rad). 

500ng to 1000ng of cDNA was synthesised as stated in section 2.2.5.   The gene expression 

of 30ng cDNA was determined using qPCRBIO Probe Mix No-ROX (PCR Biosystems), 

performed on the MyiQ™ Single-Colour Real-Time PCR Detection System (Bio-Rad). 

Samples were measured in duplicates and the fold change in gene expression levels were  

 

Abbreviation Feeding plan 

C/C Offspring fed a C-diet post-weaning and born from C-fed mothers/dams 

C/HF Offspring fed a HF-diet post-weaning and born from C-fed mothers/dams 

HF/C Offspring fed a C-diet post-weaning and born from HF-fed mothers/dams 

HF/HF Offspring fed a HF-diet post-weaning and born from HF-fed mothers/dams 
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determined using the comparative threshold cycle (Ct) method, also referred to as the 2-ΔΔ Ct 

method (section 2.2.6). The target genes as listed in Table 4.2 were relative to the 

housekeeping gene, peptidylprolyl isomerase A (PPIA) for adipose tissue and Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) for heart tissue. All Applied Biosystems™ TaqMan™ 

Gene Expression Assays (FAM-MGB) were purchased from Fisher Scientific. cDNA was 

stored at -20°C until further analysis. 

 

4.2.4. Histology 

Formalin fixed gWAT, iWAT and PAT embedded in Optimal Cutting Temperature (OCT) 

compound were sectioned between 10µM and 15µM using a Bright 5040 Cryostat (Bright 

Instruments Limited). Sections were stained with Haematoxylin and Eosin (H&E) and imaged 

with a Nikon TE200 Brightfield Inverted Microscope, at x40 objective lens. Assuming the shape 

of adipocytes are spherical, to calculate adipocyte volume, Image-J software was used to 

determine adipocyte area and volume distribution as stated in section 2.2.12.1. The 

percentage change in volume was determined by normalising adipocyte volume to the C-fed 

mice, unless stated otherwise, and multiplying by 100. Adipocyte number was determined in 

PAT as stated in section 2.2.12.1. H&E stained slides were stored at room temperature until 

further analysis.  
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 Figure 4.1. Experimental design of female dams and male mice offspring fed a C-diet or HF-diet for 26 weeks. Four experimental offspring groups: 

C/C, C/HF, HF/C and HF/HF – the letters before the forward slash refer to the maternal diet and the letters after the forward slash refer to the offspring’s 

diet post-weaning i.e. maternal diet/offspring diet.  C-diet: Chow-diet; HF-diet: High-fat-diet.   
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Table 4.2.  Applied Biosystems™ TaqMan™ Gene Expression Assays for RT-qPCR 

Gene Assay ID 

ACTA1 Mm00808218_g1 

AdipoQ Mm00456425_m1 

ADRβ3 Mm02601819_g1 

C/EBPα Mm00514283_s1 

COX7A1 Mm00438297_g1 

COX8B Mm00432648_m1 

DIO2 Mm00515664_m1 

FABP4 Mm00445878_m1 

GAPDH Mm99999915_g1 

IL6 Mm00446190_m1 

Leptin Mm00434759_m1 

MYH6 Mm00440359_m1 

MYH7 Mm00600555_m1 

NOX4 Mm00479246_m1 

NPPA Mm01255747_g1 

PGC1α Mm01208835_m1 

PLIN1 Mm01320554_g1 

PPARγ Mm00440940_m1 

PPIA Mm02342430_g1 

TNFα Mm00443258_m1 

UCP1 Mm01244861_m1 

 

4.2.5. Triglyceride extraction and quantification from frozen heart tissue 

200µl of 5% NP-40 Substitute Conc. per 20mg of frozen heart tissue was transferred to a MP 

BiomedicalsTM Lysing Matrix D tube. Lysing tubes were placed in the MP Biomedicals™ 

FastPrep-24™ 5G Instrument, with the QuickPrep Adaptor (Fisher Scientific) and 

homogenised at a speed of 6.0m/s, for 30 seconds. Duplicates were performed in NuncTM 

MicroWellTM 96-Well Microplates and extraction of triglycerides was performed as 

recommended by the manufacturers of the Triglyceride quantification kit (Sigma-Aldrich) as 

stated in section 2.2.7.2. Absorbance levels were measured at 570nm on the SPECTRAmax® 

190 Microplate Spectrophotometer (Molecular Devices Corporation), using SOFTmax PRO  
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software. All values were corrected to the blank absorbance and TG concentration was 

normalised to the heart depot weight. Triglyceride extracts were stored at -80°C until further 

analysis. 

4.2.6. Statistical analysis  

GraphPad Prism was used to perform statistical analysis of one-way ANOVA, two-way 

ANOVA, repeated measures ANOVA, unpaired t-test or Pearson’s correlation coefficient. 

ANOVAs were performed with post-hoc Tukey’s multiple comparison. All values were relative 

to their respective depots from chow (C)-fed mice, unless stated otherwise. Graphs are 

expressed as mean + standard error of the mean (s.e.m), unless stated otherwise.  A value of 

p<0.05 was deemed as statistically significant with * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. The overall effects of maternal and offspring diet are expressed on the graph if the 

interactions are significant. 
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4.3. RESULTS  

4.3.1. Biochemical and metabolic parameters from 30-week-old offspring mice fed a 

chow and HF-diet from chow and HF-fed dams  

The biochemical and metabolic effects of maternal and offspring diet were assessed in 

Appendix Table 1.1. For metabolic analysis (Figure 4.2), N = 10–17 mice from 7–9 litters per 

group (Figure 4.2A-C). For Figure D–O, N = 4 mice from 3 litters for C/C, N = 3 mice from 3 

litters for C/HF, N = 8 mice from 4 litters for HF/C and N = 8 mice from 4 litters for HF/HF. 

HF/HF offspring were significantly heavier in comparison to C/C (p<0.01), from 7 weeks of 

age, whereas differences compared to C/HF occurred at 8 weeks of age. Interestingly, in the 

final 4 weeks of the experimental procedure, HF/C mice were lighter than C/C (Figure 4.2A). 

C/HF and HF/HF offspring were significantly glucose intolerant as determined by an ipGTT 

(Figure 4.2B) compared to C/C (p<0.001 and p<0.05, respectively) and HF/C (p<0.0001 and 

p<0.0001, respectively) in Figure 4.2C. HF offspring groups exhibited lower respiratory 

exchange rates (RER), with a reduction in energy expenditure (Figure 4.2D-F). For fasting 

blood glucose levels (Figure 4.2J), C/HF had significantly higher levels compared to C/C 

(p<0.001), HF/C (p<0.0001) and HF/HF (p<0.001). The serum levels of triglycerides (Figure 

4.2K) and free fatty acids (FFAs) (Figure 4.2L) were significantly elevated in HF/HF offspring 

compared to C/C (p<0.01 and p<0.001, respectively) and HF/C (p<0.01 and p<0.05, 

respectively). In total fat mass (Figure 4.2H), total adiposity (Figure 4.2I), serum levels of total 

cholesterol (Figure 4.2M), HDL (Figure 4.2N) and LDL (Figure 4.2O) were elevated in C/HF 

compared to C/C (p<0.0001, p<0.0001, p<0.001, p<0.001 and p<0.01, respectively) and HF/C 

(p<0.0001, p<0.0001, p<0.0001, p<0.0001 and p<0.0001, respectively). HF/HF levels of these 

five parameters were higher compared to C/C (p<0.0001, p<0.0001, p<0.0001, p<0.001 and 

p<0.001, respectively). HF/HF pericardial depot weight was significantly heavier than HF/C 

(p<0.001), with the latter having significantly lighter weights compared to C/C (p<0.05), C/HF 

(p<0.05) and HF/HF (p<0.001).  
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Figure 4.2. Metabolic effects of maternal overnutrition on 30-week-old male offspring 

mice. Growth curve with weekly weight measurements (A), intraperitoneal glucose tolerance 

test (ipGTT) with glucose measured at 0, 15, 30, 60 and 120 minutes after glucose injection 

(B), area under the curve (AUC) of blood glucose levels (C), Respiratory Exchange Rate 

(RER) (D), Energy expenditure of total weight (E) and lean weight (F), Total ambulatory activity 

(G), Total fat mass (H), Total adiposity (I), Fasting blood glucose (J), Triglycerides (K), Free 

fatty acids (FFAs) (L), Total cholesterol (M), HDL (N), LDL (O) were measured in chow (C) or 

high-fat (HF)-fed 30-week-old male offspring mice from dams fed a chow (C) or (HF)-diet. 

Graphs represent mean + s.e.m (A-F) and minimum to maximum values of boxplots (H-O). 

Data analysed by repeated measures ANOVA (A,B,D-G) and two-way ANOVA (C,H-O) with 

Tukey’s multiple comparisons test. N = 8-17.  
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4.3.2. Adipose and heart tissue gene expression differences in 30-week-old offspring 

mice fed a chow and HF-diet from chow and HF-fed dams 

The effects of maternal and offspring diet of gene expression of adipogenic, inflammatory, 

thermogenic and mitochondrial-related markers were assessed in Appendix Table 2.1.  

gWAT (Figure 4.4):  For adipogenic expression markers, FABP4 expression (Figure 4.4A) 

was significantly lower in the HF/HF offspring group compared to C/C (p<0.01), C/HF (p<0.01) 

and HF/C (p<0.01). PPARγ expression (Figure 4.4B) was significantly lower expression in 

HF/HF compared to C/C (p<0.0001) and HF/C (p<0.0001), lower expression in C/HF 

compared to C/C (p<0.01) and a trend towards significance with higher expression in C/HF 

compared to HF/HF (p=0.0573). HF/C had significantly higher expression in C/EBPα 

expression (Figure 4.4C) compared to C/HF (p<0.05) and HF/HF (p<0.05). AdipoQ expression 

(Figure 4.4G) was elevated in C/C compared to C/HF (p<0.01), HF/C (p<0.0001) and HF/HF 

(p<0.01). Although there were no significant differences in Leptin expression (Figure 4.4F), 

there was a trend towards a higher expression in C/HF compared to HF/C (p=0.056).   
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Figure 4.3. PAT depot weight (A), Heart weight (B) and Triglyceride (TG) content of Heart (C) 

from chow (C) or high-fat (HF)-fed 30-week-old male offspring mice from dams fed a chow (C) 

or (HF)-diet. Graphs represent means ± s.e.m. Data was analysed by two-way ANOVA and 

Tukey’s multiple comparison test. For A, N=3, For B and C, N= 6 – 10.  
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iWAT (Figure 4.5): ADRβ3 expression (Figure 4.5B) was lower in HF/HF compared to C/C 

(p<0.01) and HF/C (p<0.05). In addition, C/HF had lower expression compared to C/C (p<0.05) 

and HF/C (p<0.05).   

iBAT (Figure 4.6): UCP1 levels (Figure 4.6A) were elevated in C/HF compared to C/C 

(p<0.05) and HF/C (p<0.05). ADRβ3 expression (Figure 4.6B) was lower in C/C compared to 

C/HF (p<0.01) and HF/C (p<0.05). PGC1α expression (Figure 4.6D) and COX8B expression 

(Figure 4.6F) were elevated in C/HF (p<0.01 and p<0.05, respectively). COX7A1 levels (Figure 

4.6E) were significantly higher in HF/HF compared to C/C (p<0.05) and HF/C (p<0.05). 

PAT (Figure 4.7): HF/HF C/EBPα expression was significantly lower expression compared to 

C/C (p<0.05) and there was a trend towards lower expression in FABP4 (p=0.0528) and 

PPARγ (p=0.0567). IL6 mRNA levels (Figure 4.7D) in C/HF were significantly higher compared 

to C/C (p<0.01), HF/C (p<0.0001) and HF/HF (p<0.0001). TNFα expression (Figure 4.7E) was 

higher in HF/HF compared to C/C (p<0.0001) and C/HF (p<0.001), with HF/C expression being 

higher than C/C (p<0.05).  Leptin expression levels (Figure 4.7F) were lower in HF/C compared 

to C/HF (p<0.01) and HF/HF (p<0.05). 

Heart (Figure 4.8): There were no significant differences between the groups in any of the 

genes assessed. 
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Figure 4.4. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F) and AdipoQ 

(G) fold change in mRNA expression of gWAT of chow (C) or high-fat (HF)-fed 30-week-old 

male offspring mice from dams fed a chow (C) or (HF)-diet, normalised to C/C. Graphs 

represent mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison 

test. N = 7-9. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 4.5. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iWAT of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet, relative to C/C. Graphs represent mean 

+ s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 6-12. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001.  
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Figure 4.6. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iBAT of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet, normalised to C/C. Graphs represent 

mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 

6-12. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 4.7. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F) and AdipoQ 

(G) fold change in mRNA expression of PAT of chow (C) or high-fat (HF)-fed 30-week-old 

male offspring mice from dams fed a chow (C) or (HF)-diet, normalised to C/C. Graphs 

represent mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison 

test. N = 7-9. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 4.8. MYH7 (A), MYH6 (B), NPPA (C), ACTA1 (D), NOX4 (E), PLIN (F), PGC1α (G), 

IL6 (H) and TNFα (I) fold change in mRNA expression of Heart of chow (C) or high-fat (HF)-

fed 30-week-old male offspring mice from dams fed a chow (C) or (HF)-diet, relative to C/C. 

Graphs represent mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple 

comparison test. N = 5-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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4.3.3. Adipose tissue histological differences in 30-week-old offspring mice fed a chow 

and HF-diet from chow and HF-fed dams 

Percentage change in cell volume: The effects of maternal and offspring diet cell volume 

and number were assessed in Appendix Table 3.5 and Appendix Table 3.6. In all depots, 

HF/HF cell volume was drastically elevated compared to the other offspring groups, which was 

presented morphological by stained images. HF/HF of gWAT had a significantly larger volume 

compared to C/C (p<0.0001), C/HF (p<0.01) and HF/C (p<0.001), when normalised to C/C 

(Figure 4.9A). There was a trend towards larger cells in C/HF compared to C/C (p=0.0514). 

iWAT C/C offspring group having significantly smaller cells compared to C/HF (p<0.05) and 

HF/HF (p<0.0001), and C/HF had significantly smaller cells compared to HF/HF (p<0.01) 

(Figure 4.10A). PAT C/C had significantly smaller cells compared to C/HF (p<0.05) and HF/HF 

(p<0.0001) (Figure 4.11A). C/HF had larger cells compared to HF/C (p<0.05), and HF/HF had 

significantly larger cells compared to C/HF (p<0.05) and HF/C (p<0.0001). Adipocyte number 

of PAT (Figure 4.11B) was significantly elevated in HF/C compared HF/HF.   

Adipose tissue morphology: Histological analysis was mirrored by morphological 

observation of cell size of H&E stained gWAT (Figure 4.9B), iWAT (Figure 4.10B) and PAT 

(Figure 4.11C), with the largest cells in HF/HF. Furthermore, a population of multi-locular 

brown-like cells were observed in chow-fed offspring (C/C and HF/C), regardless of maternal 

diet, in iWAT (Figure 4.10C) and PAT (Figure 4.11D).  

Cell volume distribution: For statistical significance between groups and effects of maternal 

and offspring diet, refer to Appendix Table 3.7 and Appendix Table 3.8.  In general, both gWAT 

(Figure 4.9C) and iWAT (Figure 4.10D), compared to PAT (Figure 4.11E), resemble negatively 

skewed distributions of cell volumes, suggesting cells in these depots have a higher frequency 

of being larger.  
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Figure 4.9. The percentage change in cell volume normalised to C/C (A), H&E representative 

images of cell size (B) and cell volume distribution (C) of gWAT of chow (C) or high-fat (HF)-

fed 30-week-old male offspring mice from dams fed a chow (C) or (HF)-diet. All scale bars 

represent 100µM and imaged at x40 optical lens with Nikon TE200 brightfield inverted 

microscope. Graphs represent mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s 

multiple comparison test between C/C, C/HF, HF/C and HF/HF (A) and cell volume (a.u.) 

groups (C). N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 4.10.  The percentage change in cell volume normalised to C/C (A), H&E 

representative images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of 

iWAT of chow (C) or high-fat (HF)-fed 30-week-old male offspring mice from dams fed a chow 

(C) or (HF)-diet. All scale bars represent 100µM and imaged at x40 optical lens with Nikon 

TE200 brightfield inverted microscope. Graphs represent mean + s.e.m Data analysed by two-

way ANOVA and Tukey’s multiple comparison test between C/C, C/HF, HF/C and HF/HF (A) 

and cell volume (a.u.) groups (D). N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 4.11. The percentage change in cell volume (A) and cell number (B) normalised to C/C, 

H&E representative images of cell size (C), multi-locular cells (D) and cell volume distribution 

(E) of PAT of chow (C) or high-fat (HF)-fed 30-week-old male offspring mice from dams fed a 

chow (C) or (HF)-diet, normalised to C/C. All scale bars represent 100µM and imaged at x40 

optical lens with Nikon TE200 brightfield inverted microscope. Graphs represent mean + s.e.m 

Data analysed by two-way ANOVA and Tukey’s multiple comparison test between C/C, C/HF, 

HF/C and HF/HF (A,B) and cell volume (a.u.) groups (E). For B, N = 3, For A, C-E, N= 8-10.  

* p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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4.3.4. The relationship between biochemical and metabolic parameters, gene 

expression levels and percentage change in cell volume in adipose tissue of 30-week-

old offspring mice fed a chow and HF-diet from chow and HF-fed dams  

Inflammatory markers vs serum metabolite levels: IL6 mRNA levels were positively 

correlated in gWAT (Appendix Figure 4.15A) (p<0.01) and PAT (Appendix Figure 4.15B) 

(p<0.05), and TNFα levels were positively correlated in gWAT (Appendix Figure 4.15C) 

(p<0.01). Furthermore, there was a positive correlation in gWAT and PAT IL6 levels compared 

with serum total cholesterol (Appendix Figure 4.16A, p<0.0001 and Figure 4.16B, p<0.05, 

respectively). In gWAT, there was a positive correlation between IL6 and serum HDL (Figure 

4.16C) (p<0.0001) and serum LDL (Appendix Figure 4.16E) (p<0.001), body fat content 

(Appendix Figure 4.17C) (p<0.0001). PAT IL6 levels were positively correlated with triglyceride 

levels (Appendix Figure 4.16H) (p<0.01).TNFα mRNA gene expression levels were positively 

associated in gWAT compared to serum total cholesterol (Appendix Figure 4.18A) (p<0.0001), 

serum HDL (Appendix Figure 4.18C) (p<0.0001), serum LDL (Appendix Figure 4.18E) 

(p<0.0001) and serum triglycerides (Appendix Figure 4.18G) (p<0.05). 

Inflammatory markers vs phenotypic data: In gWAT, there was a positive correlation 

between IL6 and body weight (Appendix Figure 4.17E) (p<0.0001) and percentage body fat 

(Figure 4.17G) (p<0.0001). TNFα mRNA gene expression levels were positively associated in 

gWAT compared and fasting blood glucose levels (Appendix Figure 4.19A) (p<0.001), body 

fat content (Appendix Figure 4.19C) (p<0.0001), body weight (Appendix Figure 4.19E) 

(p<0.0001) and percentage body fat (Appendix Figure 4.19G) (p<0.0001). TNFα mRNA gene 

expression levels in PAT were positively correlated with fasting blood glucose levels (Appendix 

Figure 4.19B) (p<0.01). 

UCP1 vs serum metabolite levels: UCP1 mRNA expression in iWAT was negatively 

correlated with serum total cholesterol (Appendix Figure 4.20A) (p<0.01) and free fatty acids 

(Appendix Figure 4.20I) (p<0.01), whereas in iBAT, serum total cholesterol (Appendix Figure 

4.20B) (p<0.01), serum HDL (Appendix Figure 4.20D) (p<0.01) and serum LDL (Appendix 

Figure 4.20F) (p<0.001) were positively correlated with UCP1 expression. 
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UCP1 vs phenotypic data: UCP1 mRNA expression in iWAT was negatively correlated with 

percentage body fat (Appendix Figure 4.21G) (p<0.05). In iBAT, UCP1 levels were positively 

correlated with body fat content (Appendix Figure 4.21D) (p<0.001), body weight (Appendix 

Figure 4.21F) (p<0.001) and percentage body fat (Appendix Figure 4.21H) (p<0.01). 

Percentage change in cell volume vs serum metabolite levels: The percentage change in 

cell volume in gWAT, iWAT and PAT was positively correlated with serum total cholesterol 

(Appendix Figure 4.22A, p<0.0001, Appendix Figure 4.22B, p<0.001 and Appendix Figure 

4.22C, p<0.0001, respectively), serum HDL (Appendix Figure 4.22D, p<0.0001, Appendix 

Figure 4.22E, p<0.001 and Appendix Figure 4.22F,  p<0.0001, respectively), serum LDL 

(Appendix Figure 4.22G, p<0.001, Appendix Figure 4.22H, p<0.001 and Appendix Figure 

4.22I, p<0.0001, respectively), serum triglycerides (Appendix Figure 4.22J, p<0.01, Appendix 

Figure 4.22K, p<0.0001 and Appendix Figure 4.22L, p<0.001, respectively) and serum free 

fatty acids (Appendix Figure 4.22M, p<0.001, Appendix Figure 4.22N, p<0.01 and Appendix 

Figure 4.22O, p<0.05). 

Percentage change in cell volume vs phenotypic data: The percentage change in cell 

volume in gWAT, iWAT and PAT was positively correlated with body fat content (Appendix 

Figure 4.23D, p<0.001, Appendix Figure 4.23E, p<0.001 and Appendix Figure 4.23F, 

p<0.0001, respectively), body weight (Appendix Figure 4.23G, p<0.001, Appendix Figure 

4.23H, p<0.001 and Appendix Figure 4.23I, p<0.0001, respectively) and percentage body fat 

(Appendix Figure 4.23J, p<0.001, Appendix Figure 4.23K, p<0.001 and Appendix Figure 

4.23L, p<0.0001, respectively). iWAT percentage change in cell volume was positively 

correlated with fasting blood glucose levels (Appendix Figure 4.23B) (p<0.05). PAT depot 

weight was positively related to the percentage change in cell volume (Appendix Figure 4.26A) 

(p<0.05). 

Inflammatory markers vs percentage change in cell volume: gWAT AdipoQ expression 

was negatively correlated with the percentage change in cell volume (Appendix Figure 4.24C) 

(p<0.001),  
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Inflammatory markers vs phenotypic data: gWAT AdipoQ expression was negatively 

correlated with body weight (Appendix Figure 4.25E, p<0.001) and total fat mass (Appendix 

Figure 4.25G, p<0.001). gWAT and PAT Leptin gene expression levels were positively 

associated with body weight (Appendix Figure 4.25A, p<0.01 and Appendix Figure 4.25B 

p<0.0001, respectively) and total fat mass (Appendix Figure 4.25C, p<0.01 and Appendix 

Figure 4.25D p<0.001, respectively). PAT depot weight was positively correlated with Leptin 

gene expression levels (Appendix Figure 4.26D) (p<0.05) and negatively correlated with 

AdipoQ expression levels (Appendix Figure 4.26E) (p<0.05).  
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4.4. DISCUSSION  

Maternal overnutrition prior to and during pregnancy and lactation (1) increased hypertrophy 

and (2) reduced hyperplastic growth of pericardial fat, (3) promoted ‘whitening’ of pericardial 

adipocytes and (4) increased pericardial depot weights of 30-week-old male offspring mice fed 

a HF-diet post-weaning (HF/HF). Interestingly, the effects of a chow-diet post-weaning 

demonstrated a contrary effect in which maternal overnutrition (5) reduced hypertrophy and 

(6) increased hyperplastic growth of pericardial fat, (7) promoted ‘browning’ of pericardial 

adipocytes and (8) reduced pericardial depot weight in 30-week-old male offspring mice 

(HF/C). 

Obesogenic adipogenesis in visceral fat is a key mechanism in which AT expands induced by 

a HF-diet (Sellayah et al., 2019). Leptin expression is often associated with that of white fat, 

rather than brown fat (Cinti et al., 1997), and is positively regulated by C/EBPα expression (de 

la Brousse, Shan and Chen, 1996; He et al.,1995; Hwang et al., 1996). With this view, it would 

be suggested that expression levels of both these genes would resemble each other under 

normal conditions.  Maternal obesity has been reported to induce adipocyte differentiation as 

demonstrated by an upregulation of PPARγ (Borengasser et al., 2013; Desai et al., 2015; 

Samuelsson et al., 2008) and Leptin mRNA expression levels (Borengasser et al., 2013; 

Lecoutre et al., 2016). This is observed in rodent HF/C offspring compared to C/C offspring of 

visceral fat (Borengasser et al., 2013; Desai et al., 2015; Lecoutre et al., 2016) and inguinal 

fat (Samuelsson et al., 2008). On the other hand, other studies have shown that the mRNA 

expression levels of the pro-adipogenic markers PPARγ (Lecoutre et al., 2016) and C/EBPα  

(Desai et al., 2015)  are reduced in visceral fat of HF/C compared to C/C offspring. The 

discrepancies observed in these studies compared to the study presented in this chapter, could 

be due to several influencing factors. This may include the time and length of exposure to 

maternal overnutrition, species variability, the age of the animals at the end of experimentation 

and depot specificity. Indeed, in pericardial fat, C/EBPα expression levels were significantly 

lower in HF/HF mice, whereas, Leptin mRNA expression levels were significantly higher in 

HF/HF, as well as in C/HF, compared to HF/C. The decrease in pro-adipogenic markers in  
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HF/HF may represent an adaptive mechanism in offspring to reduce lipid accumulation in 

pericardial adipocytes in response to the excess nutritional status exposed to in utero 

(Lecoutre et al., 2016; Lukaszewski et al., 2011; Ortega et al., 2010). In fact, diet-induced 

obesity (DIO) results in a sparse distribution of adipocytes (Jo et al., 2009). The proposed 

adaptive mechanistic effect may explain as to why pericardial adipocytes of HF-fed offspring 

varied in size, as represented by cell volume distribution analysis.   

Exposure to maternal overnutrition in offspring fed a HF-diet post-weaning (HF/HF) results in 

elevated levels of plasma Leptin (Samuelsson et al., 2008).  Interestingly, Leptin mRNA 

expression levels in pericardial fat were highest in C/HF, followed by HF/HF, and lowest in 

HF/C in 30-week-old male offspring mice. Perhaps exposure to an extreme form of maternal 

overnutrition prior to and during pregnancy and lactation positively effects HF/C offspring to 

compensate for the nutritional abundance exposed to in utero. The ‘thrifty phenotype 

hypothesis’ proposes that the in utero environment prepares the offspring for a pre-expected 

postnatal environment. This is demonstrated by a reduced weight gain in HF-fed offspring 

(C/HF and HF/HF), regardless of maternal overnutrition in rats (Peric Kacarevic et al., 2016; 

Šnajder et al., 2019). On the contrary, in this chapter, C/HF and HF/HF offspring had an 

increase in weight gain over a 26-week feeding period and were presented with the highest 

levels of total fat mass and adiposity. The contradictory results between these studies may be 

due to species variability. However, it is more likely because maternal obesity in rat dams was 

not induced as food and water was not available ad libitum for either dams or offspring (Peric 

Kacarevic et al., 2016; Šnajder et al., 2019). Unlike in this chapter, in which a rigorous form of 

maternal obesity was induced to effect offspring metabolic health. In accordance to the results 

in this chapter, Bruce et al., demonstrated that 30-week-old female C/HF and HF/HF offspring 

mice had the highest body weights, total fat mass and total cholesterol plasma levels. Maternal 

overnutrition promoted a more deleterious phenotype in HF/HF compared to C/HF female 

offspring (Bruce et al., 2009). On the other hand, in this chapter, metabolic dysfunction was 

more prominent in C/HF than HF/HF offspring. This was demonstrated by the reduced ability 

to clear glucose after an ipGTT and higher levels of circulating metabolic markers, compared  
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to the other offspring groups. Perchance sex-differences influence the favourability of 

metabolic dysfunction in C/HF and HF/HF offspring. On the other hand, perhaps a more 

obesogenic feeding plan of 60% kcal fat diet in this study, compared to the 45% kcal fat diet 

utilised by Bruce et al., effects metabolic function in offspring differently.  

In well-fed offspring ewes after prenatal maternal overnutrition, Leptin mRNA levels in perirenal 

fat are significantly higher than standard-fed offspring (Muhlhausler et al., 2007b). In addition, 

Leptin plasma levels are associated with infant adiposity (Cetin et al., 2000; Tapanainen et al., 

2001) and body weight, especially in diet-induced obesity (DIO) (Frederich et al., 1995). In this 

study, Leptin mRNA expression levels in pericardial fat were significantly higher in HF-fed 

offspring (C/HF and HF/HF), regardless of maternal diet. This was positively correlated with 

body weight and total fat mass levels. This could be due to the increase in lipid accumulation 

of pericardial adipocytes, as demonstrated by an increase in cell volume via histological 

analysis. This suggests that Leptin gene expression in pericardial fat is increased in response 

to a HF-diet post-weaning, rather than exposure to maternal overnutrition.  

Moreover, pericardial depot weight of 30-week-old male offspring mice was extremely elevated 

in HF-fed offspring (C/HF and HF/HF), compared to chow-fed offspring exposed to maternal 

overnutrition (HF/C). Moreover, there was a positive relationship between depot weight 

compared to pericardial Leptin mRNA levels and adipocyte size. Studies have demonstrated 

that visceral depots are heaviest in HF/HF compared to C/HF in mice (Sellayah et al., 2019) 

and that pericardial fat is increased in new-born sheep exposed to maternal overnutrition 

during gestation (Long et al., 2012). However, in this study, the PAT depot weights and an 

increase in body weight between C/HF and HF/HF, over the 26-week feeding plan, were 

comparable. This is in line with previous research documenting weight gain in a maternal 

obesity model (Loche et al., 2018). This could be due to a more obeseogenic adult environment 

of 60% kcal fat diet to promote heavier and comparable depot and body weights, compared to 

the 45% kcal fat diet in the study conducted by Sellayah et al. 

The total fat mass and adiposity of offspring mice was reflected in the depot weight of PAT. 

C/HF and HF/HF exhibited an increase in depot weight compared to HF/C. The results suggest  
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that adipocyte hypertrophy in pericardial adipocytes (increase in cell volume) is responsible for 

the increase in PAT depot weight. This demonstrates the lipid storage capacity of 30-week-old 

male offspring mice fed a HF-diet, regardless of maternal overnutrition. In fact, PAT depot 

weight was negatively associated with AdipoQ mRNA expression levels, suggestive of  excess 

visceral fat accumulation (Yatagai et al., 2003). 

During AT development, visceral fat switches its expansion mechanisms from an increase of 

cell volume (hypertrophy) to cell number (hyperplasia) (Wang et al., 2013). Sellayah et al., 

demonstrated that the cell number of visceral fat from C/HF was higher than that of C/C, yet 

the increase in cell number between HF/HF compared to C/HF was considerably higher.  The 

limited capacity of visceral depots is reflected by their depot weight (Van Beek et al., 2015) 

and hypertrophy is associated with metabolic dysfunction (Laforest et al., 2015). This includes 

an increase in FFA  turnover (Pezeshkian et al., 2009), elevated Leptin levels and an increased 

pro-inflammatory response (Murano et al., 2008). Interestingly, chow-fed offspring exposed to 

maternal overnutrition (HF/C), demonstrated an increase in cell number in pericardial 

adipocytes, compared to HF/HF. This is suggestive of hyperplastic growth in 30-week-old male 

offspring, as cell number was significantly higher in HF/C compared to HF/HF. This implies 

that under a chow environment post-weaning, exposure to maternal overnutrition may not 

implicate a negative effect on lipid accumulation and storage capacity of pericardial fat in chow-

fed 30-week-old male offspring.   

Over the 26-week feeding period, 30-week-old HF/C male offspring mice increased less weight 

and had improved glucose homeostasis as demonstrated after an ipGTT, compared to C/C. 

HF/C offspring exhibited lower levels of circulating TGs, FFAs, total cholesterol, HDL and LDL 

compared to HF/HF. Furthermore, these levels were also lower compared to C/HF, except for 

TG and FFAs levels.  This suggests that a combination of maternal and offspring diet is needed 

to induce elevating levels of serum TG and FFAs. The biochemical and metabolic effects 

observed in C/HF and HF/HF were opposite to that of the effects demostrated in C/C and 

HF/C, in which the former two offspring groups presented with metabolic dysfunction. Maternal 

overnutrition during gestation promotes adipocyte hypertrophy via upregulation of glucose  
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uptake and  lipid biosynthesis (Lecoutre et al., 2016; Long et al., 2012). The effects of maternal 

overnutrition may potentiate an increase in pericardial adipocyte hypertrophy of HF/HF, often 

associated with dysfunctional adipocytes and a deleterious metabolic profile (Rydén et al., 

2014). This is further characterised by a positive relationship between pericardial adipocyte 

volume and levels of TGs, FFAs, total cholesterol, HDL, LDL, body fat content, body weight 

and percentage body fat. This is  suggestive of a link between pericardial adipocyte size and 

metabolic dysfunction.  

In mice fed a HF-diet, visceral fat often expands via hypertrophy, whereas subcutaneous fat 

grows via hyperplasia  (Joe et al., 2009). Visceral fat that preferentially expands via 

hypertrophy in obesity increases the risk of insulin resistance (McLaughlin et al., 2011; 

Miyazaki and DeFronzo, 2009) compared to the expansion of subcutaneous fat which provides 

protection against DIO (Kim et al., 2007). As hyperplastic growth is associated with a beneficial 

metabolic profile, perhaps a HF-diet encountered in utero in mice fed a chow-fed diet post-

weaning (HF/C), leads to an expansion of adipocytes via an increase in cell number 

(hyperplasia) at 30-weeks of age in pericardial fat. Pericardial fat may adopt the characteristics 

of subcutaneous fat upon exposure to a chow-diet post-weaning (C/C and HF/C). On the 

contrary, under an obesogenic environment post-weaning (C/HF and HF/HF), pericardial fat 

may resemble a visceral depot in offspring. This demonstrates the importance of an offspring 

diet post-weaning, regardless of exposure to maternal nutrition in utero, in adapting pericardial 

adipose tissue plasticity to regulate metabolic function in offspring. 

The role of subcutaneous fat is associated with improved metabolic health, as expansion 

counteracts insulin resistance in obesity (Kim et al., 2007). This subcutaneous profile in 

pericardial fat is reflected in the improved glucose homeostasis levels of HF/C, compared to 

all offspring groups, after an ipGTT. Additionally, brown fat plays a role in improving lipid and 

glucose metabolism, with activity associated with improved insulin resistance (Bartelt et al., 

2011), increased thermogenesis (Van Marken Lichtenbelt et al., 2009) and reduced body 

weight (Saito et al., 2009). Pericardial fat may resemble both a subcutaneous and brown-like 

profile upon a chow-fed diet in 30-week-old male offspring mice (HF/C), to counteract the  
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environment of nutritional excess encountered in utero.  

This previous statement is reinforced by the presence of multi-locular cells in C/C and HF/C of 

pericardial fat, suggestive of brown-like cells that positively influence metabolism. Leptin is 

predominantly secreted by white adipocytes (Cinti et al., 1997). However, the expression levels 

of C/EBPα in pericardial fat cannot be accounted solely by Leptin expression levels, as 

C/EBPα in brown fat is upregulated under adrenergic control (Manchado et al., 1994; 

Rehnmark et al,.1993). C/EBPα mRNA expression levels are significantly higher in C/C 

compared to HF/HF, further confirming the suspected presence of brown-like cells. This may 

preserve normal metabolic function in C/C offspring compared to HF/HF offspring. In addition, 

expression levels of Leptin are significantly higher in C/HF and HF/HF, compared to HF/C. The 

HF-fed post-weaning offspring groups do not possess a sub-population of multi-locular cells. 

This suggests that a HF-diet post-weaning may induce a trans-differentiation of brown-to-white 

cells (‘whitening’) in pericardial fat characterised as either a subcutaneous (Dobner et al., 

2017) or brown (Miranda et al., 2020) depot. The ‘whitening’ of cells is associated with impaired 

metabolism (Shimizu et al., 2014) and dysregulated thermogenesis (Miranda et al., 2020), as 

observed in C/HF and HF/HF offspring in this study. This is demonstrated by impaired glucose 

clearance following an ipGTT and a reduced respiratory exchange rate (RER). The opposite 

is true for C/C and HF/C offspring mice in which brown-like cells are present in the pericardial 

depots. This may contribute to better metabolic health via improved glucose clearance and an 

upregulated thermogenic capacity in pericardial fat to reduce weight gain. 

As mentioned earlier, perhaps exposure to maternal overnutrition results in an offspring 

predicting an environment high in fat. This may program pericardial fat to upregulate the 

thermogenic capacity of pericardial adipocytes to counteract a potential obesogenic 

environment in adulthood. This resembles a ‘predictive adaptive response’ (Bateson, 

Gluckman and Hanson, 2014) in which a developing fetus predicts the nutritional environment 

that may be encountered postnatally. In this case, predicting an obesogenic environment has 

conferred an advantageous metabolic phenotype in HF/C. This is reflected by a reduction in 

pericardial adipocyte and depot size, body weight and improved glucose tolerance. This is in  
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line with previous research indicating that an increased thermogenic capacity of brown fat, 

potentially via adrenergic output, may lead to a beneficial metabolic profile in HF/C offspring 

mice (Gaspar et al., 2021).  

Obesity induced by a HF-diet is characterised by low-grade inflammation. Offspring exposed 

to maternal overnutrition in utero (HF/C and HF/HF) have elevated levels of TNFα mRNA 

expression in pericardial fat. As TNFα is elevated in white fat of obese mice (Hotamisligil et 

al., 1995), perhaps high expression levels in HF/HF are linked with a reduction in the pro-

adipogenic marker C/EBPα of pericardial fat. This pro-inflammatory cytokine is known to 

suppress adipocyte differentiation (Kurebayashi et al., 2001) and mediate insulin resistance 

(Hotamisligil et al., 1993). This was demonstrated by a relationship between TNFα expression 

levels in pericardial fat and fasting blood glucose levels. TNFα mRNA levels were significantly 

elevated in HF/C and HF/HF of pericardial fat. This is in line with significantly lower fasting 

blood glucose levels of these animals, almost comparable to that of C/C, compared to C/HF. 

It is still unclear how TNFα adipose tissue expression effects insulin resistance, however 

human studies have reported that plasma levels of IL6, but not TNFα, are elevated in T2D 

(Carey et al., 2004).  

Of interest, IL6 mRNA expression levels in pericardial fat were only elevated in HF-fed 

offspring exposed to a maternal chow-diet (C/HF). Studies have suggested that IL6 is a 

regulator of lipid metabolism and that plasma IL6, but not TNFα, stimulates lipid accumulation, 

albeit in trophoblasts (Lager et al., 2011). As pericardial fat IL6 mRNA levels are positively 

associated with adipocyte size and serum TG levels, it is possible that these levels may 

contribute to the deleterious phenotype demonstrated in C/HF.  

Although both IL6 and TNFα are expressed in adipose tissue, IL6 is abundantly expressed 

(Kern et al., 2001). HF/C presented both the lowest depot weight and IL6 mRNA expression 

levels in PAT, whilst C/HF and HF/HF had the highest levels of IL6 and TNFα expression, 

respectively, with comparable depot weights. Although pericardial depot weight was not 

significantly correlated with cytokine mRNA levels, the results still provide an insight into how 

maternal overnutrition may promote a pro-inflammatory state in pericardial fat, further  
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exaggerated by the post-weaning diet of an offspring. 

Furthermore, IL6 mRNA expression in skeletal muscle is greater in that of insulin-resistant rats 

compared to healthy rats, after stimulation with insulin (Carey et al., 2003). C/HF offspring mice 

presented with the greatest insensitivity to glucose after an ipGTT and had elevated levels of 

fasting blood glucose, compared to all the other offspring groups. Altered insulin metabolism 

may sensitise IL6 mRNA levels in pericardial fat, with an interactive effect between maternal 

and offspring diet mediating this response. 

 

4.4.1. Conclusion  

Exposure to maternal overnutrition prior to and during pregnancy and lactation induces varying 

effects in 30-week-old male offspring mice. This is dependent on the dietary conditions 

encountered post-weaning. Further gene and protein analysis of thermogenic and 

mitochondrial markers is required to confirm the that pericardial fat adapts postnatally in 

response to maternal overnutrition encountered in utero. However, this study documents 

critical effects are due primarily to postnatal diet, rather than exposure to a prenatal maternal 

diet. This induces either a trans-differentiation of white-to-brown or brown-to-white cells in 

pericardial fat of chow-fed offspring (C/C and HF/C) or HF-fed offspring (C/HF and HF/HF), 

respectively. This either confers a beneficial or deleterious metabolic profile in 30-week-old 

male offspring mice, such as upregulating or impeding the thermogenic capacity of pericardial 

adipocytes. 
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CHAPTER 5 

 

INVESTIGATING THE EFFECTS OF CPD14 ON 

PERICARDIAL ADIPOSE TISSUE IN MICE 
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5.1. INTRODUCTION 

5’ adenosine monophosphate-activated protein kinase (AMPK) is a serine/threonine 

heterotrimeric enzyme, known as the ‘master regulator of metabolism’, which controls  acetyl-

CoA carboxylase (ACC) (Carlson and Kim, 1973). AMPK contains catalytic α subunits and 

non-catalytic subunits, including β and γ (Stapleton et al., 1997) and is activated by changes 

in intracellular AMP:ATP ratio, or other stimuli including glucose starvation, exercise or 

hormone stimulation, such as Leptin (Shaw et al., 2004). Biological activators including Liver 

Kinase B1 (LKB1) can activate AMPK by phosphorylating the Threonine 172 (Thr172) residue 

on the catalytic AMPKα subunit, in vitro (Shaw et al., 2004). Other activators include 

Calcium/calmodulin-dependent protein kinase kinase (CAMKK) (Hawley et al., 1995) and 

AMP, the ‘true’ regulator that allosterically promotes AMPK phosphorylation via LKB1 

mediation (Gowans et al., 2013).  AMPK activation by upstream molecules inhibits ATP 

utilisation in large amounts, therefore activates catabolism to equilibrate cellular homeostasis 

(Chen et al., 2017). Manipulating this pathway holds the potential to therapeutically target 

AMPK to provide protection against metabolic diseases.  

Despite the role of AMPK activators as anti-diabetic agents, they also pose beneficial effects 

on adipose tissue to target obesity. In vitro experiments have demonstrated that in 3T3-L1 

adipocytes, treatment of AMPK activators such as AICAR (Lee et al., 2011), Metformin (Chen 

et al., 2018; Chen et al., 2017) and dietary compounds (Ono and Fujimori, 2011) inhibit 

adipogenesis. This is documented by a reduction in gene expression levels of pro-adipogenic 

markers including FABP4, PPARγ and C/EPBα. This suppression is associated with AMPK 

activation and promotion of brown adipocyte differentiation, demonstrated in human fetal pre-

adipocytes (Wu et al., 2019).  

In vitro studies demonstrate an insight into targeting dysregulated adipogenesis that occurs in 

obesity. However, cell culture experiments do not represent the true effects that occur in 

physiology and thus in vivo studies are conducted. In addition to inducing weight loss and 

improving insulin sensitivity in obese (Yuan et al., 2019) and diabetic mice (Alfaras et al., 

2017), AMPK activators improve endoplasmic reticulum stress in fat from obese (Yuan et al.,  
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2019) and diabetic mice (Li et al., 2016). In addition, AMPK activation improves fatty acid 

metabolism in white and brown fat (Yuan et al., 2019) and has anti-inflammatory properties 

that target white fat (Jing et al., 2018).  

Previous research has extensively demonstrated the effect of AMPK activators on 

adipogenesis in vitro, yet their role in inducing ‘browning’ remains to be elucidated. This being 

said, there is evidence to suggest that AMPK activators enhance thermogenesis in brown fat 

of obese mice (Wu et al., 2019) and promotes ‘browning’ in subcutaneous white fat  (Qi et al., 

2019). This may provide protection against metabolic dysfunction in obesity (Wu et al., 2018). 

Whilst AMPK activators elicit beneficial results, undesirable side effects including 

gastrointestinal discomfort (Dujic et al., 2015), lactic acidosis (Zhang et al., 2019) and 

intoxication (Sánchez-Díaz et al., 2017) may persist. To this end, there is evidence to suggest 

that AMPK activators may induce ‘browning’ and upregulate thermogenesis in brown-like cells, 

providing an insight into pericardial fat as a potential target.   

Developed by Tavassoli and Benkovic, derivatives of small molecules were studied to 

determine their potential as inhibitors of 5-Aminoimidazole-4-carboxamide ribonucleotide 

transferase (AICART), for the suppression of tumorigenesis via AMPK activation. The study 

demonstrated that the most potent inhibitor of AICART activity in cancer cells was Compound 

14 (Cpd14) (Tavassoli and Benkovic, 2005). Cpd14 acts by selectively blocking the final two 

steps of de novo purine biosynthesis by inhibiting AICART activity via the disruption of 

aminoimidazole carboxamide ribonucleotide transformylase/inosine monophosphate 

cyclohydrolase (ATIC) homodimerization. This increases endogenous levels of 5-

Aminoimidazole-4-carboxamide ribonucleotide (AICAR), which acts in a similar manner to 

AMP, to activate AMPK (Spurr et al., 2012). Asby et al., further demonstrated that Cpd14 

phosphorylates AMPKα Thr172 and ACC Serine 79 (Ser79), a vital and direct event of AMPK 

activation, respectively, in cancer cells (Asby et al., 2015). 

As AMPK function is a promising therapeutic target for a variety of metabolic diseases, the 

effects of Cpd14 in vivo were further probed using mice as an obesity model. A daily treatment 

of Cpd14 (0.05mg/g) for 7 days by intraperitoneal (i.p.) administration in obese mice resulted  
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sin a marked reduction in body weight, despite continual feeding on a high-fat (HF)-diet. This 

was accompanied by improved insulin sensitivity (Asby et al., 2015). Although the effects of 

Cpd14 on adipose tissue (AT) and further mechanistic effects are still unknown, the improved 

metabolic profile demonstrated in Cpd14-treated obese mice holds promise for this compound 

to regulate metabolic disorders. 

It is evident that Cpd14 has the therapeutic potential for weight gain and insulin resistance in 

mice, perhaps by activating AMPK, as demonstrated in cancer cells (Asby et al., 2015). 

Despite this, the way in which Cpd14 elicits its action in vivo is still unknown and whether AT 

is targeted during treatment. In AT, AMPK increases UCP1 expression and thermogenesis 

(Vila-Bedmar et al., 2010). As pericardial fat has a thermogenic capacity (Al-Dibouni et al., 

2020), perhaps Cpd14 treatment acts as an AMPK agonist on pericardial adipose tissue (PAT) 

to regulate metabolism in disease. Furthermore, in humans, weight loss is associated with a 

reduced metabolic risk accompanied with better profiles of an inflammatory response and 

insulin levels. However, after weight loss, individuals are prone to weight re-gain accompanied 

by an underlying inflammatory signature. 

 

5.1.1. Aims 

The aim is to demonstrate how the genetic and morphological signatures of 3T3-L1 cells and 

PAT compares to other adipose depots upon therapeutic intervention. In this study, 

transcriptional and cytological/histological analysis was performed to determine the effect of 

Cpd14 treatment (1) on adipocyte differentiation in 3T3-L1 cells, treated for 72 hours, and on 

pericardial adipose tissue (PAT), compared with gonadal (gWAT), inguinal (iWAT) and 

interscapular brown (iBAT) adipose tissue harvested from (2) 10-week-old male mice fed a 

chow-diet of 7% kcal fat or a high-fat (HF)-diet of 45% kcal fat for 7 weeks and treated orally 

with Cpd14 for 10 days and (3) following a 26-day recovery period from Cpd14 treatment in 

~15-week-old male mice fed a high-fat-diet of 45% kcal fat.  
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5.2. METHODS 

5.2.1. Synthesis of Cpd14 

The synthesis of Cpd14 is detailed extensively by Spurr et al., and was carried out by the 

technical staff at the University of Southampton. Synthesis consists of multiple steps to 

synthesise Boc-Phe(4-NO2)-diethylamide, fmoc-Arg(Pbf)-CONH-Phe(4-NO2)-L-

Diethylamide, Amino-Arg(Pbf)-CONH-Phe(4-NO2)-L-Diethylamide, Acetyl-Arg(Pbf)-CONH-

Phe(4-NO2)-L-Diethylamide and finally, Cpd14 (Acetyl-Arg-CONH-Phe(4-NO2)-L-

Diethylamide), with a molecular weight of 464g/mol, with the chemical structure C21H33N7O5. 

The final stage of Cpd14 synthesis includes Thin Layer Chromatography (TLC) to monitor the 

reaction, extracting the solvent in vacuo to produce a viscous yellow liquid, which is then 

evaporated, dried, and filtered to produce a white precipitate (263mg, 100% crude yield).  This 

crude product is purified by reverse phase High Performance Liquid Chromatography (HPLC) 

and lyophilised to attain a white solid product (125mg, 50% yield) of Cpd14 (Figure 5.1). 

 

 

 

 

 

 

 

 

 

 

5.2.2. Cell culture studies 

3T3-L1 mammalian cells are originally subcloned from embryonic fibroblasts (Green and 

Meuth, 1974) and are routinely used for in vitro therapeutic research. Upon appropriate stimuli, 

the fibroblast-like cells undergo several rounds of mitotic clonal expansion (MCE) over 48 

hours, once cell division has halted after reaching confluencey (Bernlohr et al., 1985). When 

MCE diminishes and cells attain cell growth arrest, elevated expression of proteins is achieved  

Figure 5.1. Chemical structure of Cpd14. Adapted from Asby et al., (2015). Cpd14: 

Compound 14. 
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and gives rise to an adipocyte phenotype, in vitro. These lipid-laden mature adipocytes 

resemble adipocytes located in vivo (Novikoff et al., 1980; Mikkelsen et al., 2010). This process 

is highly regulated by a strict control of genes and signalling pathways. The accumulation of 

triglycerides (TGs) to document the progression of adipocyte differentiation (adipogenesis) can 

be determined by staining cells with Oil Red O (ORO) and quantification of stain uptake, and 

TG levels can indicate potential alterations in lipid metabolism upon treatment.  

AMPK activators inhibit adipocyte differentiation in vitro and act as potential therapeutic agents 

for regulating dysregulated adipogenesis characterised in obesity (Lee et al., 2011; Chen et 

al., 2018).  In cancer cells, if Cpd14 activates AMPK, cells must be actively producing purines 

via the de novo purine biosynthetic pathway (low purine environment) rather than the salvage 

pathway (high purine environment) (Asby et al., 2015). To encourage this mode of action in 

3T3-L1 cells, cells were cultured in Low Purine Media (LPM) upon Cpd14 treatment. LPM 

contains dialysed FBS that does not contain small-weighted molecules that may interfere with 

the treatment process or normal growth of cells. In this in vitro study, 3T3-L1 cells were acutely 

stimulated with LPM or HPM supplemented with Cpd14 at the early stages of adipogenesis 

(Figure 5.2). As the effects of Cpd14 in adipocyte differentiation are unknown, the highest 

concentration of 1mM as documented by Asby et al.,  was administered to 3T3-L1 cells. The 

transcriptional and cytological analysis of differences with Cpd14 compared with Vehicle were 

performed at the end of adipogenesis (Day 7) to determine the effects of Cpd14 on adipocyte 

differentiation.  

Terminology: Basal media is indicated as high purine basal media (HPBM) and is defined as 

high glucose DMEM, 10% FBS and 1% P/S. Low purine basal media (LPBM) is defined as 

high glucose DMEM, 10% purine-free dialyzed FBS (depleted of small molecules i.e. amino 

acids) and 1% P/S. High/Low purine adipogenic media (HPAM/LPAM) is defined as 

HPBM/LPBM containing 1μM dexamethasone, 0.5mM IBMX and 1μg/ml insulin. High/low 

purine insulin media (HPIM/LPIM) is defined as HPBM/LPBM containing 1μg/ml insulin.  

Sub-culturing 3T3-L1 cells: 3T3-L1 cells were re-suspended in HPBM supplemented with 

5% DMSO and stored in liquid nitrogen for future use. Cells were cultured in 75cm2 culture  
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flasks (T75) and maintained in HPBM, incubated in a humidified atmosphere of 5% CO2, at 

37°C. At ~80% confluence, media was removed from cells and washed with PBS. Trypsin-

EDTA was added for 1 minute at room temperature. Trypsin-EDTA was removed and cells 

were incubated for 2 minutes before adding HPBM. Trypan Blue solution (0.4%) was added to 

an aliquot of cell suspension to determine the cell number by using the CountessTM Automated 

Cell Counter (Fisher Scientific).  

Differentiation of 3T3-L1 cells: 3T3-L1 mouse pre-adipocytes were obtained from Sigma-

Aldrich. Cells were seeded in HPBM in either 12-well plates, for Oil Red O staining, or 6-well 

plates, for cell lysate extraction for RNA and TGs, and incubated in a humidified atmosphere 

of 5% CO2 at 37°C. 2 days post-confluent (designated as Day 0, unless stated otherwise), 

cells were induced with adipogenic media for 48 hours (from Day 0 to Day 2). The culture 

media was changed to insulin media for 48 hours (Day 2 to Day 4). From Day 4 onwards, 

media was refreshed every 2 days until the end of adipocyte differentiation (Day 7). To 

determine the effects on differentiation, Cpd14 (dissolved in ddH2O) at 1mM or Vehicle 

(ddH2O), was added to the medium (HPBM/LPBM) 24 hours prior to differentiation and 

supplemented to the adipogenic media (HPAM/LPAM) for 48 hours. 3T3-L1 cells were treated 

for a total of 72 hours (Figure 5.2). 

Mycoplasma detection: An aliquot of media was collected from 80% confluent cells 

maintained in flasks before sub-culturing. Detection of Mycoplasma contamination in growing 

cells was performed as recommended by the manufacturer’s instructions for the LookOut® 

Mycoplasma PCR Detection Kit (Sigma-Aldrich). Mycoplasma was detected using an 1.5% 

agarose gel with SYBR SafeTM DNA gel stain (Fisher Scientific) visualised using the Syngene™ 

G:BOX Chemi XX9. Plates seeded from Mycoplasma negative media corresponding to the 

T75 flasks were used as experimental plates. Aliquots of media were stored at -20°C until 

further analysis. 

RNA isolation: Before discarding media from cells, cells were imaged with the Evos Fl 

Microscope, at x10 objective lens. After removing media, cultured cells were washed once with 

PBS and cells were collected with RNA lysis buffer (40μl of 1M DTT per 1ml Buffer RNeasy  
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Lysis (RLT)). Cell lysates were homogenised by passing the sample through a 25G needle 

and RNA isolation was performed as described by the Qiagen’s RNeasy mini kit’s protocol 

(Qiagen). RNA was quantified as stated in section 2.2.4.3. RNA extracts were stored at -80°C 

until further analysis. 

cDNA synthesis and RT-qPCR: Total RNA was reverse transcribed using the Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Fisher Scientific) and 

Invitrogen™ RNaseOUT™ Recombinant Ribonuclease Inhibitor (Fisher Scientific), following 

the instructions as recommended by the manufacturer to synthesise cDNA, performed using 

the T100™ Thermal cycler (Bio-Rad). 500ng of cDNA was synthesised as stated in section 

2.2.5.  The gene expression of 30ng cDNA was determined using qPCRBIO Probe Mix No-

ROX (PCR Biosystems), performed on the MyiQ™ Single-Colour Real-Time PCR Detection 

System (Bio-Rad). Samples were measured in duplicates and the fold change in gene 

expression levels were determined using the comparative threshold cycle (Ct) method, also 

referred to as the 2-ΔΔ Ct method (section 2.2.6). The target genes listed in Table 5.1 were 

relative to the housekeeping gene, peptidylprolyl isomerase A (PPIA). All Applied 

Biosystems™ TaqMan™ Gene Expression Assays (FAM-MGB) were purchased from Fisher 

Scientific. cDNA was stored at -20°C until further analysis. 

 

Table 5.1.  Applied Biosystems™ TaqMan™ Gene Expression Assays for RT-qPCR 

Gene Assay ID 

C/EBPα Mm00514283_s1 

FABP4 Mm00445878_m1 

PPARγ Mm00440940_m1 

PPIA Mm02342430_g1 
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Triglyceride extraction and quantification: Media was discarded and cells were washed 

with PBS. 5% Triton-X 100 was added and cell lysates were harvested by scrapping the cells 

off the wells. Cell lysates were heated to 95°C for 5 minutes and vortexed briefly and heated 

again for 10 minutes at 95°C. This was repeated once more. The samples were then 

centrifuged for 5 minutes at 14,000rpm and the supernatant was collected. Triglyceride (TG) 

content was determined by using the Triacylglycerol Determination Kit (Sigma-Aldrich) as 

suggested by the manufacturer. All values were corrected to the blank absorbance and TG 

concentration was normalised to total cellular protein concentration as determined by 

bicinchoninic acid (BCA) method (section 2.2.9). Absorbances were measured at 540nm on 

the SPECTRAmax® 190 Microplate Spectrophotometer (Molecular Devices Corporation), 

using SOFTmax PRO software. Triglyceride extracts were stored at -80°C until further 

analysis. 

Cell titre: The number of cells (viability) was determined using the CellTiter 96® AQueous 

One Solution Cell Proliferation Assay, as stated in section 2.2.1.4.  

Cytology: Media was removed from cells and washed with PBS for 5 minutes before fixing 

with formalin solution (neutral buffered, 10%) for 30 minutes. The fixed cells were washed with 

PBS for 5 minutes thrice after removing formalin, on agitation. 3mg/ml Oil Red O stain, an 

indicator of lipid accumulation, was added to the cells for 1 hour at room temperature, on 

agitation. After removing Oil Red O, cells were washed with PBS for 5 minutes thrice and 

images were taken of the wells. After imaging with Nikon TE200 brightfield inverted microscope 

(x10 objective lens) and before eluting the stain, cells were air-dried and images were taken 

once again of the well. The stain was eluted with 100% 2-Propanol and absorbances were 

read at 560nm on the SPECTRAmax® 190 Microplate Spectrophotometer (Molecular Devices 

Corporation), using SOFTmax PRO software. Analysis was performed as documented in 

section 2.2.11.2.   
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Figure 5.2. Experimental design of 3T3-L1 cells treated with Vehicle or Cpd14. 3T3-L1 cells were treated with Vehicle or Cpd14 for 72 hours, maintained 

in HPM or LPM. From Day 0 to Day 2, cells were maintained in either HPAM or LPAM. From Day 2 to Day 4, cells were maintained in either HPIM or LPIM. 

From Day 4 to Day 7, all 3T3-L1 cells were maintained in HPM. HPM: High Purine Media; LPM: Low Purine Media; HPIM: High Purine Insulin Media; LPAM: 

Low Purine Insulin Media; HPAM: High Purine Adipogenic Media; LPAM: Low Purine Adipogenic Media; Cpd14: Compound 14. 
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5.2.3. Animal studies 

Animal and experimental procedure: All animal work was conducted by the technical staff 

at the University of Southampton. Research was performed in accordance with the UK Animals 

(Scientific Procedures) Act 1986 and with Home Office licences held at the University of 

Southampton. Maintained under a 12-hour light/dark cycle and a constant temperature of 22°C 

± 2°C, C57BL/6J male mice were used in this study, with food and water available ad libitum. 

At the age of 3 weeks old, mice were randomly allocated to either a chow (C)-diet (7% kcal 

fat) or a high-fat (HF)-diet (45% kcal fat).  At the end of the experimental procedure, death of 

mice by carbon dioxide euthanasia and neck dislocation was confirmed by cessation of the 

circulation.  

10-day treatment period: In one study, animals were fed a C or HF-diet for 7 weeks and at 

10 weeks of age were treated orally with Vehicle (physiological saline) or Cpd14 (dissolved in 

0.9% saline [w/v]) at a dose of 0.1 mg/g mouse body weight.  Fasting blood glucose 

concentrations were measured from whole blood obtained from the tail vein after 10 days of 

oral administration of Vehicle or Cpd14. There are four experimental groups: C-V, C-Cpd14, 

HF-V and HF-Cpd14 – The letters before the ‘-’  indicates the dietary intake and the letters 

after the ‘-’ indicate whether Vehicle (V) or Cpd14 was administered. The body weights were 

measured daily during this period. After 10 days of treatment, mice were fasted overnight and 

injected intraperitoneally with D-glucose (2g/kg mouse body weight) for a 3-hour glucose 

tolerance test (GTT) and the area under the curve (AUC) was determined,  with  baseline 

values were subtracted. Blood glucose concentration was then assayed using an Aviva Accu-

Chek glucometer (Roche Diagnostics Ltd, United Kingdom) at 0 (baseline), 15, 30, 60, 90, 120, 

and 180 minutes. Food intake was measured by weighing the remaining food each day and 

topping them up thereafter.  At the end of the experimental procedure, ~11.5-week-old male 

mice were euthanised and gonadal white adipose tissue (gWAT), inguinal white adipose tissue 

(iWAT), interscapular brown adipose tissue (iBAT), pericardial adipose tissue (PAT) and the 

stromal vascular fraction (SVF) from gWAT were harvested for gene expression (stored at -

80°C until further analysis) and histological analysis (stored at 4°C until further analysis) 

(Figure 5.3).  
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Stromal Vascular Fraction isolation from gonadal white adipose tissue: In white adipose 

tissue (WAT) resides a population of adipocytes in the stromal vascular fraction (SVF) 

(Hagberg et al., 2018). These adipocytes demonstrate a possible origin of adipocyte stem cells 

which proliferate, differentiate and contribute to the stem cell pool population (Rodeheffer, 

Birsoy and Friedman, 2008; Tang et al., 2008). For research purposes, the adipocytes residing 

in the SVF can be isolated and cultured ex vivo (Hollenberg and Vost, 1968). As obesity alters 

the cellular content of the SVF (Silva et al., 2015), perhaps Cpd14 could target the adipogenic 

potential of adipocytes in obese mice. In this study, SVF was extracted from chow and HF-fed 

mice treated with Vehicle or Cpd14 orally for 10 days and cultured ex vivo. The Stromal 

Vascular Fraction (SVF) was isolated by mincing gonadal white adipose tissue (gWAT) from 6 

mice per treatment. This was transferred to 15ml tubes and incubated in 0.2% collagenase 

solution in DMEM at 37°C. To aid digestion, tissue samples were vigorously vortexed every 

10 minutes then centrifuged at 350xg for 5 minutes. The pellets were re-suspended in basal 

media and passed through a 40μM strainer into a 6cm dish and incubated at 37°C, 5% CO2. 

For adipocyte differentiation from pre-adipocytes to mature adipocytes, gWAT SVF cells of 2 

mice per group were pooled together. 2 days post-confluent, adipogenesis was induced with 

an adipogenic cocktail consisting of basal media supplemented with 1μM dexamethasone, 

0.5mM IBMX and 0.5μg/ml insulin for 48 hours. After 48 hours, adipogenic media was replaced 

with basal media supplement with 0.5μg/ml insulin until Day 7, when RNA was isolated. RNA 

was stored at -80°C until further analysis. This was conducted by the technical staff at the 

University of Southampton. 

26-day recovery period: In another study, animals were fed a HF-diet for 7 weeks. At 10 

weeks of age, mice were treated orally with Vehicle (physiological saline) or Cpd14 (dissolved 

in 0.9% saline [w/v]) at a dose of 0.1 mg/g mouse body weight. After the 10-day treatment 

experimental paradigm as stated previously, mice were continually fed on a HF-diet (total of 

12 weeks), without Vehicle or Cpd14 administration for a further 26 days. There are two 

experimental groups: HF-V and HF-Cpd14 – The letters before the ‘-’  indicates the dietary 

intake and the letters after the ‘-’ indicate whether Vehicle (V) or Cpd14 was administered.  
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Body weights, fasting glucose concentrations and an ipGTT was performed as described in 

the methodology of the 10-day treatment period. At the end of the experimental procedure, 

~15-week-old male mice were euthanised and gonadal white adipose tissue (gWAT), inguinal 

white adipose tissue (iWAT), interscapular brown adipose tissue (iBAT) and pericardial 

adipose tissue (PAT) were harvested for gene expression (stored at -80°C until further 

analysis) and histological analysis (stored at 4°C until further analysis) (Figure 5.3).  

RNA isolation from frozen adipose tissue: 1ml Invitrogen™ TRI Reagent™ Solution per 

50mg to 100mg of gWAT, iWAT, iBAT and PAT was transferred to a MP BiomedicalsTM Lysing  

Matrix D tube. Lysing tubes were placed in the MP Biomedicals™ FastPrep-24™ 5G 

Instrument, with the QuickPrep Adaptor (Fisher Scientific) and homogenised at a speed of 

6.0m/s, for 40 seconds. Isolation of RNA was performed as recommended by the 

manufactures of Invitrogen™ TRI Reagent™ Solution (Fisher Scientific). RNA was quantified 

and quality was checked as stated in section 2.2.3 and 2.2.4.3. RNA samples were stored at 

-80°C until further analysis. 

RNA isolation from gWAT SVF: RNA lysis buffer (40μl of 1M DTT per 1ml Buffer RNeasy 

Lysis (RLT)) was added to cells and collected. Cell lysates were homogenised by passing the 

sample through a 25G needle and RNA isolation was performed as described by the Qiagen’s 

RNeasy mini kit’s protocol (Qiagen). RNA was quantified as stated in section 2.2.4.3. RNA 

extracts were stored at -80°C until further analysis. 

cDNA synthesis and RT-qPCR: Total RNA was reverse transcribed using the Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Fisher Scientific) and 

Invitrogen™ RNaseOUT™ Recombinant Ribonuclease Inhibitor (Fisher Scientific), following 

the instructions as recommended by the manufacturer to synthesise cDNA, performed using 

the T100™ Thermal cycler (Bio-Rad). 500ng to 1000ng of cDNA was synthesised as stated in 

section 2.2.5.The gene expression of 30ng cDNA was determined using qPCRBIO Probe Mix 

No-ROX (PCR Biosystems), performed on the MyiQ™ Single-Colour Real-Time PCR 

Detection System (Bio-Rad). Samples were measured in duplicates and the fold change in 

gene expression levels were determined using the comparative threshold cycle (Ct) method,  
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also referred to as the 2-ΔΔ Ct method (section 2.2.6). The target genes as stated in Table 5.2 

were relative to the housekeeping gene, peptidylprolyl isomerase A (PPIA). All Applied 

Biosystems™ TaqMan™ Gene Expression Assays (FAM-MGB) were purchased from Fisher 

Scientific. cDNA was stored at -20°C until further analysis. 

Histology: Formalin fixed gWAT, iWAT and PAT embedded in Optimal Cutting Temperature 

(OCT) compound were sectioned between 10µM and 15µM using a Bright 5040 Cryostat 

(Bright Instruments Limited). Sections were stained with Haematoxylin and Eosin (H&E) and 

imaged with a Nikon TE200 Brightfield Inverted Microscope, at x40 objective lens. Assuming  

the shape of adipocytes are spherical, to calculate adipocyte volume, Image-J software was 

used to determine adipocyte area and volume distribution  as stated in section 2.2.12.1. The 

percentage change in volume was determined by normalising adipocyte volume to the C-fed 

mice, unless stated otherwise, and multiplying by 100. Adipocyte number was determined in 

gWAT as stated in section 2.2.12.1. H&E stained slides were stored at room temperature until 

further analysis.  

Protein analysis of gonadal white adipose tissue: Protein was extracted from gWAT using 

the RIPA buffer method as stated in section 2.2.8. Protein was quantified using the BCA 

method as stated in section 2.2.9 and absorbances were measured at 560nm on the 

SPECTRAmax® 190 Microplate Spectrophotometer (Molecular Devices Corporation), using 

SOFTmax PRO software. To determine changes in AMPK and ACC levels in Vehicle and 

Cpd14-treated mice, the antibodies stated in Table 2.2 were used to perform a Western Blot, 

as stated in section 2.2.10. The quality of protein was examined with Coomassie stain to 

visualise protein bands. Protein extracts were stored at -80°C until further analysis. 
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Table 5.2. Applied Biosystems™ TaqMan™ Gene Expression Assays for RT-qPCR 

 

Gene Assay ID 

AdipoQ Mm00456425_m1 

ADRβ3 Mm02601819_g1 

C/EBPα Mm00514283_s1 

COX7A1 Mm00438297_g1 

COX8B Mm00432648_m1 

DIO2 Mm00515664_m1 

FABP4 Mm00445878_m1 

IL6 Mm00446190_m1 

Leptin Mm00434759_m1 

PGC1α Mm01208835_m1 

PPARγ Mm00440940_m1 

PPIA Mm02342430_g1 

TNFα Mm00443258_m1 

UCP1 Mm01244861_m1 

 
 
 
5.2.4. Statistical analysis  

GraphPad Prism was used to perform statistical analysis of one-way ANOVA, two-way 

ANOVA, repeated measures ANOVA, unpaired t-test or Pearson’s correlation coefficient. 

ANOVAs were performed with post-hoc Tukey’s multiple comparison. All values were relative 

to their respective depots from chow (C)-fed mice, unless stated otherwise.  Graphs are 

expressed as mean + standard error of the mean (s.e.m), unless stated otherwise.  A value of 

p<0.05 was deemed as statistically significant with * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. The overall effects of treatment and diet are expressed on the graph if the 

interactions are significant. 
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Figure 5.3. Experimental design of the 10-day treatment period and 26-day recovery period in chow-fed and high-fat-fed mice treated with Vehicle 

or Cpd14. There are four experimental groups: C-V, C-Cpd14, HF-Cpd14 and HF-V – The letters before the ‘-’ indicates the dietary intake and the letters 

after the ‘-’  indicate whether Cpd14 or Vehicle (V) was administered.  C: Chow-diet; HF: High-fat-diet; Cpd14: Compound 14; V: Vehicle; BW: Body weight; 

GTT: Glucose Tolerance Test. 
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5.3. RESULTS  

5.3.1. Cell culture 

5.3.1.1. Adipocyte gene expression differences in Day 7 3T3-L1 cells treated with Vehicle 

or Cpd14  

High Purine Media (HPM) is the suggested basal media for differentiating 3T3-L1 cells 

successfully in vitro. This study was interested in observing the optimum conditions for Cpd14 

action in 3T3-L1 cells, therefore HPM and LPM were supplemented with Cpd14 for 72 hours 

and grown until Day 7 in normal basal media (HPM) (Figure 5.2). Under both experimental 

conditions of HPM and LPM, there were no significant differences observed in morphological 

observations (Figure 5.4A and Figure 5.5A, respectively), lipid accumulation by ORO (Figure 

5.4B and Figure 5.5B, respectively) and TG content analysis (Figure 5.4C and Figure 5.5C, 

respectively), cell viability (Figure 5.4D and Figure 5.5D, respectively) and gene expression 

differences of pro-adipogenic markers FABP4, PPARγ and C/EBPα  (Figure 5.4E and Figure 

5.5E, respectively), regardless of Cpd14 treatment. 
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Figure 5.4. Day 7 3T3-L1 cells treated with Vehicle or Cpd14 for 72 hours in HPM. 

Representative images of cells unstained/stained with ORO, and wells of ORO-stained cells 

before elution (A). All scale bars represent 400µM and imaged at x10 optical lens with Evos Fl 

Microscope (left) and Nikon TE200 Brightfield Inverted Microscope (right). ORO absorbance 

normalised to the cell titre (B), TG content normalised to protein levels (C), cell viability 

normalised to Vehicle (D) and FABP4, PPARγ and C/EBPα fold change in mRNA expression 

relative to their respective Vehicle (E).  Graphs represent mean + s.e.m. Data analysed by an 

unpaired t-test. N = 3. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.5. Day 7 3T3-L1 cells treated with Vehicle or Cpd14 for 72 hours in LPM. 

Representative images of cells unstained/stained with ORO, and wells of ORO-stained cells 

before elution (A). All scale bars represent 400µM and imaged at x10 optical lens with Evos Fl 

Microscope (left) and Nikon TE200 Brightfield Inverted Microscope (right). ORO absorbance 

normalised to the cell titre (B), TG content normalised to protein levels (C), cell viability 

normalised to Vehicle (D) and FABP4, PPARγ and C/EBPα fold change in mRNA expression 

relative to their respective Vehicle (E).  Graphs represent mean + s.e.m . Data analysed by an 

unpaired t-test. N = 3. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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5.3.2. Animal studies 

5.3.2.1. 10-day treatment period in chow-fed and HF-fed mice  

5.3.2.1.1. Metabolic parameters from chow-fed and HF-fed 10-week-old mice treated with 

Vehicle or Cpd14 

Treatment of therapeutic compounds are often linked with improved metabolic parameters 

including body weight and insulin sensitivity. Over the 10-day treatment period of orally 

administered Cpd14, non-fasting (Figure 5.6B) and fasting blood glucose levels (Figure 5.6C) 

after an ipGTT (Figure 5.6D and Figure 5.6E, p<0.0001), body weight (Figure 5.6G) and gWAT 

depot weight (Figure 5.6H, p<0.0001) were markedly lower in HF-Cpd14 mice compared to 

HF-V. Interestingly, in Cpd14-treated chow-fed mice (C-Cpd14), the blood glucose levels  

(Figure 5.6A) increased until Day 7, then decreased until the end of the treatment period (Day 

10), with body weight remaining unchanged throughout (Figure 5.6F). Furthermore, fasting 

blood glucose levels (Figure 5.6C), after an ipGTT (Figure 5.6E) and gWAT depot weight 

(Figure 5.6H) in HF-V mice were significantly higher than C-V (p<0.0001, p<0.0001 and 

p<0.0001, respectively) and C-Cpd14 (p<0.0001, p<0.0001 and p<0.0001, respectively). In 

addition, caloric intake (Figure 5.6I) was higher in HF-V compared to C-V (p<0.05). 
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Figure 5.6. Metabolic effects of Vehicle and Cpd14 treatment in chow-fed and high-fat 

fed mice. Daily non-fasting blood glucose levels expressed as change () in glucose levels 

(A-B), fasting blood glucose levels (C), intraperitoneal glucose tolerance test (ipGTT) with 

glucose measured at 0, 15, 30, 60, 90, 120 and 180 minutes after glucose injection (D) and 

area under the curve (AUC) of blood glucose levels (E), the change () in body weight (F-G), 

gWAT depot weight (H) and caloric intake relative to body weight (I) from chow (C)  and  high-

fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days. Graphs represent 

mean + s.e.m. Data analysed by ANOVA (C,E,H,I) and by repeated measures ANOVA 

(A,B,D,F,G) with Tukey’s multiple correction test.  N = 5-8. * p<0.05, ** p<0.01, *** p<0.001 

and **** p<0.0001 and grey-coloured stars indicate significance of the group against V. 
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5.3.2.1.2. Gonadal white adipose tissue gene expression differences from cells of the 

stromal vascular fraction in chow-fed and HF-fed 10-week-old mice treated with Vehicle 

or Cpd14 

For the effects of treatment and diet in Vehicle and Cpd14-treated mice, refer to Appendix 

Table 2.2. Cell lysates were collected for RNA at Day 7 of adipogenesis (end of the 

experimental procedure) to examine differences in gene expression levels of pro-adipogenic 

markers FABP4 (Figure 5.7A), PPARγ (Figure 5.7B) and C/EBPα (Figure 5.7C). HF-Cpd14 

exhibited lower levels of FABP4 (Figure 5.7A) compared to HF-V and PPARγ expression was 

lower in HF-Cpd14 mice (Figure 5.7B) compared to C-Cpd14. FABP4 levels were higher in 

HF-V compared C-V (p<0.001) and C-Cpd14 (p<0.01).  
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Figure 5.7. FABP4 (A), PPARγ (B) and C/EBPα (C) fold change in mRNA expression from 

pre-adipocytes isolated from gWAT SVF differentiated ex vivo until Day 7 of adipogenesis of 

chow (C) and high-fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, 

normalised to C-V. Graphs represent mean + s.e.m. Data analysed by two-way ANOVA, post-

hoc Tukey correction. N = 3. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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5.3.2.1.3. Adipose tissue gene expression differences in chow-fed and HF-fed 10-week-

old mice treated with Vehicle or Cpd14 

For the effects of treatment and diet in Vehicle and Cpd14-treated mice, refer to Appendix 

Table 2.3.  

gWAT (Figure 5.8A): There were significantly higher levels of PPARγ (Figure 5.8B) and 

C/EBPα (Figure 5.8C) in C-Cpd14 mice compared to C-V mice (p<0.05 and p<0.01, 

respectively) and HF-Cpd14 mice (p<0.05 and p<0.001, respectively). Furthermore, there 

were significantly higher levels of C/EBPα expression in C-Cpd14 mice compared to HF-V 

mice (p<0.05) (Figure 5.8C). Leptin levels (Figure 5.8F) were higher in HF-V mice compared 

to C-V mice (p<0.01), C-Cpd14 (p<0.01) and HF-Cpd14 (p<0.05).   

iWAT (Figure 5.9): UCP1 (Figure 5.9A) and DIO2 (Figure 5.9C) were significantly higher in 

C-Cpd14 mice compared to HF-V (p<0.0001 and p<0.05, respectively) and HF-Cpd14 mice 

(p<0.0001 and p<0.05, respectively), with UCP1 (Figure 5.9A) expression in C-Cpd14 mice 

also having higher expression compared to C-V mice (p<0.001). COX7A1 (Figure 5.9E) and 

COX8B (Figure 5.9F) expression levels were higher in C-Cpd14 mice compared to HF-V mice 

(p<0.01 and p<0.01, respectively), with COX8B C-Cpd14 expression also higher than that of 

HF-Cpd14 (p<0.05).  

iBAT (Figure 5.10): UCP1 levels (Figure 5.10A) were significantly lower in C-Cpd14 mice 

compared to HF-V (p<0.01) and HF-Cpd14 mice (p<0.05). In ADRβ3 (Figure 5.10B) and 

COX8B (Figure 5.10F), levels were lower in C-V (p<0.05 and p<0.05, respectively) and C-

Cpd14 mice (p<0.001 and p<0.0001), compared with HF-V mice, and higher in HF-Cpd14 

(p<0.05 and p<0.05, respectively) compared with C-Cpd14 mice. DIO2 mRNA levels (Figure 

5.10C) were lower expression in C-Cpd14 (p<0.01) and HF-Cpd14 mice (p<0.05), compared 

with HF-V. There were significantly higher levels in HF-Cpd14 mice compared to C-Cpd14 

(p<0.05), in COX7A1 expression (Figure 5.10E).  

PAT (Figure 5.11): Gene expression levels were unaltered with treatment with Cpd14 in chow 

or HF-fed mice of pericardial adipose tissue. 
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Figure 5.8. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F) and AdipoQ 

(G) fold change in mRNA expression of gWAT of chow (C) and high-fat (HF)-fed male mice 

treated orally with Vehicle (V) or Cpd14 for 10 days, normalised to C-V. Graphs represent 

mean + s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 

6-7. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.9. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iWAT of chow (C) and high-fat (HF)-fed male mice treated 

orally with Vehicle (V) or Cpd14 for 10 days, normalised to C-V. Graphs represent mean + 

s.e.m.  Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 7-8. The 

overall effects of treatment and diet are expressed on the graph if reported as significant. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.10. UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iBAT of chow (C) and high-fat (HF)-fed male mice treated orally 

with Vehicle (V) or Cpd14 for 10 days, normalised to C-V. Graphs represent mean + s.e.m. 

Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 8. The overall 

effects of treatment and diet are expressed on the graph if reported as significant. * p<0.05, ** 

p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.11. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), UCP1 (F) and PGC1α 

(G) fold change in mRNA expression of PAT of chow (C) and high-fat (HF)-fed male mice 

treated orally with Vehicle (V) or Cpd14 for 10 days, normalised to C-V. Graphs represent mean 

+ s.e.m. Data analysed by two-way ANOVA and Tukey’s multiple comparison test. N = 6-7... * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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5.3.2.1.4. Gonadal white adipose tissue protein level differences in chow-fed and HF-fed 

10-week-old mice treated with Vehicle or Cpd14 

A Western blot was performed to determine AMPK activation observing any visible changes 

in protein levels of AMPK and ACC, using phospho- and unphospho-specific antibodies, with 

β-Actin as a reference (Figure 5.12), as stated by Asby et al. There is a visible increase in total 

AMPK levels (Figure 5.12A) in C-Cpd14 mice, but no other visible differences were observed 

in total levels of ACC or phosphorylated ACC (p-ACC) (Figure 5.12B) or AMPK (p-AMPK) 

(Figure 5.12A) in either C-fed or HF-fed treated mice with Vehicle or Cpd14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. p-AMPK/AMPK (A) and p-ACC/ACC (B) protein levels of gWAT of chow (C) and 

high-fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days.  β-Actin used 

as a reference.  N = 4-6. (p)-AMPK Thr172: (phospho)-5' adenosine monophosphate-

activated protein kinase Threonine 172; (p)-ACC Ser79: (phospho)-Acetyl-CoA carboxylase 

Serine 79:  β-Actin; beta-Actin: kDa: kilodaltons. 
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5.3.2.1.5. Adipose tissue histological differences in chow-fed and HF-fed 10-week-old 

mice treated with Vehicle or Cpd14 

Percentage change in cell volume: For the effects of treatment and diet in Vehicle and 

Cpd14-treated mice in cell volume, refer to Appendix Table 3.9. In gWAT (Figure 5.13A), iWAT 

(Figure 5.14A) and PAT (Figure 5.15A), there were lower adipocyte volumes in C-V (p<0.0001, 

p<0.0001 and p<0.01, respectively), C-Cpd14 (p<0.0001, p<0.0001 and p<0.01, respectively) 

and HF-Cpd14 mice (p<0.05, p<0.001 and p<0.05, respectively), compared to HF-V mice. 

Furthermore, in gWAT, HF-Cpd14 cell volume was higher than C-Cpd14 mice (p<0.05) (Figure 

5.13A).  

Adipose tissue morphology: Histological analysis of larger cells in HF-V mice was mirrored 

by morphological observations of gWAT (Figure 5.13B), iWAT (Figure 5.14B) and PAT (Figure 

5.15B). Furthermore, the presence of multi-locular brown-like cells were observed in C-Cpd14 

and HF-Cpd14 mice of iWAT (Figure 5.14C) and PAT (Figure 5.15C), with further observations 

in C-V and HF-V mice of PAT (Figure 5.15C).  

Cell volume distribution: For statistical analysis and the effects of treatment and diet in 

Vehicle and Cpd14-treated mice, refer to Appendix Table 3.10 and Appendix Table 3.11. 

Overall, the cell volume distribution graph resembled a positively skewed distribution in 

pericardial fat (Figure 5.15D), compared to gWAT (Figure 5.13D) and iWAT (Figure 5.14D), 

suggesting cells in this depot have a higher prevalence of being smaller. 
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Figure 5.13. The percentage change in cell volume normalised to C-V (A), H&E 

representative images of cell size (B), cell number normalised to C-V (C) and cell volume 

distribution (D) of gWAT from chow (C) and high-fat (HF)-fed male mice treated orally with 

Vehicle (V) or Cpd14 for 10 days. All scale bars represent 100µM and imaged at x40 optical 

lens with Nikon TE200 brightfield inverted microscope. Graphs represent mean + s.e.m. Data 

analysed by two-way ANOVA and Tukey’s multiple comparison test between C-V, C-Cpd14, 

HF-V and HF-Cpd14 (A,C) and cell volume (a.u.) groups (D). N = 6-8.  
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Figure 5.14 The percentage change in cell volume normalised to C-V (A), H&E representative 

images of cell size (B), multi-locular cells (C) and cell volume distribution (D) of iWAT from 

chow (C) and high-fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days. 

All scale bars represent 100µM and imaged at x40 optical lens with Nikon TE200 brightfield 

inverted microscope. Graphs represent mean + s.e.m. Data analysed by two-way ANOVA and 

Tukey’s multiple comparison test between C-V, C-Cpd14, HF-V and HF-Cpd14 (A) and cell 

volume (a.u.) groups (D). N = 5-8.  
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Figure 5.15. The percentage change in cell volume normalised to C-V (A), H&E 

representative images of cell size (B), multi-locular cells (C) and cell volume distribution (D) 

of PAT from chow (C) and high-fat (HF)-fed male mice treated orally with Vehicle (V) or Cpd14 

for 10 days. All scale bars represent 100µM and imaged at x40 optical lens with Nikon TE200 

brightfield inverted microscope. Graphs represent mean + s.e.m. Data analysed by two-way 

ANOVA and Tukey’s multiple comparison test between C-V, C-Cpd14, HF-V and HF-Cpd14 

(A) and cell volume (a.u.) groups (D). N = 5-8.  
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5.3.2.1.6. The relationship between biochemical and metabolic parameters, gene 

expression levels and percentage change in cell volume in adipose tissue of chow-fed 

and HF-fed 10-week-old mice treated with Vehicle or Cpd14 

Percentage change in cell volume vs inflammatory markers: Percentage change in cell 

volume of PAT (Appendix Figure 4.27B) was positively correlated with IL6 mRNA levels 

(p<0.05), gWAT percentage change in cell volume levels (Appendix Figure 4.27E) were 

positively associated with Leptin mRNA levels (p<0.0001) 

Percentage change in cell volume vs UCP1:  iWAT percentage change in cell volume levels 

(Appendix Figure 4.27G) were negatively associated with UCP1 mRNA levels (p<0.01).  

Depot weight vs inflammatory markers: gWAT depot weight was positively associated with 

the percentage change in cell volume (Appendix Figure 4.28A) (p<0.0001) and mRNA levels 

of IL6 (Appendix Figure 4.28B) (p<0.01), TNFα (Appendix Figure 4.28C) (p<0.01) and Leptin 

(Appendix Figure 4.28D) (p<0.0001).  
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5.3.3. 26-day recovery period in HF-fed mice 

5.3.3.1. Metabolic parameters in HF-fed 10-week-old mice treated with Vehicle or Cpd14, 

following a recovery period 

Non-fasting blood glucose levels initially increased within the first 10 days of the recovery 

period but remained relatively constant during the last 6 days in HF-Cpd14 mice (Figure 

5.18A). During the recovery period, there was an increase in weight gain of HF-Cpd14 mice, 

reaching similar levels to before Cpd14 treatment (Figure 5.18E). No other changes in fasting 

blood glucose (Figure 5.18B) or glucose levels during an ipGTT (Figure 5.18C and Figure 

5.18D) were observed. 

 

5.3.3.2. Adipose tissue gene expression differences in HF-fed 10-week-old mice treated 

with Vehicle or Cpd14, following a recovery period 

In gWAT (Figure 5.19), there was a trend towards lower Leptin mRNA expression levels 

(Figure 5.19F) (p=0.0565) in HF-Cpd14 mice compared to HF-V mice. COX7A1 expression 

(Figure 5.20E) (p<0.05) was lower in HF-Cpd14 mice compared to HF-V mice of iWAT. 

 

5.3.3.3. Adipose tissue histological differences in HF-fed 10-week-old mice treated with 

Vehicle or Cpd14, following a recovery period  

Histological analysis of gWAT, iWAT and PAT did not document any significant differences in 

cell volume (Figure 5.23A, Figure 5.24A and Figure 5.25A, respectively) or distribution (Figure 

5.23C, Figure 5.24C and Figure 5.25C, respectively). Interestingly, distribution of cell volume 

in PAT showed a normal distribution (Figure 5.25C), suggesting many of these adipocytes are 

medium sized, whereas gWAT cell volume resembled a negatively skewed distribution (Figure 

5.23C), compared to iWAT (Figure 5.24C), suggesting gonadal cells have a higher frequency 

of being larger.  
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Figure 5.18.  Metabolic effects of Vehicle and Cpd14 in high-fat-fed mice. Daily non-fasting 

blood glucose levels expressed as change () in glucose levels (A), fasting blood glucose 

levels (B), intraperitoneal glucose tolerance test (ipGTT) with glucose measured at 0, 15, 30, 

60, 90, 120 and 180 minutes after glucose injection (C) and area under the curve (AUC) of 

blood glucose levels (D), the change () in body weight (E) from high-fat (HF)-fed mice treated 

orally with Vehicle or Cpd14 for 10 days, following a 26-day recovery period without treatment. 

Graphs represent mean + s.e.m. Data analysed by an unpaired t-test (B,D) and by repeated 

measures ANOVA with Tukey’s multiple correction test (A,C,E). N = 4-6. * p<0.05, ** p<0.01, 

*** p<0.001 and **** p<0.0001 and grey-coloured stars indicate significance of the group 

against HF-V. 
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Figure 5.19. FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), Leptin (F) and AdipoQ 

(G) fold change in mRNA expression of gWAT of high-fat (HF)-fed male mice treated orally 

with Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery period without treatment, 

relative to HF-V. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test. N = 4-

6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.20.  UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iWAT of high-fat (HF)-fed male mice treated orally with 

Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery period without treatment, 

relative to HF-V. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test. N = 

4-6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 

 

A. 

HF-V

HF-C
pd

14
0.0

0.5

1.0

1.5

2.0 UCP1

D. 

C. 

HF-V

HF-C
pd

14
0.0

0.5

1.0

1.5

2.0 DIO2

B. 

HF-V

HF-C
pd

14

fo
ld

 c
h

a
ng

e
 in

 e
xp

re
ss

io
n

E. 

HF-V

HF-C
pd

14
0.0

0.4

0.8

1.2

fo
ld

 c
ha

n
ge

 in
 e

xp
re

ss
io

n *
COX7A1

F. 

HF-V

HF-C
pd

14
0

1

2

3 COX8B



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 213 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21.  UCP1 (A), ADRβ3 (B), DIO2 (C), PGC1α (D), COX7A1 (E) and COX8B (F) fold 

change in mRNA expression of iBAT of high-fat (HF)-fed male mice treated orally with Vehicle 

(V) or Cpd14 for 10 days, following a 26-day recovery period without treatment, relative to HF-

V. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test. N = 4-6. * p<0.05, ** 

p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.22.  FABP4 (A), PPARγ (B), C/EBPα (C), IL6 (D), TNFα (E), UCP1 (F) and PGC1α 

(G) fold change in mRNA expression of PAT of high-fat (HF)-fed male mice treated orally with 

Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery period without treatment, relative 

to HF-V. Graphs represent mean + s.e.m. Data analysed by an unpaired t-test. N = 4-6. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.23. The percentage change in cell volume normalised to HF-V (A), H&E 

representative images of cell size (B) and cell volume distribution (C) of gWAT of high-fat (HF)-

fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery 

period without treatment. All scale bars represent 100µM and imaged at x40 optical lens with 

Nikon TE200 brightfield inverted microscope. Graphs represent mean + s.e.m. Data analysed 

by an unpaired t-test. N = 4-6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.24.  The percentage change in cell volume normalised to HF-V (A), H&E 

representative images of cell size (B) and cell volume distribution (C) of iWAT of high-fat (HF)-

fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery 

period without treatment. All scale bars represent 100µM and imaged at x40 optical lens with 

Nikon TE200 brightfield inverted microscope. Graphs represent mean + s.e.m. Data analysed 

by an unpaired t-test. N = 4-6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Figure 5.25.  The percentage change in cell volume normalised to HF-V (A), H&E 

representative images of cell size (B) and cell volume distribution (C) of PAT of high-fat (HF)-

fed male mice treated orally with Vehicle (V) or Cpd14 for 10 days, following a 26-day recovery 

period without treatment. All scale bars represent 100µM and imaged at x40 optical lens with 

Nikon TE200 brightfield inverted microscope. Graphs represent mean + s.e.m. Data analysed 

by an unpaired t-test. N = 4-6. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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5.4. DISCUSSION 

Treatment with 1mM Cpd14 for 72 hours, in high and low purine conditions, (1) did not inhibit 

adipocyte differentiation or (2) induce ‘browning’ of 3T3-L1 cells, in vitro.  10 daily doses of oral 

0.1mg/g Cpd14 administered in chow-fed and HF-fed mice (3) reduced the cell volume of 

pericardial adipocytes but (4) did not alter the transcriptional levels of adipogenic, 

inflammatory, thermogenic, or mitochondrial function-related markers in pericardial fat. 

Following a 26-day recovery period after Cpd14 treatment, (5) there were no changes in 

pericardial adipocyte volume, (6) no transcriptional alterations in adipogenic, inflammatory, 

thermogenic, or mitochondrial function-related markers, but there was (7) an induction of 

‘whitening’ in pericardial fat of HF-fed mice.   

 

5.4.1. Cell culture studies 

3T3-L1 cells are a widely used murine cell line to study cellular alterations upon treatment in 

vitro and helps understand the physiological processes occurring in vivo. Obesity is 

characterised by excessive TG accumulation in AT and dysregulated adipocyte differentiation. 

Therapeutic agents may target transcriptional cascades involved in adipogenesis  (Lin and 

Lane, 1992) to inhibit adipocyte differentiation, therefore downregulating TG accumulation in 

adipocytes to improve metabolism. C/EBPα and PPARγ expression is essential for the 

progression and maintenance of lipid-laden fat cells (Christy et al., 1991; Christy et al., 1989; 

Imai et al., 2004). FABP4 expression acts as an additional marker for the presence of mature 

adipocytes (Shan et al., 2013; Sim et al., 2017).  AMPK activators such as AICAR (Lee et 

al.,2011) and Metformin (Chen et al., 2018) inhibit adipocyte differentiation in 3T3-L1 cells by 

downregulating these pro-adipogenic markers.  Regardless of high (HPM) or low purine media 

(LPM) conditions, treatment of 1mM Cpd14 for 72 hours in vitro, did not effect positive 

regulators of adipogenesis or lipid accumulation. This suggests that Cpd14 does not inhibit 

adipocyte differentiation, under these conditions. Furthermore, Asby et al., demonstrated that 

1mM Cpd14 does not effect the viability of cells, suggesting that reduced profileration in cancer 

cells was due to a cytostatic effect on cells, rather than a cytotoxic effect. In 3T3-L1 cells, there  

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 219 

 

were no differences in cell titre levels. This indicates that Cpd14 does not induce toxic effects 

on the viability of adipocytes, in vitro.  

In metabolism, there are two significant pathways that are utilised by cells. These include the 

de novo purine biosynthetic pathway and the salvage pathway. Under HPM conditions, there 

is inhibition of de novo purine synthesis (Henderson and Khoo, 1965), whilst the salvage 

pathway persists (Murray, 1971). In cancer cells, Cpd14 is only active under conditions that 

favour the de novo biosynthetic pathway. This is demonstrated by AMPK activation under LPM 

conditions, as cells are actively producing purines (Asby et al., 2015). As a potential AMPK 

activator, Cpd14 did not elicit an inhibitory effect on adipogenesis in 3T3-L1 cells under LPM 

conditions. As the salvage pathway persists in normal functional cells (like 3T3-L1 cells), 

possibly Cpd14 at 1mM is not active. Rapidly dividing and proliferating cells like cancer cells, 

predominately produce purines via the de novo purine biosynthetic pathway, rather than the 

salvage pathway (Spurr et al., 2012). This suggests a rationale for no observable effects of 

Cpd14 on adipogenesis in 3T3-L1 cells, under LPM conditions.   

Treatment for 48 hours with higher concentrations of Metformin, inhibits adipogenesis 

mediated via AMPK activation in 3T3-L1 cells. This results in cytotoxic effects, whereas lower 

doses induce adipogenesis, independently of AMPK activity (Chen et al., 2018). Cpd14 

treatment did not effect adipocyte differentiation under this experimental paradigm, in either 

HPM or LPM. However, an effect may be observed with a wider range of concentrations 

administered at certain timepoints during adipocyte development, in vitro. This is required to 

provide a clearer understanding into the potential of Cpd14 as an AMPK activator to inhibit 

adipocyte differentiation. 

The trans-differentiation of white-to-brown adipocytes, also known as ‘browning,’ provides 

protection against obesity. Promoting white adipocytes to adopt a ‘beige’ phenotype via 

pharmacological stimulation could improve metabolic dysfunction in human obesity. The 

‘browning’ process is demonstrated by the action of AMPK activators in 3T3-L1 cells.  As well 

as inhibiting adipocyte differentiation (Zhang et al., 2017), there is an upregulation of brown 

adipocyte-associated genes including UCP1, PGC1α and DIO2 (Bae and Kim, 2020; Kim et  

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 220 

 

al., 2020; Sudhakar et al., 2020), and increased mitochondrial biogenesis (Bae and Kim, 2020). 

White 3T3-L1 cells morphologically resemble brown-like cells in which there is a transition from 

uni-locular adipocytes to multi-locular adipocytes (Aziz et al., 2017; Sudhakar et al., 2020). As 

an AMPK agonist in cancer cells (Asby et al., 2015), there were no significant differences in 

morphological observations or lipid accumulation between Vehicle and Cpd14-treated 3T3-L1 

cells, grown in HPM or LPM. This suggests that acute stimulation with Cpd14 does not induce 

‘browning’ of 3T3-L1 cells. Once again, this may be due to the experimental design. Chronic 

stimulation, higher concentrations, or treatment of Cpd14 at Day 7 in mature adipocytes, may 

induce ‘browning’ in 3T3-L1 adipocytes. However, analysis of brown-like markers such as 

UCP1 and PGC1α are required to confirm these results. 

 

5.4.2. Animal studies 

Asby et al., reported the effects of Cpd14 as a potential therapeutic agent to target metabolic 

dysfunction in mice. This was demonstrated in mice treated with a 7-day intraperitoneal 

adminstration of 0.05mg/g Cpd14. Both chow and HF-fed mice had improved glucose 

tolerance and lost weight over the treatment period, with a larger response seen in HF-fed 

mice (HF-Cpd14) (Asby et al.,2015). In this study, after a 10-day oral treatment of Cpd14, the 

body weights between C-V and C-Cpd14 mice were comparable. However, a marked 

decrease in weight gain was observed in HF-Cpd14 mice compared to HF-V, in accordance 

with the previous study. 

Diet-induced obesity (DIO) dysregulates normal physiological pathways in the body and often 

leads to metabolic complications. These include a reduced thermogenic capacity, impaired 

lipolysis (Tsujita, Morimoto and Okuda,1995) and an imbalance between ATP production and 

demand, resulting in insulin resistance (Petersen et al., 2003). After an ipGTT, 10-day Cpd14-

treated mice, regardless of diet, presented an increased glucose clearance rate, over 2-hours. 

This suggests improved glucose homeostasis in Cpd14-treated mice, compared to glucose 

intolerance observed in HF-V mice. AMPK activators target AT of obese mice (Wu et al., 2018) 

to improve glucose homeostasis (Foretz et al., 2010; Horakova et al., 2019) and counteract  
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metabolic dysfunction. Although further analysis is required, with this view, it is possible that 

Cpd14 upregulates the AMPK pathway via ACC phosphorylation, as demonstrated by in vitro 

studies (Asby et al.,2015). As glucose intolerance is induced in HF-fed mice but not chow-fed 

mice, this suggests a possible route for Cpd14 to control glucose homeostasis (O’Neill et al., 

2014), in HF-fed mice.  

Interestingly, non-fasting and fasting blood glucose levels over the 10-day treatment period 

were elevated in C-Cpd14 mice compared to C-V mice. The opposite effect was demonstrated 

in HF-Cpd14 mice, in which levels decreased compared to HF-V. As Asby et al., administered 

Cpd14 via an intraperitoneal (i.p.) injection, perhaps this acts directly on the AT and has a local 

effect to induce beneficial effects on weight and glucose levels in chow-fed mice. In this study, 

chow-fed mice reacted negatively to oral Cpd14 administration and this route may have 

induced more systemic effects in chow-fed mice, at the level of the organism.  Although i.p. 

injections have similar pharmacokinetic effects to oral administration (Lukas, Brinle and 

Greengard, 1971), the latter is more relevant and less invasive than i.p. injections. As oral 

administration produces a slower drug dissolution (Becker, 2006), perhaps a longer period of 

Cpd14 treatment in chow-fed mice would regulate levels to that observed in C-V mice. This is 

possible as non-fasting blood glucose levels in C-Cpd14 mice reduced in the final days of the 

experimental procedure.  

Given that a HF-diet increases adipocyte size which is reflected by an increase in caloric intake 

(Jo et al., 2009), there were no differences in caloric intake in the 10-day Cpd14-treated mice. 

Furthermore, AMPK activators reduce adipocyte size upon treatment in HF-fed mice, 

accompanied by a reduction in weight gain and glucose levels  (Jing et al., 2018; Wu et al., 

2018).Pericardial adipocyte size was reduced in Cpd14-treated mice compared to HF-V mice. 

This suggests that the weight loss effects in HF-fed mice may have been induced by action of 

Cpd14 treatment, rather than due to a lack of appetite.   

Anti-diabetic compounds induce a process known as ‘browning’ in white depots (Petrovic et 

al., 2010) to induce a trans-differentiation of white-to-brown adipocytes. These cells are 

associated with increased thermogenesis when activated by AMPK compounds (Qi et al.,  
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2019; Wu et al., 2018; Wu et al.,2019). They provide protection against obesity by upregulating 

UCP1 expression (Vila-Bedmar et al., 2010), a hallmark of brown adipocytes. In pericardial fat, 

a sub-population of multi-locular brown-like cells were present in pericardial fat of 10-day 

treated mice, regardless of Cpd14 treatment or diet. In fact, there were no differences in UCP1 

mRNA gene expression levels, in chow or HF-fed mice. This is suggestive of the comparable 

adoption of brown-like cells in pericardial fat of all mice. Pollard et al., demonstrated that AMPK 

activity is independent of UCP1 expression in brown-like cells in HF-fed mice, yet  mice were 

still protected against obesity. Although further metabolic analysis is required via indirect 

calorimetry to determine respiratory exchange rate (RER) (Alfaras et al., 2017; Pollard et al., 

2019), perhaps AMPK activation via Cpd14 treatment increases energy expenditure, without 

effecting UCP1 expression. Cpd14 may target thermogenic active adipocytes in pericardial fat 

to increase adrenergic output in HF-fed mice to promote weight loss.   

Of note, after a 26-day recovery period, there were no differences in glucose homeostasis or 

body weight between HF-fed mice treated with (HF-Cpd14) or without Cpd14 (HF-V). In fact, 

HF-Cpd14 mice gradually re-gained body weight over this period. This said, HF-V mice were 

still significantly heavier than HF-Cpd14 mice, after the 26-day recovery period. Weight re-gain 

after weight loss in obesity may be associated with hyperphagia, as documented by an 

increase in caloric intake (Schmitz et al., 2016). Caloric intake of HF-Cpd14 mice was not 

recorded after the 26-day recovery period. It cannot be concluded whether the weight re-gain 

in HF-Cpd14 mice was due to increased appetite or that Cpd14 does provide protection against 

a chronic HF-feeding after the 10-day treatment. 

After substantial weight loss, a history of an obese phenotype resonates an inflammatory 

fingerprint in visceral fat, along with chronic hypertrophy, and promotes weight re-gain. 

However, in brown fat, there are no differences in thermogenic capacity after weight loss 

(Fischer et al., 2018).  In this study, after the 26-day recovery period, there were no significant 

differences in UCP1 mRNA expression, adipocyte size or the presence of a sub-population of 

multi-locular cells that were once observed after the 10-day treatment in pericardial fat. It is 

possible that the pro-longed HF-diet induced a trans-differentiation of brown-to-white  
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adipocytes. The ‘whitening’ of brown cells is accompanied by impaired whole-body glucose 

metabolism (Shimizu et al., 2014). This is consistent with the comparable glucose intolerance 

observations in HF-V and HF-Cpd14 mice, after an ipGTT. Chronic hypertrophy or a persistent 

inflammatory signature, demonstrated by histological and transcriptional analysis, was not 

observed. Perhaps Cpd14 provides a certain protection against DIO after treatment, during 

the recovery period.  

 

5.4.3. Conclusion  

It is still unclear whether Cpd14 effects adipogenesis in vitro. However, in vivo studies have 

demonstrated that Cpd14 may target brown-like cells residing in pericardial fat. This may 

increase thermogenesis to upregulate energy expenditure to induce weight loss and regulate 

glucose homeostasis, possibly via AMPK mediation, in HF-fed mice. Whilst further functional 

research is necessary to further confirm the agonistic effect of Cpd14 on AMPK, the current 

evidence suggests a promising role for Cpd14 as a therapeutic agent to regulate metabolic 

dysfunction. 
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CHAPTER 6 

 

GENERAL DISCUSSION 
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Ectopic fat deposition and dysregulated adipose tissue function may increase the risk of an 

individual ascertaining metabolic health complications. Obesity research has often focused on 

the physiological function of classical adipose depots, including white and brown fat, that 

encompass most of the fat stores in humans. However, limited knowledge is known about the 

pathophysiology of fat that is in proximity to the heart. In particular, accumulation of pericardial 

adipose tissue (PAT), which resides externally of the parietal pericardium in both humans and 

mice, has been associated with obesity and CV-related events. On the other hand, the role of 

pericardial fat in metabolic function under normal physiological conditions and disease is still 

unclear. In this thesis, the transcriptional and histological profile of pericardial fat was 

determined to provide a wider insight into the signatures of this depot under chow and high-fat 

conditions, in mice. This is to emulate normal conditions and metabolic dysfunction that may 

occur in human physiology to understand the capacity of pericardial fat in response to these 

circumstances.  

Under normal physiological conditions, fat deposited around the heart acts as a protective 

cushioning and buffers against lipotoxicity (Marchington and Pond, 1990). Whether pericardial 

fat in mice adopts either white or brown features under these conditions is still unknown. Under 

chow (normal) conditions in 10-week-old and 30-week-old male mice, the gene expression of 

thermogenic and mitochondrial-related genes was extremely elevated compared to the white 

depots studied, only second to that of brown fat. In fact, white depots have the capacity to 

recruit thermogenic cells, characterised by higher levels of UCP1 mRNA expression 

(Shabalina et al., 2013).  UCP1 expression of pericardial fat was associated with a beneficial 

metabolic profile in mice and is suggestive of holding a ‘beige’ signature, as that of white 

subcutaneous fat (Waldén et al., 2012). With this said, expression of AdipoQ (Musovic and 

Olofsson, 2019) and Leptin (Cinti et al., 1997), associated with white adipocytes, was reduced 

in pericardial fat compared to white depots. In addition, a sub-population of multi-locular cells 

resembling brown-like cells were observed in chow-fed mice, regardless of age, and in 

offspring fed a post-weaning chow-diet, regardless of maternal obesity. Interestingly, the 

expression of brown-like markers of pericardial fat, demonstrated by transcriptional analysis,  
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was further exaggerated in mature mice of 30-weeks old, compared to younger 10-week-old 

mice. Pericardial fat may regulate adipocyte thermogenic capacity, depending on the 

metabolic requirement of mice in utero and adulthood, as demonstrated in the ‘beige’ depot of 

perirenal fat (Clarke et al., 1997a; Clarke et al., 1997b).  

The ‘beige’ signature of pericardial fat under normal conditions may be altered by changes in 

the nutritional environment and impact the metabolic health of an animal. This is demonstrated 

by the susceptibility of brown-like cells to undergo trans-differentiation to white-like cells, 

known as ‘whitening’, under obesogenic conditions. In 30-week-old male mice, compared to 

10-week-old male mice, fed a HF-diet, a sub-population of brown-like cells which are visible 

under chow conditions, are no longer observable. In addition, pericardial adipocytes increased 

in cell volume via hypertrophic mechanisms, often associated with visceral pathogenesis. The 

‘whitening’ and expansion of pericardial cells was also implemented in male offspring fed a 

HF-diet post-weaning, regardless of maternal obesity.  As these animals were presented with 

an obese phenotype due to induced offspring overnutrition, the thermogenic capacity of 

pericardial fat was hindered and may act to promote metabolic dysfunction in mice.  

The normal functionality of brown-like cells is associated with a beneficial metabolic profile, 

under chow conditions. Therapeutic intervention may act on white cells in adipose tissue to 

promote ‘browning’ and therefore upregulate thermogenesis and provide protection against 

obesity. This is suggested in previous research in which AMPK activation promotes metabolic 

health (Vila-Bedmar et al., 2010; Wu et al., 2018). Although the trans-differentiation of white-

to-brown adipocytes was not microscopically observed in cell culture experiments, a 10-day 

treatment with Cpd14 in vivo resulted in weight loss and reduced pericardial adipocyte size of 

obese mice. This is suggestive of increased energy expenditure. Furthermore, Cpd14 may act 

on brown-like cells present within pericardial fat to induce a protection against diet-induced 

obesity (DIO), even after a 26-day recovery period without Cpd14 treatment. 
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6.1. CONCLUSION 

Together, these results demonstrate that pericardial fat may have a thermogenic capacity that 

is disrupted upon overnutrition during fetal development (maternal obesity) and/or during 

adulthood (adult obesity). This depot resembles a white and brown-like signature which may 

be targeted by pharmacological stimulation, via AMPK, to increase energy expenditure in mice. 

Further research is required to confirm the functionality and underlying mechanisms involved 

to confirm the genomic and histological analysis stated. However, this study has provided 

compelling evidence into the distinctive profile of pericardial adipose tissue in mice as a ‘beige’ 

depot. This warrants further attention into metabolic studies as a therapeutic target. 

 

6.2. STRENGTHS OF THE STUDY 

According to wider knowledge, this is the first time that pericardial fat in mice has been 

presented as an adipose depot that holds both brown-like and white-like capabilities, as 

demonstrated by transcriptional and histological analysis. Collectively, it has been 

demonstrated that pericardial fat is sensitive to changes in normal nutritional and physiological 

conditions, which may promote either a beneficial or deleterious phenotype in mice. From this, 

pericardial adipose tissue is an attractive therapeutic target to induce ‘browning’ in white-like 

cells and promote thermogenesis of brown-like cells to increase energy expenditure and 

promote metabolic health.   

 

6.3. LIMITATIONS OF THE STUDY 

One of the primary limitations of this study is the absence of analysis of UCP1 expression at a 

transcriptional level, across certain studies. This will aid in understanding how the thermogenic 

capacity of pericardial fat is effected in offspring mice exposed to maternal overnutrition prior 

to and during the gestation and lactation period. With this said, the addition of UCP1 gene 

expression analysis in cell culture experiments with Cpd14 treatment would be beneficial in 

determining the ‘browning’ effects of this compound on white adipocytes. This will aid further 

into the understanding of Cpd14 as a therapeutic agent for obesity.  
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Another limitation of the research conducted in this thesis is the lack of functional studies. This 

analysis would aid in determining whether the gene expression changes in brown adipocyte-

related genes, such as upregulation of UCP1 in pericardial fat, translates into a functional 

increase in metabolic activity. This can be achieved using the XF Flux Analyzer (Seahorse 

Bioscience) to provide real-time output of whole tissues to quantify mitochondrial biogenesis 

in fat. Studies have demonstrated that in brown fat, basal oxygen consumption is largely due 

to proton leakage, higher than that of white fat (Calderon-Dominguez et al., 2017), and that 

low-thermogenic capacity in brown adipocytes results in reduced basal mitochondrial 

respiration (Song et al., 2020). This technology provides a greater and wider understanding 

into the respiratory state of tissues, rather than culturing cells or isolating mitochondria for 

respiratory experiments (Calderon-Dominguez et al., 2017). Furthermore, studies using 3T3-

L1 adipocytes have demonstrated that treatment with Fibroblast Growth Factor 21 (FGF21) 

increases basal respiration, oxidative consumption (Chau et al., 2010) and induces UCP1 

expression with similar oxidative outcomes in adipocyte precursors (APs) of the SVF of cervical 

fat (beige fat) in humans (Lee et al., 2014).  A similar effect was observed in liver cells treated 

with Metformin (Wang et al., 2019).  This provides an insight into studies that could be 

conducted with Cpd14 to identify if the weight loss in obese mice was due to an increase in 

energy expenditure. As pericardial fat has brown-like qualities, the Seahorse Technology could 

be a viable route for determining metabolic activity in pericardial adipocytes from all 

experiments performed in this thesis.  

Furthermore, the studies conducted only use male mice and not female mice for transcriptional 

and histological analysis. In particular, maternal obesity models have demonstrated that 

maternal nutrition programs adiposity of offspring in a sex-dependent manner (Lecoutre et al., 

2016). Often there are discrepancies between genders such as weight gain, with sex 

differences becoming apparent in older mice (Desai et al., 2014) and increased adiposity in 

female offspring compared to male offspring in mice (Sellayah et al., 2019). Although the 

response to obesity is associated with sex-differences, there is evidence to suggest that 

metabolic alterations are sex-specific. This includes elevated levels of cardiovascular-related  
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inflammatory markers, such as C-reactive protein (CRP), in female HF/HF offspring, compared 

to male offspring in mice (Elahi et al., 2009). This increased sensitivity to a HF-diet in female 

offspring could be explained in part due to female sex hormones, as supported by human 

obesity studies in which women have higher levels of CRP than men (Ridker et al., 2000a; 

Visser et al., 1999). Documenting CRP levels provides a potential mechanistic association 

between CVD and metabolic dysfunction. Furthermore, these sex-differences are further 

observed in men and women treated with AMPK activators such as Metformin (Lyons et al., 

2013). For instance, diabetic women taking Metformin have a higher survival rate of colorectal 

cancer, when compared with men (Park et al., 2017). Oestrogen hormones may play a role in 

this significant result, yet it is still undefined. Therefore, it would be interesting to observe 

whether Cpd14 effects are further exaggerated in female mice, as observed in male mice.  

 

6.4. FUTURE RESEARCH 

From gene expression and histologically analysis, it plausible to comment that PAT has both 

white and brown-like qualities, which are altered by dietary feeding exposed during in utero 

and adulthood. Undoubtedly, further functionality experimentation is necessary to confirm the 

presence of brown-like cells and the mechanistic effects of Cpd14 as a therapeutic agent to 

target pericardial fat.   

Immunohistochemistry for UCP1: To confirm the presence of brown-like cells dispersed 

amongst pericardial fat, the abundance of UCP1, an essential brown adipose tissue marker, 

can be targeted by immunohistochemistry (IHC). This can be performed by using Abcam’s 

Rabbit specific HRP/DAB Detection IHC Detection Kit - Micro-polymer (Product code: 

ab236469). 

Throughout IHC, all steps must be performed in a humidity chamber (Product code: H6644, 

Sigma-Aldrich), with limited light exposure to prevent photobleaching. A positive control such 

as iBAT and a negative control such as gWAT or tissues not stained with the primary antibody 

should be used. All buffers and solutions must be equilibrated at room temperature, with Anti-

UCP1 antibody (Product code: ab10983, Abcam) kept on ice. Air-dry slides for 30 minutes to  
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prevent sections from falling off during antibody incubations. Rehydrate slides 3 times in PBS 

for 5 minutes in BRAND Coplin Staining Troughs (Fisher Scientific). Surround tissue sections 

in a hydrophobic barrier with ReadyProbes™ Hydrophobic Barrier Pap Pen (Product code: 

16660484, Fisher Scientific). Add enough drops of Hydrogen Peroxide Block to cover the 

sections. Incubate for 10 minutes. Wash slides 2 times in PBS for 5 minutes in Coplin staining 

troughs. Apply Protein Block to slides and incubate for 10 minutes at room temperature. Wash 

slides 1 time in PBS for 5 minutes. Apply primary antibody (1:1000) and incubate overnight at 

2ºC to 8ºC. Wash slides 3 times in PBS for 5 minutes. Apply HRP-conjugate to slides and 

incubate for 15 minutes. Wash slides 4 times in PBS for 5 minutes. Prepare the required 

volume for DAB staining using 1µl DAB chromogen per 50µl DAB substrate. Incubate slides 

for 1 to 10 minutes, until desired colour is reached. Rinse slides 4 times in PBS for 5 minutes 

in Coplin staining troughs. Counterstain slides for better visualisation with a few drops of 25% 

Haematoxylin for a few seconds and immediately wash in ddH20 for 5 minutes. Clear 

Haematoxylin-stained slides with 90% ethanol for 10 seconds, twice, then in 100% ethanol for 

10 seconds, twice and finally twice with Xylene for 10 seconds each. A few drops of Mounting 

Media for IHC (Product code: ab64230, Abcam) is added to stained slides and a coverslip is 

placed on top. Image slides with brightfield microscopy and once stained, store in a dark slide 

box or book between -20°C and 4°C. 

Developmental adipogenesis: In vivo, adipogenesis occurs at distinct timepoints in 

mammals, during development and adulthood, in response to a HF-diet. To determine whether 

maternal overnutrition impacts pericardial fat earlier on in offspring development, PAT can be 

harvested from mice at 4 weeks of age, as this is when gWAT is fully developed in mice and 

developmental adipogenesis is complete (Wang et al., 2013). It is unclear whether maternal 

overnutrition/obesity effects developmental or obesogenic adipogenesis in pericardial fat from 

offspring. Both histological analysis and gene expression, as presented throughout this thesis, 

can be conducted in PAT of mice at 4 weeks of age to observe these differences in chow and 

HF-fed offspring from chow and HF-fed dams, as demonstrated by Sellayah et al., (2019) in 

gWAT.  
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AMPK activation: AMPK activators are suggested to improve metabolic dysregulation by 

acting on adipose tissue, in vivo (Boyle et al., 2011).  As protein phosphorylation is a transient 

and dynamic event (Lin et al., 2010), harvesting 3T3-L1 cell lysates and pericardial adipocytes 

from animals, respectively, treated with Cpd14 a few hours after administration will aid in 

observing a more distinct change in protein levels of AMPKα Thr172 and ACC Ser79. Chen et 

al., (2018) suggests that AMPK activity must remain at a certain threshold required for 

adipogenesis, with further activation resulting in the inhibition of adipocyte differentiation. To 

determine the mechanistic action of Cpd14 in vitro, cell lysates can be extracted for protein to 

perform a Western blot. This will determine differences in AMPKα Thr172 and ACC Ser76, 

using phospho- and unphospho-specific antibodies, after stimulation with Cpd14 at different 

concentrations in cells maintained in HPM and LPM, with β-actin as a reference. A time-

dependent experiment can be set up to determine the levels of phosphorylation at certain 

points, for example, at 0 (baseline), 2, 4, 6, 12 and 24 hours after induction with Cpd14, in 

vitro. 1X RIPA Buffer, containing Protease Inhibitor Mini Tablets and Phosphatase Inhibitor 

Mini Tablets, will act as a lysis buffer to harvest protein from 3T3-L1 cells and pericardial fat. 

ddH2O can be used as a negative control and Metformin as a positive control (Chen et al., 

2018). In addition, a specific AMPK inhibitor, such as Compound C can be used as it is potent 

enough to suppress Metformin phosphorylating AMPK and prevent inhibition of adipogenesis. 

If Cpd14 acts by upregulating AMPK in 3T3-L1 cells, Cpd14 combined with Compound C 

treated in cells should not have a signal at the molecular weight associated with AMPK on a 

Western blot.  

Mitochondrial biogenesis: Studies have demonstrated that increased oxidative stress is 

associated with obesity (Furukawa et al., 2004). AMPK activation by Metformin improves 

mitochondrial biogenesis and upregulates thermogenesis in brown fat (Karise et al., 2019). 

This can be demonstrated by the MitoTracker Red CMXRos stain that measures the 

mitochondrial contents in cells. In addition, chronic stimulation with AMPK activators results in 

the increase of mitochondrial oxygen consumption rate (OCR), as measured by XF Flux 

Analyzer (Seahorse Bioscience) and further confirmed by analysing the oxidative  
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phosphorylation complexes in the mitochondria by Western blots (Karnewar et al., 2018). 

Using the methods stated above could help elucidate the mechanistic effects of Cpd14 and 

confirm the thermogenic capacity in pericardial fat upon a HF-feeding in obesity.  The exact 

methodology to conduct experiments in adipocytes and adipose tissue using the XF Flux 

Analyzer (Seahorse Bioscience) are documented by Bugge, Dib and Collins (2014), with 

extensive methodology in brown adipocytes recorded by Mahdaviani, Benador and Shiribai 

(2015). 

Adipocyte differentiation: In this thesis, cell culture studies focused on the acute stimulation 

with Cpd14 on adipogenesis in 3T3-L1 cells. As described by Shen et al., (2018), mature 

adipocytes act as an energy reservoir in a process known as lipogenesis. Fatty acids are taken 

up from the diet and are converted into TGs for long-term storage. Studies have shown that 

compounds can activate AMPK activity. This improves insulin sensitivity in mature adipocytes 

by suppressing lipid accumulation, inducing lipolysis via AMPK activation and upregulation of 

UCP1 and PGC1α expression (Shen et al., 2019). Although Cpd14 did not effect adipocyte 

differentiation in the experimental paradigm presented in this thesis, perhaps Cpd14 

administration in mature adipocytes in vitro could help elucidate its mode of action. On the 

other hand, Cpd14 may have an effect early on in adipogenesis. The gene expression changes 

that regulate mitotic clonal expansion (MCE), including C/EBPβ, could be assessed. 

Furthermore, labelling cells with 5-bromodeoxyuridine (BrdU), which incorporates into 

replicating DNA, could be used to assess MCE and cell proliferation in Cpd14-treated cells, as 

described by Merkestein et al., (2015). 

Organismal toxicity: Asby et al., reported that a dose-dependent decline in cell viability in 

cancer cells with Cpd14 was most likely due to cytostatic effects rather than cytotoxic effects. 

In this thesis, 1mM Cpd14 in 3T3-L1 cells did not alter cell viability, however, the toxicology of 

Cpd14 in vivo has not been determined. This can be achieved by measuring biomarkers in the 

blood  to predict organismal toxicity such as lactic acid to measure lactic acidosis (Hess et al., 

2018) and serum levels of metabolic markers and adipokines such as Leptin (Salomäki et al., 

2014), observed in treatment with Metformin in animal studies. 
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APPENDIX 1: BIOCHEMICAL AND METABOLIC PARAMETERS 

 

Appendix Table 1.1. Maternal diet and offspring diet effects of biochemical and metabolic 

parameters in from 30-week-old offspring mice fed a chow and HF-diet from chow and HF-

fed dams 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Maternal Diet Offspring Diet Interaction Effect 

IpGTT AUC p = 0.0166* p < 0.0001**** ns 

Total fat mass p < 0.0001**** ns ns 

Total adiposity p < 0.0001**** ns ns 

Fasting blood glucose p = 0.0004*** p < 0.0001**** p = 0.0019** 

Triglyceride ns p = 0.0008*** ns 

FFAs p = 0.033* p = 0.0007*** ns 

Total Cholesterol p < 0.0001**** ns p = 0.0415* 

HDL ns p < 0.0001**** ns 

LDL ns p < 0.0001**** ns 

PAT depot weight ns p = 0.0011** p = 0.0164* 

TG content ns p = 0.0492* ns 
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APPENDIX 2: TRANSCRIPTIONAL ANALYSIS  

Groups were analysed by two-way ANOVA and Tukey’s post-test for multiple comparisons. 

The interaction between the two variables denotes that the effect of one variable is dependent 

on the other. ns detonates no statistical significance. 

 

Appendix Table 2.1. Maternal diet and offspring diet in adipose and heart tissue gene 

expression differences in 30-week-old offspring mice fed a chow and HF-diet from chow and 

HF-fed dams 

 

 Maternal Diet Offspring Diet Interaction Effect 

gWAT 

FABP4 p = 0.0312* p = 0.0029** 0.0107* 

PPARγ 

C/EBPα 

IL6 

TNFα 

Leptin 

AdipoQ 

p = 0.0069** 

ns 

ns 

ns 

ns 

ns 

p < 0.0001**** 

p = 0.0014** 

p < 0.0001**** 

p < 0.0001**** 

p = 0.0254* 

p < 0.0001**** 

ns 

ns 

ns 

ns 

ns 

ns 

iWAT 

UCP1 ns ns ns 

ADRβ3 ns p < 0.0001**** ns 

DIO2 ns ns ns 

PGC1α ns ns ns 

COX7A1 ns ns ns 

COX8B ns ns ns 

iBAT 

UCP1 p = 0.0143* p = 0.0005*** p = 0.0346* 

ADRβ3 ns ns p = 0.0009*** 

DIO2 ns ns ns 

PGC1α p = 0.0040** p = 0.0179* ns 

COX7A1 ns p = 0.0020** ns 

COX8B p = 0.0179* p = 0.0360* ns 

PAT 

FABP4 ns p = 0.0148* ns 

PPARγ 

C/EBPα 

IL6 

ns 

ns 

p < 0.0001**** 

p = 0.0129* 

p = 0.0304* 

p = 0.0063** 

ns 

ns 

p = 0.0157* 
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TNFα 

Leptin 

p < 0.0001**** 

ns 

p = 0.0485* 

p = 0.0006*** 

ns 

ns 

Heart 

MYH7 

MYH6 

NPPA 

ACTA1 

NOX4 

PLIN1 

PGC1α 

IL6 

TNFα 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

p < 0.0001**** 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

 

 

 

Appendix Table 2.2. Treatment and diet effect in gonadal white adipose tissue gene 

expression differences from cells of the stromal vascular fraction in chow-fed and HF-fed 10-

week-old mice treated with Vehicle or Cpd14 

 

 Treatment Diet Interaction Effect 

FABP4 p = 0.0044** p = 0.0018** p = 0.0009*** 

PPARγ 

C/EBPα 

ns 

ns 

p = 0.0166* 

ns 

ns 

ns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 309 

 

Appendix Table 2.3. Treatment and diet effect in adipose tissue gene expression differences 

in chow-fed and HF-fed 10-week-old mice treated with Vehicle or Cpd14 

 Treatment Diet Interaction Effect 

gWAT 

FABP4 ns  ns p = 0.0488* 

PPARγ 

C/EBPα 

IL6 

TNFα 

Leptin 

AdipoQ 

ns 

ns 

ns 

ns 

p = 0.0277*      

ns 

ns 

p = 0.0030** 

p = 0.0495* 

ns 

p = 0.0068** 

ns 

p = 0.0027** 

p = 0.0024** 

ns 

ns 

p = 0.0177* 

ns 

iWAT 

UCP1 p = 0.0006*** p < 0.0001**** p = 0.0013** 

ADRβ3 ns  ns p = 0.0007*** 

DIO2 ns ns ns 

PGC1α ns ns ns 

COX7A1 ns p = 0.0040** p = 0.0115* 

COX8B ns p = 0.0011** ns 

iBAT 

UCP1 ns p = 0.0005*** ns 

ADRβ3 p = 0.0373* p = 0.0002*** ns 

DIO2 p = 0.0009*** ns ns 

PGC1α p = 0.0118* ns ns 

COX7A1 ns p = 0.0035** ns 

COX8B p = 0.0019** p < 0.0001**** ns 

PAT 

FABP4 ns ns p = 0.0436* 

PPARγ 

C/EBPα 

IL6 

TNFα 

UCP1 

PGC1α 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

p = 0.0444* 
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APPENDIX 3: HISTOLOGICAL ANALYSIS 

 

Groups were analysed by two-way ANOVA and Tukey’s post-test for multiple comparisons. 

The interaction between the two variables denotes that the effect of one variable is dependent 

on the other. ns detonates no statistical significance. 

 

Appendix Table 3.1. Statistical analysis of cell volume distribution of chow-fed or HF-fed 10-

week-old male mice 

 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

chow 

gWAT  

vs 

iWAT 

 

ns ns ns p = 0.0162* p = 0.0428* 

gWAT  

vs 

C-PAT 

 

p = 0.0007*** ns p = 0.0005*** p = 0.0024** p = 0.0302* 

iWAT  

vs 

PAT 

p = 0.0059** ns p = 0.0005*** ns ns 

HF 

gWAT  

vs 

iWAT 

 

ns ns ns ns ns 

gWAT  

vs 

C-PAT 

 

p = 0.0067** p = 0.0107* ns ns p = 0.0002*** 

iWAT  

vs 

PAT 

p = 0.0118* ns ns p = 0.0017** p = 0.0283* 
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Appendix Table 3.2. Statistical analysis of cell volume distribution of chow-fed and HF-fed 

10-week-old male mice 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

c-gWAT  

vs  

HF-gWAT 

 

ns ns p = 0.02* ns p < 0.0001****

c-gWAT  

vs  

c-iWAT 

 

ns ns ns p = 0.0231* ns 

c-gWAT  

vs  

HF-iWAT 

 

ns ns ns ns p = 0.0006*** 

c-gWAT  

vs  

C-PAT 

 

p = 0.0004*** ns p = 0.0007*** p = 0.0018** ns 

c-gWAT  

vs  

HF-PAT 

 

ns ns ns ns ns 

HF-gWAT 

vs  

c-iWAT 

 

ns p = 0.0102* p = 0.021* p = 0.0063** p < 0.0001****

 

HF-gWAT 

vs  

HF-iWAT 

 

ns ns ns ns p = 0.0232* 

HF-gWAT 

vs  

C-PAT 

 

p < 0.0001**** p = 0.0009*** ns p = 0.0005*** p < 0.0001****

HF-gWAT 

vs  

HF-PAT 

 

p = 0.022* ns ns ns p < 0.0001****

c-iWAT  

vs  

HF-iWAT 

 

ns p = 0.0402* ns p < 0.0001**** p < 0.0001****
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Appendix Table 3.3. Statistical analysis of cell volume distribution of chow-fed or HF-fed 30-

week-old male mice 

 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

chow 

gWAT  

vs 

iWAT 

 

ns ns ns ns ns 

gWAT  

vs 

C-PAT 

 

ns ns ns ns ns 

iWAT  

vs 

PAT 

ns p = 0.093** ns p = 0.406* ns 

HF 

gWAT  

vs 

iWAT 

 

ns ns ns ns ns 

 

c-iWAT  

vs  

HF-PAT 

 

ns ns ns ns ns 

HF-iWAT  

vs  

C-PAT 

 

p < 0.0001**** p = 0.0039** ns p < 0.0001**** p < 0.0001****

HF-iWAT  

vs  

HF-PAT 

 

p = 0.041* ns ns p = 0.0062** p = 0.0038** 

C-PAT  

vs  

HF-PAT 

 

ns ns ns ns ns 
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gWAT  

vs 

C-PAT 

 

ns ns ns ns ns 

iWAT  

vs 

PAT 

ns ns ns ns ns 

 

 

Appendix Table 3.4. Statistical analysis of cell volume distribution of chow-fed and HF-fed 

30-week-old male mice 

 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

c-gWAT  

vs  

HF-

gWAT 

 

ns  ns ns ns ns 

c-gWAT  

vs  

c-iWAT 

 

ns ns ns ns ns 

c-gWAT  

vs  

HF-iWAT 

 

ns ns ns ns ns 

c-gWAT  

vs  

C-PAT 

 

ns ns ns ns ns 

c-gWAT  

vs  

HF-PAT 

 

ns ns ns ns ns 

HF-

gWAT vs  

c-iWAT 

 

ns ns ns ns p = 0.0264* 

HF-

gWAT vs  

ns ns ns ns ns 
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HF-iWAT 

 

HF-

gWAT vs  

C-PAT 

 

ns p = 0.0011** ns ns p = 0.0006*** 

HF-

gWAT vs  

HF-PAT 

 

ns ns ns ns ns 

c-iWAT  

vs  

HF-iWAT 

 

ns ns ns ns ns 

c-iWAT  

vs  

C-PAT 

 

ns p = 0.0067** ns ns ns 

c-iWAT  

vs  

HF-PAT 

 

ns ns ns ns ns 

HF-iWAT  

vs  

C-PAT 

 

ns ns ns ns p = 0.0032** 

HF-iWAT  

vs  

HF-PAT 

 

ns ns ns ns ns 

C-PAT  

vs  

HF-PAT 

 

ns ns ns ns ns 
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Appendix Table 3.5. Maternal diet and offspring diet effect in the percentage change in cell 

volume in 30-week-old offspring mice fed a chow and HF-diet from chow and HF-fed dams 

 

 Maternal Diet Offspring Diet Interaction Effect 

gWAT p = 0.0021** p < 0.0001**** ns 

iWAT 

PAT 

ns 

p = 0.0154* 

p < 0.0001**** 

p < 0.0001**** 

ns 

p = 0.0291* 

 

 

Appendix Table 3.6.  Maternal diet and offspring diet effect in PAT cell number in 30-week-

old offspring mice fed a chow and HF-diet from chow and HF-fed dams 

 

 Maternal Diet Offspring Diet Interaction Effect 

PAT ns p = 0.0309* ns 

 

 

Appendix Table 3.7. Statistical analysis of cell volume distribution in 30-week-old offspring 

mice fed a chow and HF-diet from chow and HF-fed dams 

 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

   gWAT   

C/C vs 

C/HF 

 

ns  ns ns ns p = 0.0056** 

C/C vs 

HF/C 

 

ns ns p = 0.0374* ns p = 0.0044** 

C/C vs 

HF/HF 

 

ns p = 0.0376* p = 0.0034** ns p < 0.0001**** 

C/HF 

vs 

HF/C 

 

ns ns ns ns ns 

C/HF 

vs 

HF/HF 

 

ns ns ns ns p = 0.011* 
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HF/C 

vs 

HF/HF 

ns ns ns p = 0.0008*** p = 0.0463* 

   iWAT   

C/C vs 

C/HF 

 

ns ns ns ns ns 

C/C vs 

HF/C 

 

ns ns ns ns ns 

C/C vs 

HF/HF 

 

ns ns p = 0.0039** ns p = 0.0002*** 

C/HF 

vs 

HF/C 

 

ns ns ns ns ns  

C/HF 

vs 

HF/HF 

 

ns ns ns ns ns  

HF/C 

vs 

HF/HF 

ns ns p = 0.0337* ns p = 0.004** 

   PAT   

C/C vs 

C/HF 

 

ns ns ns ns p = 0.001*** 

C/C vs 

HF/C 

 

ns ns ns ns ns 

C/C vs 

HF/HF 

 

ns p = 0.009** ns ns p < 0.0001**** 

C/HF 

vs 

HF/C 

 

ns ns p = 0.046* ns p = 0.003** 

C/HF 

vs 

HF/HF 

 

ns ns ns ns ns 
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HF/C 

vs 

HF/HF 

ns ns p = 0.023* ns p < 0.0001**** 

 

 

Appendix Table 3.8. Maternal diet and offspring diet effect in cell volume distribution in 30-

week-old offspring mice fed a chow and HF-diet from chow and HF-fed dams  

 

 Maternal Diet Offspring Diet Interaction Effect 

gWAT 

0 to 5 x 105 ns  ns  ns  

5 x 105 to 1 x 106 p = 0.0244* ns  ns  

1 x 106 to 5 x 106 p = 0.0018** ns  ns  

5 x 106 to 1 x 107 ns p = 0.0012** p = 0.0074** 

> 1 x 107 p < 0.0001**** p = 0.0001*** ns 

iWAT 

0 to 5 x 105 ns  ns  ns  

5 x 105 to 1 x 106 p = 0.0495* ns  ns  

1 x 106 to 5 x 106 ns p = 0037** ns 

5 x 106 to 1 x 107 ns p = 0.0170* ns 

> 1 x 107 p = 0.0134* p = 0.0001*** ns 

PAT 

0 to 5 x 105 ns  ns  ns  

5 x 105 to 1 x 106 p = 0.0281* p = 0.0253* ns 

1 x 106 to 5 x 106 ns p = 0.0012** ns 

5 x 106 to 1 x 107 ns  ns  p = 0.0393* 

> 1 x 107 ns p < 0.0001**** ns 

 

 

 

Appendix Table 3.9. Treatment and diet effect in the percentage change in cell volume in 

chow-fed and HF-fed 10-week-old mice treated with Vehicle or Cpd14 

 

 Treatment Diet Interaction Effect 

gWAT p = 0.0237* p < 0.0001**** p = 0.0446* 

iWAT 

PAT 

p = 0.0002*** 

p = 0.0137* 

p < 0.0001**** 

p = 0.0061** 

p = 0.0010** 

p = 0.0301* 
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Appendix Table 3.10. Statistical analysis of cell volume distribution in chow-fed and HF-fed 

10-week-old mice treated with Vehicle or Cpd14  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 0 

to 

5 x 105 

5 x 105 

to 

1 x 106 

1 x 106 

to 

5 x 106 

5 x 106 

to 

1 x 107 

> 1 x 107 

   gWAT   

C-V  

vs  

C-

Cpd14 

 

ns  ns ns ns  ns 

C-V  

vs  

HF-V 

 

ns ns p = 0.0089** ns p < 0.0001**** 

C-V  

vs  

HF-

Cpd14 

 

ns ns ns ns p = 0.0006*** 

C-

Cpd14  

vs  

HF-V 

 

ns p = 0.0148* p = 0.0008*** ns p < 0.0001**** 

C-

Cpd14  

vs  

HF-

Cpd14 

 

ns p = 0.0136* p = 0.0257* ns p = 0.0003*** 
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HF-V  

vs  

HF-

Cpd14 

ns ns ns  ns ns 

   iWAT   

C-V  

vs  

C-

Cpd14 

 

ns  ns ns  ns ns  

C-V  

vs  

HF-V 

 

p = 0.0451* p = 0.0014** ns  p < 0.0001**** p < 0.0001**** 

C-V  

vs  

HF-

Cpd14 

 

ns ns ns  ns ns 

C-

Cpd14  

vs  

HF-V 

 

p = 0.0031** p = 0.0001*** ns  p < 0.0001**** p < 0.0001**** 

C-

Cpd14  

vs  

HF-

Cpd14 

 

ns  ns ns  ns ns  

HF-V  

vs  

HF-

Cpd14 

ns  ns ns  p = 0.0002*** p = 0.0001**** 

   PAT   

C-V  

vs  

C-

Cpd14 

 

ns  ns ns ns  ns 

C-V  

vs  

HF-V 

ns  ns p = 0.013* p = 0.0004*** ns 
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Appendix Table 3.11. Treatment and diet effect in the cell volume distribution in chow-fed and 

HF-fed 10-week-old mice treated with Vehicle or Cpd14  

 

 Treatment Diet Interaction Effect 

gWAT 

0 to 5 x 105 ns  p = 0.0063** ns 

5 x 105 to 1 x 106 ns p = 0.0003*** ns 

1 x 106 to 5 x 106 ns p < 0.0001**** ns 

5 x 106 to 1 x 107 ns p = 0.0352* ns 

> 1 x 107 ns p < 0.0001**** ns 

iWAT 

0 to 5 x 105 ns p = 0.0014** ns 

5 x 105 to 1 x 106 p = 0.0194* p = 0.0001*** ns 

1 x 106 to 5 x 106 ns ns p = 0.0134* 

5 x 106 to 1 x 107 p = 0.0001*** p < 0.0001**** p = 0.0049** 

> 1 x 107 p = 0.0005*** p < 0.0001**** p = 0.0006*** 

PAT 

0 to 5 x 105 p = 0.0210* p = 0.0081** ns 

5 x 105 to 1 x 106 ns ns p = 0.0129* 

1 x 106 to 5 x 106 p = 0.0471* p = 0.0008*** ns 

5 x 106 to 1 x 107 p = 0.0023** p = 0.0011** p = 0023** 

> 1 x 107 ns ns ns 

 

 

 

C-

Cpd14  

vs  

HF-V 

 

p = 0.004** ns p = 0.001** p = 0.0002*** p = 0.04* 

C-

Cpd14  

vs  

HF-

Cpd14 

 

ns ns ns ns ns 

HF-V  

vs  

HF-

Cpd14 

ns ns ns p = 0.0004*** ns 
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APPENDIX 4: CORRELATION ANALYSIS 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 4.1. The relationship between the percentage change in cell volume of 

gWAT (A,D,G,J,M), iWAT (B,E,H,K,N) and PAT (C,F,I,L,O) compared to the fold change in 

mRNA expression of IL6, TNFα, UCP1, Leptin and AdipoQ of chow (C) and high-fat (HF)-fed 

10-weeks-old male mice. Individual data points plotted, with the line of best fit as determined 

by simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-7. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.2. The relationship between the depot weight of gWAT compared to the 

percentage change in cell volume (A) and fold change in mRNA expression of IL6 (B), TNFα 

(C), UCP1 (D), Leptin (E) and AdipoQ (F) of chow (C) and high-fat (HF)-fed 10-week-old male 

mice.  Individual data points plotted, with the line of best fit as determined by simple linear 

regression. Data analysed by Pearson’s correlation coefficient. N = 6-8. * p<0.05, ** p<0.01, 

*** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.3. The relationship between the fold change in mRNA expression of IL6, 

TNFα and UCP1 of gWAT (A,D,G), iWAT (B,E,H) and PAT (C,F,I) compared to the 

percentage change in cell volume from chow (C) and high-fat (HF)-fed 30-week-old male mice. 

Individual data points plotted, with the line of best fit as determined by simple linear regression. 

Data analysed by Pearson’s correlation coefficient. N = 6-11.  * p<0.05, ** p<0.01, *** p<0.001 

and **** p<0.0001. 
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Appendix Figure 4.4. The relationship between the fold change in mRNA expression of IL6 

of gWAT (A,E,I,M,Q,), iWAT (B,F,J,N,R), iBAT (C,G,K,O,S) and PAT (D,H,L,P,T) compared 

to serum total cholesterol, HDL, LDL, Triglycerides and Free Fatty Acids levels from chow (C) 

and high-fat (HF)-fed 30-week-old male mice. Individual data points plotted, with the line of 

best fit as determined by simple linear regression. Data analysed by Pearson’s correlation 

coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.5. The relationship between the fold change of IL6 in gWAT (A,E,I,M), 

iWAT (B,F,J,N), iBAT (C,G,K,O) and PAT (D,H,L,P) compared to compared to fasting blood 

glucose levels, body fat content, body weight and % body fat from chow (C) and high-fat (HF)-

fed 30-week-old male mice. Individual data points plotted, with the line of best fit as determined 

by simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12.  * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.6. The relationship between the fold change in mRNA expression of TNFα 

of gWAT (A,E,I,M,Q,), iWAT (B,F,J,N,R), iBAT (C,G,K,O,S) and PAT (D,H,L,P,T) compared 

to serum total cholesterol, HDL, LDL, Triglycerides and Free Fatty Acids levels from chow (C) 

and high-fat (HF)-fed 30-week-old male mice. Individual data points plotted, with the line of 

best fit as determined by simple linear regression. Data analysed by Pearson’s correlation 

coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.7. The relationship between the fold change in mRNA expression of TNFα 

of gWAT (A,E,I,M), iWAT (B,F,J,N), iBAT (C,G,K,O) and PAT (D,H,L,P) compared to fasting 

blood glucose levels, body fat content, body weight and % body fat from (C) and high-fat (HF)-

fed 30-week-old male mice. Individual data points plotted, with the line of best fit as determined 

by simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.8.  The relationship between the fold change in mRNA expression of 

UCP1 of gWAT (A,E,I,M,Q,) , iWAT (B,F,J,N,R), iBAT (C,G,K,O,S) and PAT (D,H,L,P,T) 

compared to serum total cholesterol, HDL, LDL, Triglycerides and Free Fatty Acids levels from 

chow (C) and high-fat (HF)-fed 30-week-old male mice. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.9. The relationship between the fold change in mRNA expression of UCP1 

of gWAT (A,E,I,M), iWAT (B,F,J,N), iBAT (C,G,K,O) and PAT (D,H,L,P) compared to fasting 

blood glucose levels, body fat content, body weight and % body fat from (C) and high-fat (HF)-

fed 30-week-old male mice. Individual data points plotted, with the line of best fit as determined 

by simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12.  * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.10. The relationship between the percentage change in cell volume of 

gWAT (A,D,G,J,M,), iWAT (B,E,H,K,N) and PAT (C,F,I,J,O) compared to serum total 

cholesterol, HDL, LDL, Triglycerides and Free Fatty Acids levels from chow (C) and high-fat 

(HF)-fed 30-week-old male mice. Individual data points plotted, with the line of best fit as 

determined by simple linear regression. Data analysed by Pearson’s correlation coefficient. N 

= 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.11. The relationship between the percentage change in cell volume of 

gWAT (A,D,G,J), iWAT (B,E,H,K) and PAT (C,F,I,L) compared to fasting blood glucose 

levels, body fat content, body weight and % body fat from (C) and high-fat (HF)-fed 30-week-

old male mice. Individual data points plotted, with the line of best fit as determined by simple 

linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12. * p<0.05, ** 

p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.12. The relationship between the percentage change in cell volume of 

gWAT (A,D), iWAT (B,E) and PAT (C,F) compared to fold change in Leptin and AdipoQ 

expression from chow (C) and high-fat (HF)-fed 30-week-old male mice. Individual data points 

plotted, with the line of best fit as determined by simple linear regression. Data analysed by 

Pearson’s correlation coefficient. N = 6-12.   * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. 
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Appendix Figure 4.13.  The relationship between the fold change mRNA expression of Leptin 

and AdipoQ in gWAT (A,B), iWAT (C,D), iBAT (E,F) and PAT (G,H),  compared to body 

weight  of chow (C) and high-fat (HF)-fed 30-week-old male mice. Individual data points 

plotted, with the line of best fit as determined by simple linear regression. Data analysed by 

Pearson’s correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.14. The relationship between the depot weight of PAT compared to 

percentage change in cell volume (A) and fold change in mRNA expression of IL6 (B), TNFα 

(C), UCP1 (D), Leptin (E) and AdipoQ (F) from chow (C) and high-fat (HF)-fed 30-week-old 

male mice. Individual data points plotted, with the line of best fit as determined by simple linear 

regression. Data analysed by Pearson’s correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, 

*** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.15. The relationship between the fold change in mRNA expression of IL6, 

TNFα and UCP1 of gWAT (A,C), PAT (B,D) and iWAT (E) compared to percentage change 

in cell volume of chow (C) or high-fat (HF)-fed 30-week-old male offspring mice from dams fed 

a chow (C) or (HF)-diet. Individual data points plotted, with the line of best fit as determined by 

simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12.  * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.16. The relationship between the fold change in mRNA expression of IL6 

of gWAT (A,C,E,G,I) and PAT (B,D,F,H,J) compared to serum total cholesterol, HDL, LDL, 

Triglycerides and Free Fatty Acids levels of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.17. The relationship between the fold change in mRNA expression of IL6 

of gWAT (A,C,E,G) and PAT (B,D,F,H) compared to fasting blood glucose levels, body fat 

content, body weight and % body fat of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.18. The relationship between the fold change in mRNA expression of 

TNFα of gWAT (A,C,E,G,I) and PAT (B,D,F,H,J) compared to serum total cholesterol, HDL, 

LDL, Triglycerides and Free Fatty Acids levels of chow (C) or high-fat (HF)-fed 30-week-old 

male offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with 

the line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.19. The relationship between the fold change in mRNA expression of 

TNFα of gWAT (A,C,E,G) and PAT (B,D,F,H) compared to fasting blood glucose levels, body 

fat content, body weight and % body fat of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.20. The relationship between the fold change in mRNA expression of 

UCP1 of iWAT (A,C,E,G,I) and iBAT (B,D,F,H,J) compared to serum total cholesterol, HDL, 

LDL, Triglycerides and Free Fatty Acids levels of chow (C) or high-fat (HF)-fed 30-week-old 

male offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with 

the line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.21. The relationship between the fold change in mRNA expression of 

UCP1 of iWAT (A,C,E,G) and iBAT (B,D,F,H) compared to fasting blood glucose levels, body 

fat content, body weight and % body fat of chow (C) or high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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K. L. 

Appendix Figure 4.22. The relationship between the percentage change in cell volume of 

gWAT (A,D,G,J,M), iWAT (B,E,H,K,N) and PAT (C,F,I,L,O) compared to serum total 

cholesterol, HDL, LDL, Triglycerides and Free Fatty Acids levels of chow (C) or high-fat (HF)-

fed 30-week-old male offspring mice from dams fed a chow (C) or (HF)-diet. Individual data 

points plotted, with the line of best fit as determined by simple linear regression. Data analysed 

by Pearson’s correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** 

p<0.0001. 
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Appendix Figure 4.23. The relationship between the percentage change in cell volume of 

gWAT (A,D,G,J), iWAT (B,E,H,K) and PAT (C,F,I,L) compared to fasting blood glucose 

levels, body fat content, body weight and % body fat of chow (C) or high-fat (HF)-fed 30-week-

old male offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, 

with the line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.24. The relationship between the percentage change in cell volume of 

gWAT (A,C) and PAT (B,D) compared to the fold change in mRNA expression of Leptin and 

AdipoQ of chow (C) and high-fat (HF)-fed 30-week-old male offspring mice from dams fed a 

chow (C) or (HF)-diet. Individual data points plotted, with the line of best fit as determined by 

simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12.   * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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E. F. 

Appendix Figure 4.25. The relationship between the fold change in mRNA expression of 

Leptin and AdipoQ of gWAT (A,C, E,G) and PAT (B,D,F, H) compared to body weight and 

total fat mass of chow (C) and high-fat (HF)-fed 30-week-old male offspring mice from dams 

fed a chow (C) or (HF)-diet. Individual data points plotted, with the line of best fit as determined 

by simple linear regression. Data analysed by Pearson’s correlation coefficient. N = 6-12. * 

p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.26. The relationship between the depot weight of PAT compared to the 

percentage change in cell volume (A) and the fold change in mRNA expression of IL6 (B), 

TNFα (C), Leptin (D) and AdipoQ (E) of chow (C) and high-fat (HF)-fed 30-week-old male 

offspring mice from dams fed a chow (C) or (HF)-diet. Individual data points plotted, with the 

line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 6-12.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 

 

%
 c

h
a

n
ge

 in
 c

el
l v

o
lu

m
e

D. 

A. B. 

C. 

E. 

0 50 100 150 200
0

20

40

60
PAT depot weight vs IL6

Depot weight (mg)

0 50 100 150 200
0

2

4

6
PAT depot weight vs TNF

Depot weight (mg)

T
N

F
 r

el
a

tiv
e 

e
xp

re
ss

io
n



Alaa Al - Dibouni   

©University of Reading 2021 Wednesday, 13 October 2021 Page 347 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Appendix Figure 4.27. The relationship between the percentage change of cell volume of 

gWAT (A,C,E), iWAT (G) and PAT (B,D,F,H)  compared to the fold change in mRNA 

expression of IL6, TNFα, Leptin, AdipoQ and UCP1 of chow (C) and high-fat (HF)-fed male 

mice treated orally with Vehicle (V) or Cpd14 for 10 days. Individual data points plotted, with 

the line of best fit as determined by simple linear regression. Data analysed by Pearson’s 

correlation coefficient. N = 5-8.  * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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Appendix Figure 4.28. The relationship between the depot weight of gWAT compared to the 

percentage change in cell volume (A) and the fold change in mRNA expression of IL6 (B), 

TNFα (C), Leptin (D) and AdipoQ (E) of chow (C) and high-fat (HF)-fed male mice treated 

orally with Vehicle (V) or Cpd14 for 10 days. Individual data points plotted, with the line of best 

fit as determined by simple linear regression. Data analysed by Pearson’s correlation 

coefficient. N = 6-8. * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 
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