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Abstract

Obesity is one of the most serious public health challenges of the 21st century, as-
sociated with a wide range of debilitating and life-threatening conditions. The continuing
increase in its prevalence underscores the urgent need for novel therapeutic targets, leads
and strategies in the treatment of obesity. A metabolic imbalance of nutrient signal input
results in adipose tissue dysfunction, and at the centre of this challenging environment lie
mitochondria. While there have been studies into the functional changes of mitochondria
in obesity, the underlying cellular and molecular mechanisms underlying this phenomenon
are mostly unknown, especially in human adipose tissue. As such, this thesis set out to
elucidate the impact of obesity on mitochondrial form and function in human adipocytes
and adipose tissue. Firstly, gene expression analysis of a number of mitochondrial proteins
was carried out in a large cohort of women with di↵ering levels of adiposity (lean, overweight
and obese). These findings identified that the onset of obesity is accompanied by alterations
of mitochondrial gene expression, worsening with weight gain, contributing to a more in-
depth understanding of adipose tissue mitochondria. This was revealed by alterations in
genes encoding key markers of mitochondrial functions, including oxidative phosphorylation
(1.2-fold # COX4I1 ), mitochondria dynamics (1.23-fold " FIS1 and 1.21-fold # MFN2 )),
and oxidative stress (1.29-fold " SOD2 ), in response to weight gain. Give the outcomes of
these investigations, the molecular basis of mitochondrial maladaptation was explored by
investigating the impact of endoplasmic reticulum (ER) stress on mitochondrial function.
Based upon these studies, ER stress was identified as a possible attributer to mitochondrial
dysfunction in obesity, as demonstrated by altered respiratory function which corresponded
with diminished mitochondrial e�ciency (1.43-fold #), impaired mitochondrial membrane
potential (1.32-fold #) and a fragmented mitochondrial network. Subsequently, GPR120
agonism was probed as a promising therapeutic avenue to relieve the stress of mitochondria
during prolonged overfeeding, though these studies did not conclusively determine this re-
ceptor to be a potential future target for treating mitochondrial function in white adipocytes.
Finally, SGBS spheroids were identified as an exciting new 3D model for future studies into
metabolic disease in human adipocytes. Collectively the findings presented in this thesis
highlight the close relationship between obesity and mitochondrial dysfunction, which is in
part precipitated by ER stress.
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Outline of thesis

The research presented in this thesis investigated the modulation of adipose tissue

mitochondrial function and dynamic behaviour in diet-induced obesity.

Chapter 1 of this thesis provides a general background information on global

obesity by exploring the scale of obesity, its impact on the individual and society

as a whole, and by examining the putative causes of the epidemic. To gain further

understanding of the molecular mechanisms of obesity, an in-depth overview of adi-

pose tissue dysfunction, organelle stress and the bidirectional interactions between

the ER and the mitochondrion is provided. Subsequently, therapeutic strategies and

promising avenues that may improve mitochondrial function and metabolic health,

with a specific focus on GPR120, are expanded upon. Finally, the research hypothe-

ses, research aims and specific objectives of this thesis are outlined.

Chapter 2, the methodology, details the research strategies and techniques

employed in this thesis to investigate my research hypotheses, including the core

principles behind them. These techniques include cell culture of mammalian cells,

biochemical and molecular biological methods, microscopy and functional assays of

mitochondrial function. It also provides a description of data collection techniques

and framework for data analysis

The initial step of the research was to a�rm and extend our current knowl-

edge of mitochondrial maladaptations in the development of obesity. This thesis

therefore investigated the impact of increasing adiposity on mitochondrial genes.

Key mitochondrial genes encompassing mitochondrial dynamics, antioxidant action

and mitochondrial respiration were analysed in adipose tissue isolated from an all

female cohort consisting of 130 lean, overweight and obese subjects, the results of

which are described in Chapter 3.

Based on the findings of Chapter 3, a better insight into the underlying causes

of mitochondrial dysfunction was sought. Given the close relationship between mi-

tochondria and the ER on a both structural and functional basis, the impact of

ER stress on mitochondrial form and function was explored. As such, in Chapter 4
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parameters of mitochondrial functionality were measured following pharmaceutical

induction of ER stress by tunicamycin in human adipocytes.

Given the potential of improved mitochondrial function to ameliorate cellular

homeostasis and treat obesity-induced comorbidities, GPR120 agonism was investi-

gated as a therapeutic intervention to alleviate adipocyte mitochondrial defects in

Chapter 5. Consequent to narrowing down a potent and specific ligand for GPR120

activation in human adipocytes, mitochondrial functions such as mitochondrial res-

piration, membrane potential and mitochondrial networks were investigated.

In Chapter 6 the main findings of this thesis are discussed in a broader

frame, with perspectives and implications for future research detailed. Including

the generation of sca↵old-free uniform adipose spheroids using SGBS cells, which

have the potential to improve future metabolic research and drug discovery.
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1.1 The world is in the grips of an obesity pandemic

Human obesity is one of the most important healthcare issues of our age. Based

on World Health Organisation (WHO) data, globally, close to 2 billion adults are

overweight, and of those 650 million are obese [5]. Perhaps most startling of all, 340

million out of the 2 billion a↵ected are under the age of nineteen [22], 80% of whom

will remain obese into adulthood [239]. These trends predict a generation of children

and adolescents growing up obese and at greater risk of diseases. The prevalence

of obesity in England, where this thesis was undertaken, is no less alarming. Here

66% of men and 59% of women are classified as overweight or obese. These rates

have nearly doubled since the 1990s [22], as is illustrated in Figure 1.1.0.1.

Our future prospects are no more promising, with obesity projected to rise

significantly in the coming years. Analysis by the governments Foresight Programme

as part of the ‘Tackling Obesities: Future Choices Project’ predicts that over half

of the English adult population could be obese by 2050 [239].

1.1.1 Quantifying obesity

Determining the worldwide prevalence of obesity requires a universal measurement

of adiposity. The most widely accepted and used anthropometric method to diagnose

obesity is the body mass index (BMI), which is calculated as an individual’s weight

in kilograms divided by the height in meters squared. BMI can be used to classify

people as underweight, overweight or obese based on WHO classifications (Table

1.1.1.1) [402].

Due to its simplicity and availability, BMI is commonly incorporated into

Classification BMI (kg/m2) Comorbidities risk

Underweight < 18.5 Low1

Normal range 18.5-24.9 Average

Overweight 25.0-29.9 Increased

Obese � 30.0 -

Class I 30.0-34.9 Moderate

Class II 35.0-39.92 Severe

Class III � 40.0 Very severe

Table 1.1.1.1: The international classification of underweight, overweight
and obesity according to BMI. 1 Risk of other clinical problems are increased.
2 Morbid obesity can be defined as BMI � 40.0, or class II with significant comor-
bidities. Source: adapted from WHO [402].
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No available data
0% - 14.9%
15% - 19.9%
20% - 24.9%
25% - 29.9%
30% - 34.9% 1994-1996

2014-2016

Coventry

Figure 1.1.0.1: Prevalence of obesity in England. Trends in the level of
obesity (%) in adult males and females over a span of 20 years. From 1994-1996
the national prevalence rates (as averaged over a 3 year period) in men and women
were 13.2% and 15.5%, respectively. Only 20 years later this rose to 26.4% in men,
and 27.3% in women. Coventry, the city where this study is based, is highlighted
on the map. Data is from Public Health England [22].
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clinical practice. The biggest drawback of BMI is its failure to distinguish between

lean and fat mass, and thus may be skewed by high muscle mass. However, compar-

ison of BMI with body composition techniques (i.e. dual-energy x-ray absorptiom-

etry) has given similar results, especially at high BMIs (� 30.0 kg/m2) [275]. For

instance, an assessment of epidemiological studies, determined that BMI and other

measures of adiposity did not show superior discriminatory capability to predict

adverse cardiometabolic outcomes [161]. Given this, the use of BMI is justified in

clinical practice to diagnose obesity at the individual patient level.

1.1.2 The weighty problem of obesity

Apart from tobacco smoking, there is perhaps no greater harm to the collective

health in England than obesity. With obesity leading to greater than 30 000 deaths

a year in the UK and some 2.8 million deaths globally. No less real are the emotional

and social impacts of obesity, including discrimination, decreased wages, lower life

quality and a susceptibility to depression. The costs of overweight and obesity on

the individual and public health will be discussed in the next sections.

1.1.2.1 The cost of obesity on physical health

Obesity is a major risk factor for a number of important chronic diseases such

as cardiovascular disease, type 2 diabetes mellitus (T2DM), hypertension, sleep

apnea, asthma, kidney stones, infertility and several cancers. Prospectively collected

data from Clinical Practice Research Datalink (UK) were analysed, including the

prevalence of twenty-two types of cancers in 5.24 million adults. Thirteen of these

were linked to being overweight or obese; 10% or more cases of kidney, colon and

liver cancers and 41% of cases of uterine cancer were attributable to excess weight

[31]. Rates of T2DM among overweight or obese individuals are no less staggering.

A global report on diabetes by WHO estimated that 422 million adults were su↵ering

from diabetes in 2014, compared to 108 million in 1980 (these numbers include both

type 1 and type 2 diabetes, as separate global estimates of diabetes prevalence do

not exist) [403]. In England, 12.4% of adults diagnosed with T2DM are obese, five

times that of people with a healthy weight [2]. Individuals with uncontrolled T2DM

are at increased risk of diabetic complications; ranging from blindness, amputation

of extremities, kidney disease, and heart failure, to clinical depression [361].

These comorbidities, especially cardiovascular disease and cancer have an

impact on early mortality risk in obesity. A population-based study estimating the

expected number of years of life lost due to overweight and obesity, revealed that
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the life expectancy of a severely obese person is reduced by 5-20 years, dependent

on race, age and gender [113]. Studies have also consistently shown that individuals

with a BMI at the upper end of the WHO normal range (22.5 to 24.9 kg/m2) have the

lowest death rates [28, 401]. Above this, each 5 kg/m2 increase in BMI is associated

with on average 30% higher mortality. While below the range, BMI is associated

inversely with overall mortality, largely due to strong inverse associations with lung

cancer and respiratory disease [401]. The J-shaped association of BMI with overall

mortality is illustrated in Figure 1.1.2.1.

1.1.2.2 The cost of obesity on society

The burden of obesity is not simply physical and emotional but also economical.

In the UK, the National Health Service (NHS) costs attributable to overweight and

obesity were £6.1 billion in 2014 to 2015, equivalent to 5% of the NHS budget. In

addition to direct costs reflected in healthcare, indirect costs associated with absen-

teeism, lost productivity, disability and unemployment are estimated at £27 billion

[3]. With no evidence suggesting a decline in overweight and obesity prevalence,

these costs are not likely to diminish in the near future. If the current trends do

continue, the healthcare costs are expected to rise to £10 billion by 2050, and an

additional £39.9 billion for businesses and society as a whole [3].

1.1.2.3 The cost of obesity on the individual

The long-term economic and emotional consequence of overweight and obesity on

the individual is also significant. Starting at school age, children with overweight

and obesity are 27% and 54% more likely to be absent from school than children with

a normal weight, respectively [11]. Stigmatisation, depression and lower self-esteem

[140], as well as disproportionately high incidences of illness are likely causes for

absenteeism. By the late-teenage years, a higher BMI is associated with lower levels

of attained education [66], and data from the US National Longitudinal Survey of

Youth revealed that a one-unit increase in BMI is directly associated with 1.83%

lower hourly pay [134]. The inverse relationship between BMI and income continues

into adulthood [184], due to discrimination against obese individuals in the labour

market, which leads them to be hired for lower paying jobs with less chance of

promotions [271]. The negative stigmatisation of obesity in and out of the workplace

has detrimental e↵ects on a person’s well-being; harming life prospects, self-esteem

and underlying mental health. A recent study noted that people who are obese or

overweight are less physically active in public and are less likely to socialise as they
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feel discriminated against [165]. Obesity therefore appears to have an impact on

school attendance, level of education, earning ability, and social interactions. This

is of course a simplistic view, as there are many confounding factors that may a↵ect

a person’s earning potential and their well-being including upbringing and socio-

economic background. Given this, the complex causes of obesity will be discussed

in the upcoming section.

1.1.3 Drivers of the obesity epidemic

The causes of obesity are multifaceted and involve complex interactions. While, this

thesis is not designed to conduct a comprehensive insight into the socio-economic,

environmental and genetic reasons of why we as a species are facing this epidemic -

it is vital to understand the depth of this issue to appreciate why interdisciplinary

action is required, including molecular approaches.

Simplistically, obesity is a disease of energy surplus, explained by higher

levels of energy input than output. Obesity is therefore often viewed as a disease of

greed [383]. However, this is a rather trivial view of obesity and does not align with

the reality of this disease. Obesity has increased steeply since the 1970s, the speed

and extent of which is somewhat dependent on ethnicity, social status and gender,

but in general all subgroups of people have become heavier at around the same

time [312]. It is therefore implausible that every subgroup, with huge di↵erences in

attitudes, upbringings and life experience all simultaneously lost their willpower to

eat well and exercise.

1.1.3.1 Altered eating habits

Instead of causing populations to lose willpower, the seventies governed the start

of the nutrition transition; the shift from traditional food supplies to food supplies

heavily influenced by cheaply, mass produced, processed, and overly marketed prod-

ucts. This resulted in the widespread infiltration of excess salts, saturated fats (i.e.

palm oil), and potent sweetening agents, such as high-fructose corn syrup, into our

food systems [289]. Foods rich in extracted sugars, fats and refined carbohydrates

are consumed in greater amounts, driven by selective taste buds and neuronal pro-

jections to the limbic pleasure centres [65]. Due to the addictive nature of these

foods and potent food advertising, these ultra-processed products now make up

more than 50% of the British diet - more than any other country in Europe (Figure

1.1.3.1) [252]. Additionally, portion sizes have increased [65]. When confronted with

large portions the visual impact of the food dominates over appetitive regulation in
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humans, thus more is consumed than is required [108, 154]. Drinks high in sugar

(i.e. fizzy drinks) also circumvent the regulation of appetite [300]. Food companies

have long exploited these mechanisms to distract the populations normal appetite

regulatory responses for their commercial expansion and gain. The availability of

cheap, high density calorie foods is therefore a dominant factor in transforming our

food habits and precipitating the obesity epidemic in the UK. The relative cheapness

of processed foods means that low income households are particularly vulnerable to

obesity.

Given that poor diet is a leading risk factor for non-communicable diseases,

policy interventions such as addressing food taxation and subsidy policies are oppor-

tunities to improve dietary patterns. Recently, a number of countries including the

UK have implemented taxes on sugary drinks, in addition to a smaller number of

food taxes [351]. Mexico introduced a 11% increase in the price of carbonated sweet-

ened beverages in 2014 resulting in a purchase reduction of 6% that year, although

the impact in long-term consumption was minimal [261]. The UK also introduced a

sugar tax on soft drinks in 2018, encouraging more than 50% of drinks manufacturers

to reformulate products and bring their sugar content below the taxable thresholds

[24]. While fiscal policy to tax sugary drink and food can have significant impacts

on cost and therefore purchasing and consumption behaviours, the impacts of sugar

taxes on improving dietary intakes and health outcomes such as obesity are not yet

well known. It has also been argued that while these taxes may be useful, they fail

to incentivise the consumption of healthy foods. A shift of agricultural subsidies

away from corn, soybeans, wheat, dairy, and livestock, towards the production of

healthier crops including vegetable and fruits, may be more beneficial in encourag-

ing a shift in eating behaviours [348]. Ultimately, tackling diet related diseases such

as obesity and type 2 diabetes requires a close look at social determinants of food

environments and a systemic, sustained collection of initiatives directed at reducing

health inequalities.

1.1.3.2 Socio-economic inequalities

The majority of population based studies have shown that disadvantaged socio-

economic groups, whether disadvantage means low income, poor education, or low

occupation-based social class, have disproportionately higher levels of overweight

and obesity, especially in women [238, 353, 392]. In a study investigating the link

between neighbourhood deprivation and obesity in Leeds (UK), a one-point increase

in poverty in a childs residential postcode led to 0.3% increased risk of obesity [114].

Similarly, adults with fewer qualifications and those in unskilled occupations have
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Figure 1.1.3.1: Ultra-processed foods consumed in nineteen Europe coun-
tries. Estimates of ultra-processed foods were calculated from national household
budget surveys conducted between 1991 and 2008. Data is from a survey in Public
Health Nutrition [252].

higher rates of obesity than highly educated men and women in professional oc-

cupations [1]. This trend is perpetuated by a multitude of factors, with income,

occupational status and education being the biggest indicators. Income a↵ects re-

sources available to participate in leisure-time physical activities and buy seemingly

expensive healthy foods [105], as is reflected in the low levels of fruit and vegetables

consumed by adults from disadvantaged socio-economic groups [84]. Occupational

status is likely to a↵ect overweight and obesity in a slightly di↵erent way to income.

Low status jobs are associated with higher stress levels and lack of autonomy, com-

pared with more stimulating and flexible jobs, making it more di�cult to adapt a

healthy lifestyle or to manage one’s time e↵ectively [53, 269, 392]. Additionally,

obesity damages the labour market due to more sick days and fewer hours worked,

and thus obese people have poorer job prospects [110], in turn, reinforcing existing
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social inequalities. Education, the third indicator of socio-economic status, gives

individuals the knowledge to integrate healthy behaviours into their lifestyle, giving

them a sense of personal control over their health and the increased likelihood to

pass these behaviours onto their children [246]. Whereas children from disadvan-

taged communities conceivably receive less advice on healthy habits, and are at an

additional risk due to foetal and postnatal imprinting [282].

1.1.3.3 Genetic predisposition

The impact of genetic variation on obesity has been extensively studied, however

large scale genome-wide association studies to identify an association between BMI

and single nucleotide polymorphisms only explain a small proportion (<2%) of BMI

variability [37, 146]. One example of a genetic mutation that increases the risk

of obesity is a deleterious non-synonymous mutation (p.R270H) in the G-protein

coupled receptor 120 (GPR120) [191]. In short, GPR120 is an omega-3 fatty acid

receptor that mediates functional e↵ects both in vitro and in vivo in the regulation

of insulin, glucose uptake, and anti-inflammatory activity [164]. GPR120 exon se-

quencing in obese individuals has revealed a deleterious non-synonymous mutation

(p.R270H) that inhibits the signalling activity of this receptor [191]. The mutation

was found to increase the risk of obesity in European populations, suggesting that

this genetic mutation may predispose individuals to obesity.

The e↵ects of gene-environment or gene-behaviour interactions, including in-

teractions in the intrauterine environment are now also receiving much attention

[41]. Growing evidence suggests that maternal obesity, is a risk factor for increased

childhood obesity, through foetal overnutrition [100]. Poor maternal diet can af-

fect DNA methylation patterns and these epigenetic modifications can persist for

decades and increase susceptibility to metabolic disease later in life [393]. In animal

models of foetal under-nutrition, these modifications are associated with altered adi-

pose physiology, oxidative stress and mitochondrial DNA mutations, promoting the

development of obesity [8]. For example, when adult mice o↵spring are fed a high-

fat diet, those with obese parents gained the most weight and developed glucose

intolerance, especially when both parents are obese [162].

1.1.3.4 Biological vulnerability

The obesity pandemic has revealed our inherent biological and metabolic suscepti-

bility to weight gain. For the species survival, the human brain evolved numerous

potent and interconnected neuronal systems to drive feeding behaviour and thus
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ensure su�cient food is consumed in times of plenty to prepare adequate energy

stores for prolonged periods of starvation [92]. Certainly one, if not the most, po-

tent driver of eating is its rewarding nature. A number of homeostatic and hedonic

sensory mechanisms contribute to the rewarding experience of feeding [324]. The

homeostatic drive for feeding is regulated by the short- and long-term regulation of

food intake involving neural signals, nutrient levels and hormones. The hormone

leptin, often termed the ‘satiety hormone’ is secreted by white adipose tissue and

sends signals to the hypothalamus to regulate hunger [132]. Leptin increases when

the body is fed and falls when it is deprived of food. Moreover, leptin replacement

in ob/ob mice promotes weight loss, and even exercise, by correcting behavioural,

neuro-endocrine and autonomic abnormalities [133]. Contrary to expectation lep-

tin levels are high in obese individuals; this is due to the development of leptin

resistance. Leptin resistance is the inability of leptin to control hunger, even when

increased, due to mutations in the genes encoding leptin and its receptors [130].

During leptin resistance, leptin is not able to act on the hypothalamus to suppress

appetite, leading to increased energy intake [132]. Ghrelin, the ‘hunger hormone’,

another nutritionally regulated hormone, acts in concert with leptin. This hormone

is synthesised in the stomach and increases when energy is required (food depriva-

tion) [325]. Rising ghrelin levels in accord with falling leptin levels signal to induce

hunger during fasting thus maintaining homeostasis.

If feeding was solely controlled by homeostatic mechanism the majority of

people would be at a normal weight, and would consider food as a vital but unex-

citing part of existence. Instead, food reward is strongly modulated by palatability

cues, particularly sight, taste and smell, which overpower the mechanisms of sati-

ety [257]. For example, humans consume foods high in salt and sugar past the

need the need for homeostatic repletion, while avoiding sour foods. These hedonic

mechanisms are survival mechanisms as sour substances can indicate unripeness or

spoilage, while sweet or salty tastes indicate foods high in nutrients [324]. Addition-

ally, similar to drugs, feeding triggers brain reward systems that reinforce responses

that have no homeostatic value, such as agonism of opioid receptors which stimu-

lates the release of dopamine [179]. Humans are therefore in a constant battle with

their biological urge to eat beyond satiety, which when combined with the ready

availability of cheap processed foods, promotes a highly obesogenic environment.
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1.2 Pathomechanisms of metabolic disease

As previously discussed, the current epidemic of obesity and related metabolic dis-

eases is largely due to overnutrition. However, the underlying causes by which

chronic overnutrition interacts with cellular function to generate metabolic syn-

drome are extremely complex, and involve an array of physiological and metabolic

alterations. Given the alarming scale of obesity, precise understanding of these pro-

cesses is of outstanding importance in tackling this issue. Adipose tissue dysfunction

has been evidenced to heavily contribute to metabolic syndrome. Additionally, sev-

eral lines of evidence in humans and mice indicate that excess weight triggers stress

of the endoplasmic reticulum and mitochondria which aggravate adipose tissue dys-

function and metabolic disease. Elucidating the molecular links between excessive

nutrients, organelle stress, and development of metabolic disease are therefore the

key aims of this thesis and will be discussed here.

1.2.1 Adipose tissue in the initiation of metabolic disease

Obesity is characterised by the accumulation of adipose tissue mass, as a result of

sequestration of excess fuel in adipocytes. Notably, the distribution of fat and the

impairment of adipose tissue function are central in predicting insulin resistance and

related complications.

1.2.1.1 Adipose tissue: a complex endocrine and storage organ

Adipocytes exist as a spectrum of subtypes, identified by their colour, from brown to

white. White adipose tissue is the predominant type of fat and serves as a storage

depot of lipids, whereas brown adipose tissue generates heat through mitochon-

drial uncoupling of lipid oxidation. Brown adipocytes are most abundant in human

neonates and small mammals, and contain several smaller lipid droplets giving them

a multilocular appearance [160]. White adipose tissue is composed of various cell

types, the primary cell type being adipocytes. Characteristic of white adipocytes is

the presence of a single large lipid droplet, which occupies almost the entirety of the

cell, and are thus often referred to as unilocular adipocytes. The other cells that

comprise white adipose tissue are collectively termed the stromal vascular fraction

(SVF), a heterogeneous population of macrophages, endothelial cells, fibroblasts,

lymphocytes, and adipose derived stem cells [30].

White adipose tissue is a remarkable storage organ, readily remodelling to

maintaining metabolic homeostasis during times when food is either abundant or

scarce [223]. The unilocular nature of the adipocyte and the coordinated response of
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resident adipose tissue cells infers the ability to expand in response to overnutrition

and releases lipids in response to energy deficit [330]. This is illustrated by the

rapid remodelling of adipose tissue of rodents under various nutritional stresses.

It takes as little as one week of high-fat feeding in mice for the enlargement of

adipocytes, storing four times the amount of triglycerides per adipocyte compared

to basal levels [185]. While, after only twenty-four hours of fasting a dramatic

reduction of adipose tissue can be seen in mice and by seventy-two hours their fat

is almost totally consumed [367]. This unmatched capacity for lipid storage and

release upon metabolic demand links the biology of white adipose tissue physiology

closely to whole body metabolism. In humans there are currently very few studies

that have looked at adipose tissue biology directly after a short period of fasting,

in part because it would be di�cult to attain ethical approval for this. However,

it is known that very-low-calorie diets (less than two weeks) result in exceptional

loss of visceral adipose tissue in human subjects [54]. In addition, adipocyte size

is reduced in lean individuals when compared to their obese counterparts. Food

restriction therefore also appears to have large e↵ects of adipose tissue remodelling

in humans, possibly through lipolysis, resulting in reduced adipocyte size [224].

These results give further insight into the plasticity of adipose tissue.

Beyond the traditional role of adipose tissue as a major storage organ for

triglycerides, adipose tissue is also a highly dynamic endocrine organ and an impor-

tant metabolic sensor [322]. White adipose tissue secretes an array of proteins and

hormones that contribute to adipogenesis, vasculogenesis, matrix remodelling and

inflammation [13]. The individual factors of the adipocyte secretome, collectively

termed adipokines (e.g. adiponectin, visfatin and leptin), have an extensive range

of system wide actions [13]. Adiponectin, for example, the most abundant peptide

secreted by adipocytes, circulates in the blood inducing insulin-sensitising e↵ects

and reducing glucose, triglycerides, and free fatty acids [299]. It is thus inversely

proportional to obesity, T2DM, and other insulin-resistant states, and mutations in

adiponectin renders a person more susceptible to T2DM [188]. As is evident from

adiponectin levels, the metabolic state of the individual dictates the composition

of the adipocyte secretome, and changes in adipose tissue (i.e. expansion or re-

duction) alters adipose tissue adipokine secretion. Adipose tissue physiology thus

communicates systemically, with potentially detrimental or beneficial consequences.

1.2.1.2 Growth and development of adipose tissue

In vivo white adipose tissue development is closely controlled by the actions of

various factors that work together to maintain energy homeostasis [335]. White
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adipocytes arise from adipose derived stems cells, also sometimes called mesenchy-

mal stem cells (MSCs). The di↵erentiation of mature adipocytes from MSCs is

relatively well characterised and involves a sequential cascade of transcriptions

events. The two key players are CCAAT/enhancer binding protein ↵ (C/EBP↵)

and peroxisome proliferator-activated receptor � (PPAR�), which are both involved

in coordinating the expression of adipogenic genes (e.g. FABP4, CIDEC, pyruvate

carboxylase) [101, 200]. Following on from this the committed cells then undergo

terminal di↵erentiation which is manifested by lipid droplet production and the

expression of multiple adipokines characteristic of mature fat cells. However, the

process of adipocytes di↵erentiation is far more complex as indicated by the expand-

ing list of factors that are able to either inhibit or stimulate adipogenesis [335]. For

instance, several studies indicate that GPR120 regulates adipocyte di↵erentiation

[125, 354]. GPR120 has been found to be endogenously expressed in both adipose

tissue and adipocytes, including 3T3-L1 cells and primary white adipocytes, but

not preadipocytes [250, 354]. The expression of GPR120 is upregulated in vitro by

an adipogenic induction cocktail (containing insulin, isobutylmethylxanthine and

dexamethasone). This indicates that GPR120 is implicated in the process of adi-

pogenesis. In addition, siRNA knockdown of GPR120 inhibited adipocyte di↵er-

entiation [125]. Furthermore, the adipogenesis process is suppressed in cells from

GPR120 deficient mice [191]. GPR120 may therefore be related to the development

of adipose tissue.

1.2.1.3 GPR120 in adipose tissue

Beyond adipose tissue development, high GPR120 expression has been detected

in four types of white adipose tissue in mice, including epididymis, subcutaneous,

mesenteric, and perinephric tissue taken from obese mice induced by a high-fat diet

[125]. Similarly, a human study has revealed the same pattern in white adipose

tissue, revealing upregulated GPR120 expression in obese subjects [191].

GPR120, a seven transmembrane receptor, exists as two splice variants, short

and long [394]. The short isoforms contains 361 residues, while the long isoform

contains 16 extra residues in intracellular loop 3 between positions 231 and 247 [394].

The long variant seems to act as a biased receptor, with the inability to activate

G protein-mediated signalling, and only interacting with �-arrestins. Whereas the

short form is able to interact with both �-arrestin and G protein-mediated signalling

[244]. Currently the GPR120 splice variant(s) present in human white adipose tissue

is unknown and thus remains to be studied.
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1.2.1.4 Anatomical locations of adipose tissue

Adipose tissue is found in many anatomical locations of the human body (Figure

1.2.1.1). The largest white adipose tissue depots are subcutaneous (under the skin;

e.g. inguinal, gluteal and femoral) and visceral (within the abdominal cavity and

between the organs; e.g. omental, mesenteric and epicardial) [294]. Smaller white

adipose depots are found around blood vessels (perivascular) or as ectopic depots

within specific organs (e.g. non-alcoholic fatty liver disease or intramuscular fat)

[294]. Marked di↵erences exist between the biology and the physiological roles of

di↵erent fat depots within the body. The distribution of adipose tissue di↵erentially

influences the risk of developing metabolic syndrome, this is particularly notable

in the case of visceral versus subcutaneous adipose tissue. During weight gain, the

accumulation of visceral adipose tissue is strongly associated with the development

of insulin resistance and metabolic syndrome [202], while the accumulation of sub-

cutaneous adipose tissue attributes in developing an unfavourable metabolic profile

to a lesser but still significant extent [352]. The reasoning behind this is that vis-

ceral adipocytes have higher mitochondrial density [192], produce less leptin [380],

are less sensitive to insulin [283], are more lipolytic, and contribute more circulating

free fatty acids [17] when compared with subcutaneous adipocytes.

Epicardial and
pericardial 
adipose tissue

Perirenal 
adipose tissue

Subcutaenous 
adipose tissue

Omental
adipose tissue

Mesenteric
adipose tissue

Brown 
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Figure 1.2.1.1: Major adipose depots and anatomical locations in adult
humans. The brown adipose tissue is mainly distributed in the cervical, par-
avertebral and sub-clavicle regions. White adipose tissue is found subcutaneously
(superficially under the skin), viscerally (between organs), around blood vessels and
within specific organs (ectopic depots). Part a depicts the distribution of fat in
humans from a forward view and part b depicts types fat depots from a side view.
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1.2.1.5 Adipose tissue expansion

When nutrient availability is in excess, adipose tissue quickly expands in size. This

expansion can be driven either by the formation of new mature adipocytes through

preadipocyte di↵erentiation (hyperplasia) or by the increase in adipocyte size (hy-

pertrophy) [170]. The uptake, esterification, and storage of lipids in the form of

triglycerides, leading to adipose tissue expansion, is a beneficial, adaptive response

to nutritional excess to prevent ectopic lipid deposition and lipotoxicity in non-

adipocyte cell types [311]. The morphology of the adipocyte allows for the e�cient

esterification and hydrolysis of lipids, owing to the unilocular lipid droplet which oc-

cupies the majority of the adipocyte, thus placing the lipid droplets’ borders within

close proximity of mitochondria and the endoplasmic reticulum (ER; site of fatty

acid metabolism) [322]. The health and function of these organelles is therefore

essential for lipid bu↵ering.

The initial expansion of adipose tissue induces a stress signal that drives re-

modelling of the extracellular matrix [216] and angiogenesis [71] to facilitate further

expansion of adipose tissue if required. This acute e↵ect is known as “healthy”

adipose tissue expansion. However, in the evolutionary history of adipose tissue,

periods of overnutrition were quickly followed by starvation or fasting, and so the

necessity for adipose tissue to expand and store excess lipids was short-lived. The

current state of chronic overnutrition results in unresolved adipose tissue expansion

[73]. At some point during the progression of obesity the adipose tissue depots are

overwhelmed with lipids and reach a critical threshold beyond the tissues ability to

safely store lipids [78]. The stressed adipocytes begins to show signs of dysfunc-

tion, including disruption of mitochondrial function [416], ER stress [178], altered

adipokine signalling, hypoxia, necrotic adipocyte death, inflammation and increased

fatty acid release [294, 356] (Figure 1.2.1.2). This altered adipose tissue function,

often referred to as adipose tissue dysfunction, is characterised by impaired lipid

bu↵ering capacity. Consequently, leading to systemic lipid overflow and ectopic

lipid accumulation in several tissues such as liver, pancreas, skeletal muscle and the

heart. Lipid spill over is, in part, responsible for the collective pathologies that

encompass metabolic disease seen in obesity [249].

1.2.2 Mitochondrial dysfunction in the development of obesity

1.2.2.1 Mitochondrial function

Mitochondria are multifaceted: the cell’s powerhouses, producing up to 95% of

eukaryotic organism’s energy (adenosine triphosphate; ATP) and are integrally in-
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Figure 1.2.1.2: Development of adipose tissue dysfunction during obesity.
Adipose tissue in healthy body weight conditions (metabolic homeostasis) is well
vascularised and rich in anti-inflammatory cytokines. As a consequence, healthy
adipose tissue hosts an array of immune cells, including M2-like macrophages and T-
cells. In response to chronic overfeeding and eventual metabolic obesity, adipocytes
undergo hypertrophy or hyperplasia. The vascular supply becomes very limited
leading to stress and cell death. The stress promotes the infiltration of innate
immune cells including dentritic cells and M1-type macrophages, and an increase in
pro-inflammatory cytokines. Unhealthy adipose tissue expansion is also linked to
mitochondria dysfunction and ER stress. CLS, crown-like structures.
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volved in various other cellular functions, such as cell signalling and apoptosis.

Mitochondria are bound by two specialised membranes, creating two separate com-

partments: the intermembrane space and the internal matrix. Each membrane

contains a collection of proteins required for mitochondrial respiration. Though the

vast majority of energy production takes place on the folds of the inner membrane

known as cristae and in the mitochondrial matrix. Enzymes in the matrix metabolise

fatty acids and pyruvate to acetyl CoA, which is metabolised by the Krebs cycle

to reduce NAD+. The principal end-product of this oxidation is NADH, which is

the main source of high energy electrons for transport along the respiratory chain.

This electron motive-force is converted into a proton motive force by three electron-

drive proton pumps embedded in the inner mitochondrial membrane: complex I

(NADH dehydrogenase), complex III (cytochrome b-c1 complex), and complex IIII

(cytochrome c oxidase). Electrons are sequentially transferred from one enzyme

complex to the next, moving from high energy to low energy. This transfer is cou-

pled to the removal of protons from the mitochondrial matrix to the intermembrane

space across the inner membrane. The net result of this is a proton gradient that

drives the production of ATP molecules by allosteric changes in the enzyme ATP

synthase, an energy-converting protein pumps [249] (refer to Figure 1.2.2.1 for a

schematic summary). Collectively these processes are known as oxidative phospho-

rylation and they allow mitochondria to convert the energy stored in nutrients to

ATP to match cellular energy demands. If the supply of nutrients is higher than

required by the body, they will be exported from the mitochondria and converted

to fatty acids in the cytosol for storage as fat.

Outside of ATP production, the electrochemical potential is also harnessed

for other central mitochondrial functions, such as bu↵ering the signalling ion cal-

cium through uptake by a uniporter carrier in the inner mitochondrial membrane.

Calcium handling by the mitochondria is essential to cellular health. In bu↵ering

calcium, mitochondria tightly control cytosolic calcium rises, thus regulating calcium

signalling and its roles in cellular metabolism, hormone signalling, steroid synthesis,

and determining cell fate. Alternatively, mitochondria control cell death by releasing

cytochrome C, which activates caspase, a vital enzyme involved in apoptosis.

Another fundamental role of mitochondria is reactive oxygen species (ROS)

production, the main source of which is the electron transport chain. ROS include

hydrogen peroxide (H2O2), the superoxide anion (O2
–) and hydroxyl radicals (OH·),

these serve as signalling molecules to regulate physiological and biological processes.

These ROS molecules participate in signalling networks by activating or deactivating

a variety of proteins, ions, receptors, and other signalling molecules (e.g. NF-B,
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MAPKs and Ca2+). Under physiological conditions, ROS emission has to be tightly

modulated to maintain optimal function in a normal cell as these radicals are highly

charged particles, and thus uncontrolled ROS concentrations can ultimately lead to

DNA damage and cell death. Hence, cells have developed a number of equalising

systems to maintain ROS at a nontoxic range.

Uncoupling proteins (UCPs) 1-3, a class of inter-membrane proteins, are

key players in minimising ROS production [29]. UCPs lower the electrochemical

gradient by facilitating proton leak to prevent ROS production. UCP1 increases the

proton conductance of the mitochondrial inner membrane by uncoupling substrate

oxidation from phosphorylation of ADP to ATP, resulting in heat production; this

is known as mitochondrial uncoupling [29]. While, UCP2 and UCP3 lower the

electrochemical gradient by transporting protons over the membrane only when they

are activated. ROS and ROS by-products are key inducers of UCP2 and UCP3, thus

leading to a negative feedback loop for ROS production [225]. This is particularly

important during conditions of excess nutrient supply and low energy demands,

which lead to a high level of electrons that saturate the ETC, and thus the remaining

electrons are pumped directly to oxygen, producing ROS [44]. The ROS molecules

activate UCP2 and UCP3 to reduce excess ROS by increasing proton conductance,

which lowers the protonmotive force slightly and attenuates mitochondrial ROS

production. Unlike full mitochondrial uncoupling by UCP1, where the protonmotive

force and ATP synthesis are abolished, this ’mild uncoupling’ implies a limited

increase in proton conductance which still allows ATP synthesis [337].

1.2.2.2 Mitochondrial dysfunction

As a consequence of their roles and biological properties, optimal mitochondrial per-

formance is vital for proper maintenance of energy homeostasis and cellular function

in all cell types. However, the tissues most influenced by suboptimal mitochondrial

function are those that rely on them the most, these include adipose and liver tissue,

as well as cardiac and skeletal muscle. Imbalances in energy production, nutrient

input and oxidative respiration can all lead to ‘mitochondrial dysfunction’. Mito-

chondrial dysfunction is best defined as the maladaptive response of mitochondria

in response to metabolic perturbations. This can involve irregularities in processes

such as mitochondrial dynamics, substrate catabolism, ATP production, mitochon-

drial biogenesis, and as previously mentioned, ROS production. With respect to

adipocyte biology, one or more of these symptoms of mitochondrial dysfunction can

alter the balance between fatty acid metabolism and fat storage, and thus contribute

directly to the development of obesity and its related comorbidities [197]. Indeed, a
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Figure 1.2.2.1: Schematic summary of normal mitochondrial functions.
In adipocytes, pyruvate derived from glucose via glycolysis is converted into acetyl
CoA. Fatty acids from lipolysis are oxidised to acetyl CoA via �-oxidation. The
acetyl groups are oxidised via the Krebs cycle to produce NADH and FADH2. The
electrons derived from these reactions are passed down the electron transport chain
and finally accepted by oxygen. The energy retrieved from electrochemical proton
gradient in the electron transport chain is used for ATP synthesis. During this
process ROS is produced. Additionally, mitochondria function to bu↵er calcium.

wealth of evidence ties excessive nutrient overload to mitochondrial maladaptations

giving rise to a range of metabolic diseases.

Oxidative stress is one of the many mitochondrial responses to excess calorie

intake in obesity. The origin of oxidative stress is from the imbalance between an-

tioxidant defences and ROS production, in favour of excessive ROS production or to

the detriment of their ine�cient removal by antioxidants. The antioxidant defence

system consists of antioxidant compounds of dietary origin, such as polyphenols,

vitamin C, vitamin E and carotenoids, and endogenous enzymatic antioxidants, in-

cluding catalase, the superoxide dismutase (SOD) and glutathione peroxidase (GPx)

[145]. Mice fed a high-fat, high-sucrose diet for an extended period of time devel-
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oped insulin resistance and presented elevated levels of plasma H2O2 and muscular

protein carbonylation levels (a marker of protein oxidation) [39]. ROS production

in these mice was directly linked to decreased mitochondrial density and structural

abnormalities of mitochondria. Antioxidant treatment was successful in reducing

muscle ROS production and restoring mitochondrial integrity [39]. Along the same

lines, diet-induced obesity in mice exacerbated the production of ROS in the brain

(prefrontal cortex and hippocampus) and the increased levels of ROS were tightly

correlated with adiposity [260]. In vitro studies in 3T3-L1 adipocytes treated with

free fatty acids, show ROS accumulation and reduced mitochondrial biogenesis, as

well as insulin sensitivity [119, 155]. A separate study in 3T3-L1 adipocytes also

suggested a role for ROS in the development of insulin resistance. Demozay and

colleagues demonstrated that insulin receptor substrate (IRS) proteins are carboxy-

lated by reactive oxygen species, resulting in reduced insulin signalling [87]. ROS

may also interfere with insulin signalling directly at the level of glucose transporters

by inhibiting the translocation of GLUT4 to the plasma membrane [150]. Thus pro-

viding a potential link between chronic overnutrition and insulin resistance. Oxida-

tive stress has been further investigated in white adipose tissue of numerous mouse

models of T2DM and obesity, including diet induced obesity, KKAy and db/db mice

[77, 117, 155]. All of which revealed increased levels of oxidative stress. Addition-

ally, microarray analysis in human adipose tissue demonstrated that GSTA4 (an

antioxidant enzyme) is reduced in white adipose tissue of obese insulin-resistant

individuals, but ROS production appeared una↵ected. White adipose tissue from

GSTA4 knock out mice displayed increased ROS and reduced oxidative phosphory-

lation [77]. In the context of excess obesity, one potential theory for the increase in

oxidative stress is that lipid uptake by the adipocyte is increased during overnutri-

tion resulting in increased substrate load, this subsequently increases the electron

transport chain activity, the primary source of ROS. However as oxidative phospho-

rylation appears to decrease with obesity, this would seem to contradict this theory.

Instead, the onset of obesity may have a greater e↵ect on the dwindling e�ciency of

the antioxidant system within the adipocyte resulting in heightened oxidative stress.

Impaired oxidative phosphorylation has also been regarded as a key change

in obese individuals. In contrast to mitochondria of lean humans and rodents,

obese subjects have lower energy generation capacities due to decreased oxidative

phosphorylation [106, 192, 265]. Given the reduced net energy expenditure in obese

individuals, it has been predicted that these subjects have decreased UCP2 and

UCP3 expression/activity. However, this is still a disputed topic, given that the

experimental data on this is somewhat limited. A study comparing lean and obese,
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but otherwise healthy men, found a small but significant and consistent decrease

in UCP2 mRNA levels in the abdominal muscles of the obese individuals [270].

Furthermore, polymorphisms of UCP2 have been linked to lower metabolic rate in a

cohort of young Indian men, though UCP3 polymorphisms had to associations with

metabolism [331]. In mice, early induction of UCP1 and UCP2, but not UCP3, are

associated with resistance to obesity from high-fat diets [270]. Artificial uncouplers

have been previously used for weight loss 90 years ago, but had to be abandoned

due to possible fatal side e↵ects (more on this later in Section 1.3.4).

In addition to this, other metabolic abnormalities have also been identified in

obese individuals, these include decreased oxidation of fatty acids and increased de-

pendence on glucose for ATP generation [319]. The inability to increase fat oxidation

rates in conditions of chronic overnutrition results in a positive fat balance, subse-

quently leading to increased fat storage [62]. This impairment could in part account

for increased ectopic lipid deposition in tissues outside of adipose tissue. Moreover,

obesity is linked to low oxygen consumption and basal ATP concentrations. These

changes favour the development and progression of obesity and T2DM. For example,

obese diabetic mice induced by a high-fat high-sucrose diet for sixteen weeks dis-

played significantly decreased respiration levels linked to the electron transport chain

and a reduction in �-oxidation [39]. Moreover, studies in humans and mice have

shown that mitochondrial respiration is impaired in the skeletal muscle of o↵spring

from type 2 diabetic parents [255, 285], suggesting that mitochondrial alteration

could predispose to insulin resistance and potential other metabolic abnormalities.

The site of reduced mitochondrial respiration is not isolated to skeletal muscle, an

inverse relationship between adiposity and mitochondrial function has similarly been

observed in adipose tissue and adipocytes [106]. Adipocytes from obese donors have

previously revealed decreased thermogenesis when compared with lean donors [40].

This may be linked to the downregulation of genes involved in oxidative phosphory-

lation in adipose tissue from obese individuals [259]. Although, other investigators

have not been able to verify these findings in relation to increased obesity, instead

observing no change or even the upregulation of genes of the electron transport

chain [85].

Mitochondrial biogenesis is another process often linked to obesity. It is

the process by which cells increase their mitochondrial mass through the growth

and division of pre-existing mitochondria to meet cell-specific energetic, metabolic,

and signalling demands. This is largely achieved through transcriptional regulation.

A complex and interconnected transcriptional network regulates a wide range of

approximately 1000-1500 nuclear genes encoding mitochondrial proteins, including
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those that control the transcription of the mitochondrial genome [23]. The mito-

chondrial genome consists of double-stranded circular molecules of 16.6 kb contain-

ing thirty-seven genes which encode thirteen subunits of the electron transport chain

complexes I, III, IV and V [173]. This process is coordinated by the transcription

coactivator peroxisome proliferator-activated receptor � coactivator-1↵ (PGC1↵),

which induces mitochondrial biogenesis by activation the transcription factor nu-

clear respiratory factor 1 (NRF1). NRF1 in turn upregulates the expression of

mitochondrial transcription factor A (TFAM), which regulates mitochondrial DNA

transcription [384]. This transcriptional network is extremely sensitive to sensing

nutrient availability and cellular energy status, enabling short- and long-term adap-

tive responses, leading to adjustments to mitochondrial function and biogenesis.

PGC1↵ is downregulated in skeletal muscle and adipose tissue of obese, high-fat

diet db/db and insulin resistant mice [127, 315]. This suggests that mitochondrial

biogenesis is highly compromised by overfeeding and is linked to insulin resistance.

These murine studies also revealed that decreased biogenesis coincided with de-

creased mitochondrial mass, increased ROS production and low ATP levels. It is

therefore clear that faults in mitochondrial biogenesis contribute to mitochondrial

dysfunction and loss of energy regulation.

The arrangement of mitochondria is also instrumental in optimising the cells

bioenergetic capacity. Unlike the small, static organelles portrayed in textbooks, mi-

tochondria are highly dynamic organelles that constantly remodel and turn over in

processes known as fusion and fission. This is a mechanism for both quality control

and energy demands. A high fission-to-fusion ratio leads to fragmented, discontin-

uous mitochondria, whereas a low fission-to-fusion ratio results in large, elongated,

interconnected mitochondrial networks [212]. Fission is a crucial requirement for

mitophagy to occur, allowing the cells to selectively remove damaged mitochondria

[376]. While fusion is essential in protecting mitochondria from degradation, mixing

mitochondrial content and possessing more cristae for optimised ATP production

in di�cult times [123]. In mammals these two opposing processes are regulated

by dedicated fission and fusion proteins. The key regulator of mitochondrial fis-

sion is dynamin-related protein 1 (Drp1), a GTPase in the dynamin super family

of proteins which is recruited to the mitochondria, in concert with fission protein

1 (Fis1). Regulators of mitochondrial fusion are mitofusin 2 (Mfn2) and optic at-

rophy protein 1 (Opa1). Stressful conditions such as overnutrition or starvation

can induce a shift in the balance of mitochondrial dynamics propagating significant

morphological changes [212]. For example, a high-glucose, high-fat diet was shown

to induce mitochondrial fragmentation in 3T3-L1 adipocytes due to higher levels of
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the fission protein Drp1 and a decrease in Mfn1 [119]. Similarly, a high-fat diet in

mice resulted in mitochondrial fragmentation in skeletal muscle, again as a result of

increased mitochondrial fission machinery. Inhibition of mitochondrial fission lead

to improved skeletal muscle insulin sensitivity in obese mice, indicating that mito-

chondrial fission is causally associated with insulin resistance [169]. In a very recent

paper in Nature a limited cohort (12 women) was used to demonstrate the increase of

fragmented mitochondria in subcutaneous adipose tissue from mildly obese subjects

[99]. A population of fragmented mitochondria is not unusual in states of reduced

bioenergetic e�ciency, namely an oversupply condition like obesity. In adipocytes,

it is likely that the metabolic switch from glucose to the less e�cient lipid oxida-

tion in obesity results in a compensatory increase in mitochondrial area through

fragmented mitochondria.

Taken together, mitochondria maladaptations appear to be a key mechanism

by which overnutrition intersects with development and progression of metabolic dis-

ease. However, due to the relatively low number of mitochondria in white adipocytes,

this subject still remains largely unexplored (especially in humans), and the under-

lying causes of mitochondrial defects in obesity remain to be elucidated. It is thus

worth further exploring mitochondrial function in obesity to expand our knowledge

on mitochondrial dysfunction in adipose tissue, elucidate the mechanisms behind

mitochondrial dysfunctions and explore potential therapeutic interventions.

Gaining a greater understanding of the mechanisms behind mitochondrial

dysfunctions in obesity will thus help to further expand our current knowledge on

mitochondrial dysfunction in adipose tissue and help to develop potential future

therapeutic interventions. One key factor to focus on is the di↵erences in mitochon-

drial function depending on anatomical location of the adipose tissue.

1.2.2.3 Influence of adipose tissue depots on mitochondrial function

It is known that the role of di↵erent adipose tissues varies in their impact on

metabolic health due to diverse gene expression profiles, resulting in di↵erences

in lipolysis and in the production/release of cytokines and adipokines. Additionally,

depending on the anatomical position in the body, adipose tissue also reveal di↵er-

ences in metabolic activity due to di↵ering mitochondrial densities and functions

[35]. For instance, in rats the epididymal (VAT) adipocytes have increased numbers

of mitochondria than inguinal (SAT) adipocytes [89]. This was in agreement with

higher complex IV activity and increased respiration in of adipocytes isolated from

epididymal tissue as compared to adipocytes isolated from inguinal tissue. While

analysing mitochondria per mg of tissue in omental versus subcutaneous adipose tis-
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sue from morbidly obese humans, the same trend was observed (though in general

there is little research on this in humans) [192]. A closer look into the bioenergetics

in this study found that while the mitochondrial respiratory flux per cell was lower

in omental compared to subcutaneous adipose tissue due to smaller adipocytes,

the omental adipose tissue was bioenergetically more active, as quantified by high

resolution respirometry.

Furthermore, uncoupled respiration has been found to be significantly higher

in omental compared with subcutaneous adipose tissue in obese individuals [192].

In line with this another study investigating mitochondrial uncoupling in adipose

tissue observed that individuals with a polymorphism in the UCP1 promotor lead-

ing to reduced UCP1 gene expression are prone to obesity, particularly abdominal

obesity (excess omental adipose tissue) [358]. The level of mitochondrial uncoupling

in omental and subcutaneous adipose tissue may therefore have an e↵ect on the

metabolic risk of the di↵erent depots.

There is still however conflicting research on the di↵erences between mito-

chondrial function and content in adipose tissue depots. An in depth study inves-

tigating omental and abdominal subcutaneous adipose samples collected from 20

age-matched obese and non-obese non-diabetic men and women measured three mi-

tochondrial parameters: oxygen consumption rates, mitochondrial DNA abundance,

and citrate synthase activity [416]. Their experiments revealed no di↵erences in any

of these mitochondrial parameters between subcutaneous and omental adipocytes

from the same person. Obesity on the other hand had a much greater e↵ect on

mitochondrial function than either depot of origin or adipocyte cell size, although

there was no di↵erence in mitochondrial content [416]. The reasoning they gave

for this is that maybe the energy requirements for basal functions are adequately

similar that, absent of obesity, the adipocyte’s need for ATP from mitochondria is

comparable irrespective of adipocyte size or location.

It appears that white adipose tissue is a heterogeneous organ that may have

large variations in mitochondrial content depending on its anatomical location. How-

ever, given the uncertainty in the currently available literature, this still needs fur-

ther research.

1.2.3 ER stress in the development of metabolic disease

The growing incidence of metabolic disease has also been attributed to the dysfunc-

tional response of another organelle: the ER [68, 277, 280]. The ER is responsible

for protein folding and processing, calcium storage, as well as for lipid biosynthesis

and metabolism [333]. To maintain homeostasis, the ER is equipped with a robust
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adaptive system called the unfolded protein response (UPR). Metabolic perturba-

tions such as substrate overload, oxidative stress, advanced glycosylation of proteins

and lipids, as often observed in obesity and related metabolic disorders, result in ER

stress and improper UPR function [227]. To activate the UPR, ER stress triggers

three stress sensors on the ER membrane: activating transcription factor 6 (ATF6),

PKR-like ER kinase (PERK) and inositol-requiring enzyme 1 alpha (IRE1↵; Figure

1.2.3.1) [229]. Upon ER stress PERK phosphorylates the eukaryotic translation ini-

tiation factor 2 alpha (eIF2↵) leading to the rapid attenuation of mRNA translation

to reduce the protein folding load [90, 345]. Additionally, eIF2↵ activates activating

transcription factor 4 (ATF4). ATF4 induces the transcription of genes involved in

apoptosis, amino acid metabolism and redox enzymes [209]. IRE1↵ another sen-

sory protein, normally exists as a monomer, however upon ER stress IRE1↵ forms

homodimers leading to autophosphorylation [372]. These phosphorylation events

unmask the endoribonuclease activity of IRE1↵ that is responsible for splicing X

box-binding protein 1 (XBP1) mRNA leading to the generation of spliced XBP1

(XBP1s). XBP1s mRNA encodes a transcription factor (XBP1s) that translocates

to the nucleus and upregulates genes involved in ER biogenesis, ER chaperones and

components of the endoplasmic-reticulum-associated protein degradation (ERAD)

pathway [33]. The final transmembrane protein involved in the UPR is ATF6. ATF6

translocates from the ER membrane to the Golgi where it is cleaved by site-1 and

-2 proteases. This liberates the cytoplasmic domain of ATF6 (ATF6f), an active

transcription factor, that activates genes encoding protein foldases, ER chaperones

and ERAD machinery components [135]. Together these proteins re-establish home-

ostasis in the ER when ER stress is acutely triggered, by decreasing the unfolded

protein loads and increasing folding capacity.

When chronically induced however, the UPR can become cytotoxic (including

apoptosis) rather than cytoprotective [420]. Prolonged ER stress thus contributes to

an array of debilitating diseases, most notably T2DM, neurodegenerative diseases,

atherosclerosis, cardiovascular disease, and cancer [33]. All of which are linked to

obesity. Chronic overnutrition in obesity disrupts the UPR’s ability to re-establish

ER function resulting in chronic ER stress [279]. In adipose tissue of mice fed a

high-fat diet, markers of ER stress were markedly elevated by 16 weeks. This co-

incided with chronic inflammation and ROS generation, as well as reduced insulin

sensitivity [178]. These findings are supported by several human studies in adipose

tissue. As increased ER stress has been noted in adipose tissue taken from obese

insulin-resistant non-diabetic subjects compared with lean insulin-resistant individ-

uals [36]. Moreover, weight loss induced by bariatric surgery suppressed eIF2↵
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Figure 1.2.3.1: Signalling pathways of the unfolded protein response.
Misfolded or unfolded proteins accumulate in the ER lumen, and activate a series
of the ER stress sensors: ATF6, PERK, and IRE1↵. This induces a signalling
cascade termed the UPR. The UPR involves the downregulation of translation and
the activation of transcription factors that regulate genes promoting ER homeostasis
and cell survival.

phosphorylation and XBP1 splicing in adipose tissue [128]. The exact mechanisms

underlying activation of UPR signalling and ER stress in obesity are not fully un-

derstood. However, current evidence suggests that the increased ER stress observed

in obesity is primarily due to the overload of nutrients which leads to an increased

demand in protein folding which cannot be met [279]. Consequently, unfolded pro-

teins accumulate continuously for long periods of time which the UPR is unable to

cope with, resulting in cell injury and even apoptosis. In the adipocyte, apoptosis

in the presence of excess lipids results in lipid overflow [249]. Additionally, many

enzymes and proteins involved in lipid metabolism reside in the ER where they are

incorrectly folded during chronic ER stress [135]. Defects in UPR signalling and

chronic ER stress in obesity are therefore tightly linked to lipotoxicity in peripheral

tissues, including the pancreas, liver, muscle, and heart. Given the fundamental role

that lipotoxicity plays in metabolic disease and T2DM, ER stress as a direct result

of obesity is therefore likely to contribute to their development [135].
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The nutrients themselves may also serve as a direct signal to induce ER

stress, rather than simply the amount being consumed. Free fatty acids for example

are able to increase markers of ER stress in a time-dependent manner in �-cells via

calcium depletion. Prolonged exposure to free fatty acids caused �-cell apoptosis

which may contribute to the loss of �-cell mass as often observed in T2DM [75].

Similarly, an increased ER stress response due to a diet high in lard is evidenced

by the increased expression of UPR markers CHOP, PERK, and phospho-eIF2↵

[423]. By contrast, fish oil rich in n-3 polyunsaturated fatty acids, did not impose

harmful stress on the ER. In fact, it showed beneficial e↵ects in 3T3-L1 adipocytes by

inhibiting palmitic acid-triggered ER stress and improving insulin resistance [414].

The ER also responds to surplus glucose stimulation. Long-term exposure to a

high-sucrose diet in mice downregulates hepatic ER stress adaptive pathways [111].

For the first 30 days an overexpression of unfolded protein response sensors (PERK,

IRE1↵, ATF6) was observed. However, by day 60 the cells switch over toward a

proapoptotic pattern, coinciding with increased lipogenesis and oxidative stress.

Accumulating evidence suggests that ER stress is also a major source of ROS

production [142, 280]. Correct folding of most proteins requires disulfide bond for-

mation to stabilise tertiary and quaternary structures. These oxidative reactions

are catalysed by protein disulfide isomerase (PDI) and the process stimulates ROS

production. In obesity, PDI levels are high due to the increased protein load, result-

ing in increased oxidative protein folding and consequently more ROS [144]. ROS

also induces ER stress in a dangerous positive feedback loop [227]. ROS aggregation

is therefore extremely harmful and is also known to promote insulin resistance and

inflammation [326]. Oxidative stress is thought to play vital roles in pathogenesis

of �-cell loss and subsequent insulin resistance [142]. This may, in part, explain the

high incidence of insulin resistance associated with ER stress. Indeed, induction of

ER stress in the adipose tissue and liver of obese mice lead to high levels of insulin

resistance and ultimately T2DM. This has been demonstrated by feeding XBP1-null

mice a high-fat diet, which resulted in augmented ER stress and the mice develop-

ment obesity, glucose intolerance and insulin resistance when compared with the

wild-type mice [280]. Thus, the ER may be a proximal site that senses nutritional

excess and di↵erent nutritional queues, and translates it into metabolic and in-

flammatory responses, including lipotoxicity, leptin resistance and ROS production,

which all promote the progression of obesity and T2DM.

Additionally, ER stress may also accelerate the development of obesity itself.

As it has previously been demonstrated that hypothalamic ER stress in obese mice

lead to leptin resistance [278]. Indeed, pharmaceutical induction of ER stress by
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tunicamycin (a drug that aggravates ER stress by inhibiting N-linked glycosylation)

promoted ER stress and leptin resistance. Leptin was thus unable to exert its anti-

obesity e↵ects on the obese mice, subsequently promoting weight gain [278]. Given

these studies, ER stress appears to be both triggered by obesity and involved in its

progression.

1.2.4 Regulation of mitochondrial function through ER stress

ER stress and mitochondrial function are both considered critical components in

cellular homeostasis, and in the development and progression of obesity and T2DM.

In addition, the individual stressors appear to act sequentially in various tissues.

Though understanding the link between these two organelles and obesity remains a

challenge.

A multitude of studies have revealed functional and structural interactions of

the ER and mitochondrial networks. An interesting aspect of these organelles is that

they form physical mitochondrial-ER contacts, known as mitochondria-associated

ER membranes (MAMs). These contacts provide platforms to exchange molecules,

including the transfer of lipids, metabolites, and calcium between the ER and mi-

tochondria. The functional consequence of the mitochondria-ER interface was first

recognised by researchers studying the biosynthesis of lipids, which is often carried

out by pathways that are shared by two or more organelles and that need to trans-

fer intermediates between them [381]. Soon after, the mitochondria-ER contacts

were revealed to play an essential role in calcium signalling, where microdomains

of high calcium concentration generated upon release by the ER were subsequently

bu↵ered by neighbouring mitochondria [310]. The ER-mitochondria interfaces thus

play a key role in lipid and calcium homeostasis. More recently, emerging evidence

strongly indicates that coordination between the ER and mitochondria is critical

for the initiation of autophagy, controlled ROS signalling, and importantly, in the

regulation of mitochondrial morphology and energetics.

As a consequence of the functional and physical interactions between mito-

chondria and the ER, mitochondria are very sensitive to pathological insults that

promote ER stress. Given this, disrupted ER-mitochondrial signalling is intricately

associated with the aetiology of diverse diseases, including cardiovascular disease,

T2DM and neurodegenerative diseases. Certainly, it has been demonstrated in nu-

merous cell models that when the ER is under heightened stress, it is capable of

relaying signals to mitochondria that induce some degree of dysfunction. To in-

vestigate the molecular mechanisms of myositis (an inflammation of the muscles),

Lightfoot and colleagues treated mouse myoblast cells with the ER stress-inducing
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compound tunicamycin. ER stress pathway activation resulted in mitochondrial

damage, as evidenced by reduced ATP generation and oxygen consumption and the

elevation of the reactive oxygen-derived free radical H2O2, although no alterations

in mitochondrial mass or dynamics were detected. From these observations, they

concluded that chronic ER stress may induce perturbations in mitochondrial func-

tion capable of causing bioenergetic deficits, which in myositis likely contributes to

muscle weakness-induction. The mechanism underlying crosstalk between mitochon-

dria and ER in neurodegenerative disease has also been explored [213]. Nerve cells

treated with the pharmacological agents tunicamycin and thapsigargin developed

mitochondrial stress, as promoted by both drugs. Elegant microarray experiments

in the nerve cells revealed downregulation of most mitochondrial-related genes, to

a similar degree as atrazine, a mitochondrial toxin [190]. This study also revealed

that ER stress impaired insulin signalling through mitochondrial damage, implicat-

ing disrupted ER-mitochondrial interplay in insulin resistance. In support of this

concept, research in human hepatic cells has revealed interrupted ER-mitochondrial

crosstalk, as induced by oligomycin (an ATPase inhibitor), is directly coupled to

hepatic insulin resistance by elevating the activity of p38-MAPK, an important

regulator of hepatic glucose and lipid metabolism [214].

In addition to inducing insulin resistance, abnormal ER-mitochondrial com-

munication is also involved in obesity. Obesity drives an abnormal enrichment of

hepatic ER-mitochondrial contacts leading to mitochondrial dysfunction. This has

been observed by transmission electron microscopy in liver sections from both ob/ob

mice and mice fed a high-fat diet for sixteen weeks [18]. The increased contacts

resulted in increased calcium flux from the ER to mitochondria. The resultant

massive mitochondrial calcium accumulation in hepatic cells was accompanied by

elevated ROS production, reduced mitochondrial membrane potential and impaired

mitochondrial respiration, as evidenced by reduced basal and maximal respiration.

Through the reduction of the heightened calcium flux, by silencing inositol 1,4,5-

triphosphate receptor type 1 (an intracellular channel that mediates calcium release

from the endoplasmic reticulum), cellular homeostasis and glucose metabolism was

restored in obese mice [18]. This suggests that the breakdown of productive ER-

mitochondrial communication is involved in impaired metabolic health. In addition,

excessive endoplasmic reticulum stress correlates with impaired mitochondrial dy-

namics, oxidative stress, mitophagy and apoptosis in the development of equine

metabolic syndrome [234]. Obesity-induced ER stress therefore likely drives an in-

crease in mitochondrial dysfunction, increasing ROS levels, and cellular insulin re-

sistance. Unfortunately, these are two of the only studies investigating the crosstalk
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between the ER and mitochondria in obesity (neither of which are in humans). In

addition, only one study thus far has examined the impact of ER stress on mi-

tochondrial dysfunction in adipocytes, although no studies have been carried out

in human adipocytes. In 3T3-L1 adipocytes, tunicamycin induced-ER stress re-

duced mitochondrial membrane potential and mitochondrial biogenesis, while ROS

production was elevated [266]. ER stress in mice adipocytes therefore appears to in-

duce stress in some mitochondrial functions, although the study failed to investigate

the impact of ER stress on mitochondrial respiration or mitochondrial dynamics.

They also examined the e↵ect of two flavonoids, apigenin and quercetin, compounds

known to have antioxidant, anti-obesity and anti-inflammatory properties, on reliev-

ing mitochondrial dysfunction. Both apigenin and quercetin were able to protect

mitochondria against alterations, although not completely, in the presence of the

ER stress tunicamycin [266].

While chronic ER stress has been shown to induce mitochondrial dysfunction

in an array of cell types, acute ER stress promotes an adaptive response that induces

dynamic remodelling of mitochondrial morphology. In HeLa cells, pharmaceutical

induction of ER stress by tunicamycin and thapsigargin both resulted in mitochon-

drial elongation by activating protective stress induced mitochondrial hyperfusion

(SIMH) [234]. This mechanism in HeLa cells prevents pathological mitochondrial

fragmentation and promotes mitochondrial metabolic activity in response to ER

stress. Communication between mitochondria and the ER therefore appears to

modulate fission and fusion of mitochondria, as well as mitochondrial respiration in

response to acute and chronic stress [234]. Thus, it is plausible that in response to

short-term overfeeding (large meals), mitochondria launch a compensatory response

to provide energy for the influx of nutrients and prevent fragmentation. However, in

states of chronic overnutrition mitochondria may be unable to cope with prolonged

ER stress, as observed in hepatic tissues isolated from obese mice [18]. It should be

noted that this experiment was undertaken in HeLa cells, and thus may be a specific

adaptive mechanism for this cancerous cell line. Nonetheless, considering that per-

turbations in ER contribute to mitochondrial function in an array of disease states,

it is of importance to conceive how ER stress may contribute to mitochondrial dys-

function in human adipocytes, as this may elucidate the high levels of mitochondrial

damage in obesity.
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1.3 Tackling the obesity epidemic

Given the scale of obesity crisis and its impact on health, economics and society as a

whole, there is a clear case of action to address obesity. Maintenance of only 3% to

5% weight loss has the potential to produce clinically relevant health improvements

including reduction in triglycerides, blood glucose levels and the risk of developing

T2DM [168]. However, in order to meaningfully address the obesity pandemic, it

must be accepted that obesity is the outcome of a complex web of social, environ-

mental, cultural, psychological and biological influences. The initial step to tackle

obesity is therefore as noted by obesity researcher Harry Rutter, “to understand that

there is no single most important intervention” [168]. As discussed, one of the many

potential targets is mitochondrial function. Thus, a number of di↵erent lifestyle

and therapeutic interventions with a focus on improved mitochondrial health will

be discussed here.

1.3.1 Dietary management to treat obesity

The literature is replete with studies researching the e↵ects of dietary interventions

on weight loss and mitochondrial function. E↵ective dietary approaches requires

a state of negative energy balance which, according to evidence, can be achieved

through an array of di↵erent diets focusing on: 1) Energy deficit (low calorie diets

and meal replacement plans); 2) macronutrients (low carbohydrate or high protein

meals); 2) micronutrients (omega-3 fatty acids and vitamins) 4) dietary-pattern

(Mediterranean or Nordic diets); and 5) dietary-timing (eating frequency and timing

of eating).

Caloric restriction without malnutrition is involved in the improvement of

metabolic outcomes and enhanced mitochondrial health in humans and mice. A di-

etary program consisting of six weeks of a very-low-calorie diet followed by eighteen

weeks of low-calorie diet produced on average 8.85% weight loss in obese patients

which was associated with enhanced insulin sensitivity, a decrease in systemic inflam-

mation and a less marked atherogenic lipid profile [220]. Furthermore, in analysing

mitochondrial function parameters, researchers saw improvements in mitochondria

membrane potential and reduced ROS production, associated with the upregulation

of the antioxidant enzyme GPX1. Dietary restriction is also suggested to induce

mitochondrial biogenesis [61, 149, 221, 267]. In young adults, 25% calorie restric-

tion for six months lead to a 5.6% drop in body fat which was accompanied by an

increase in genes involved in mitochondrial biogenesis, such as TFAM and PGC1↵.

Calorie restriction also reduced the amount of DNA damage, a marker of oxidative
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stress, in the participants’ muscles [61]. The regeneration of mitochondria through

mitochondrial biogenesis translates to a greater number of healthy mitochondria

able to burn more fatty acids rather than store them. Thus, increased mitochon-

drial biogenesis may not only be improved by weight loss but also aid in reversing

obesity. This may explain why mice fed the same diet as a control group, except that

44% of lipids were replaced with omega-3 fatty acids, lost a substantial amount of

weight despite no change in calories. Though what was evident in the mice fed with

omega-3 fatty acids was greater levels of mitochondrial biogenesis and increased

�-oxidation in white adipose tissue [109]. Similarly to micronutrients, targeting

macronutrients can also be e↵ective. Low carbohydrate diets have previously been

shown to improve metabolic outcomes and induce weight loss by increasing energy

expenditure which relies heavily on increased mitochondrial respiration [96, 151].

A ketogenic diet (high-fat, low-carbohydrate) in mice was demonstrated to stimu-

late PGC1↵ via the PGC1↵-SIRT3-UCP2 axis, as well as, reducing oxidative stress

and improving markers of mitochondrial dynamics and respiration capacity [141].

Finally, time-controlled fasting studies have also shown some success in promoting

weight loss and mitochondrial function. Intermittent fasting, an eating habit in

which individuals undergo protracted fasting periods (about sixteen to forty-eight

hours), with alternating periods of normal food intake, improves chronic metabolic

illness including T2DM and retards the development of age-associated diseases in

model organisms and human [25, 236]. In mice, intermittent fasting prevented mito-

chondrial deterioration induced by persistent dietary fat overload in skeletal muscle

[205].

While these studies show success in controlled test populations and can be

successful for some individuals, they are unlikely to be population solutions. The

failure of these approaches on a population wide level is evidenced by the continued

escalation of the obesity pandemic. There are two major hurdles in the success of

dietary interventions: 1) individuals find it hard to adhere to diets as they require

intense discipline in the face of an intense physiological desire to eat, within a system

that makes cheap calorie-dense foods easily accessible; and 2) the maintenance of

weight loss following a diet is extremely di�cult. Long-term follow up studies of

individuals who were able to remain motivated and lose weight, document that

the majority of people regain nearly all the weight lost during their treatment,

regardless of whether they maintained the same diet plan [230, 243]. Consider the

Women’s Health Initiative, one of the longest and largest randomised, controlled

dietary intervention clinical trial carried out to date. More than 20 000 women on

a low-fat diet with on average a 360 calorie deficit a day and increase activity were
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followed. Eight continuous years on this diet resulted in only 0.1 kg of weight loss

compared to the starting point and an increase in the average waist circumference

by 0.3 cm [156]. Similarly, obese individuals following one of three diet interventions

(a low-fat, restricted-calorie diet; a Mediterranean, restricted-calorie diet; or a low-

carbohydrate diet without calorie restriction) for two years, regained a substantial

portion of the weight lost after four years (Figure 1.3.1.1) [334]. Physiologically

the body defends against weight gain through decreased energy expenditure and

altered hunger hormones [291]. For example, a follow up of sixteen competitors

from the “Biggest Loser”, revealed that after only six years the average contestant

had regained more than fifty percent of their initial weight loss [389]. The subjects

that experienced the greatest weight gain also experienced higher levels of metabolic

slowing (lower resting metabolic rate). In addition, leptin levels were significantly

decreased after six years [389]. These physiological adaptations make it very di�cult

to maintain weight loss.

1.3.2 Exercise to treat obesity

Reduced sedentary behaviour and activity interventions assist in weight loss main-

tenance and stimulate mitochondrial function. Exercise-induced increase in mi-

tochondrial activity is evident in adipose tissue from both humans and rodents

[316, 359, 360, 385, 408]. White adipose tissue from mice on a thirty day training

program (90 minutes daily swimming, 5 days per week) revealed improved insulin-

stimulated glucose up-take and mitochondrial biogenesis [374]. Likewise, investiga-

tions on the impact of treadmill exercise on whole-body energy expenditure showed

that eight weeks on treadmill training significantly upregulated PGC1↵ and the

oxygen consumption rate in the white adipose tissue of exercise-trained rats [408].

Similar observations have also been made in humans. One study investigated a six

month mild exercise intervention in overweight men consisting of two one-hour aero-

bic exercise sessions a week [316]. After six months, genes involved in oxidative phos-

phorylation were significantly increased and the patient’s unfavourable lipid profiles

were improved. In spite of this, there was no weight loss over the six month period

[316]. Interventions that prescribe greater levels of physical activity are naturally

more e↵ective at reducing body mass, however it is generally di�cult to produce

an energy deficit through physical activity. For example, a walking intervention

in a slightly overweight man will only have a modest impact on physical activity

energy expenditure. If he walks briskly for forty-five minutes a day, four times a

week, he will only increase his energy expenditure by five-hundred calories per week,

which is equivalent to approximately sixty-five grams of weight loss a week and only
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Figure 1.3.1.1: Four-Year Follow-up after Two-Year Dietary Interven-
tions. In this dietary study 322 obese participants were assigned one of three
weight-loss plans: a low-fat, calorie restricted diet (Low fat); a Mediterranean, calo-
rie restricted diet (Med); or a low-carbohydrate diet without calorie restriction (Low
carb). The duration of the dietary intervention was 2 years. Four-year follow-up
analyses were conducted in 259 of the original participants. Data is from a study by
Schwarzfuchs and colleagues, published in The New England Journal of Medicine,
2012 [334].

three kilograms a year [371]. These studies highlight the role of exercise training

in preventing obesity-related mitochondrial dysfunction and improving metabolic

outcomes. However, the reported size of the e↵ect for weight loss following physical

activity intervention alone is relatively small. Exercise is thus a good method for

weight loss maintenance rather than weight loss.

1.3.3 Bariatric surgery to treat obesity

It is clear that behavioural modifications in food intake and energy expenditure

through exercise interventions and diet plans can result in weight loss. However,

these e↵ects are often short lived or relatively small, and obesity persists. Given the
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failure of the current public health measures to impact the rise in the prevalence

of obesity, other measures have been sought, including bariatric surgery. Bariatric

surgical procedures cause weight loss by restricting the amount of food the stomach

can hold, causing malabsorption of nutrients, or by a combination of both gas-

tric restriction and malabsorption. The most common bariatric surgery procedures

carried out in the UK are gastric bypass, sleeve gastrectomy and adjustable gas-

tric band [4]. While several studies have shown that many obese people are able

to achieve and maintain weight loss for one to two years through diets, most re-

gain the weight in the longer term. In contrast, several studies that have followed

patients post-bariatric surgery show that long-term outcomes of weight loss range

from 13% to 31% even after 10 years of observation [323, 349, 362, 413]. Given

its success, bariatric surgery is therefore recommended for obese patients who have

undergone an intensive medical program but have been unsuccessful. Weight loss

through bariatric surgery has also been shown to reverse or ameliorates many of

the comorbid conditions associated with obesity, such as T2DM, obstructive sleep

apnoea, metabolic syndrome and infertility, as well as mitochondrial dysfunction

[82, 233, 265, 291, 338, 349]. A prospective study of obese diabetic women under-

going bariatric surgery from our lab, revealed significant mitochondrial recovery six

months after surgery [233]. Decreased cholesterol levels post-surgery were directly

associated with enhanced mRNA expression of complex IV (COX4I1) of the electron

transport chain in white adipose tissue. Similar associations were observed with the

uncoupling protein 2 (UCP2) gene, which has been implicated in preventing reactive

oxygen species accumulation and oxidative stress damage. An earlier study under-

taken by Nijhawan and colleagues, revealed that bariatric surgery rapidly improved

mitochondrial respiration after only twelve weeks [265]. Mitochondrial basal and

maximal respiration rates in peripheral blood monocytes increased after surgery.

In addition, maximal respiration of skeletal muscle mitochondrial rates increased

after surgery, though basal rates were unchanged. In both these studies, individu-

als lost more than 17% of their body weight, and these figures usually increase to

around 50% by a year (Figure 1.3.3.1). These improved outcomes are not only ben-

eficial to health but are also cost-e↵ective. Indeed, a UK audit concluded relative to

conventional therapy, bariatric surgery can o↵er significant financial savings to the

healthcare economy, even when considering the cost of diabetic drugs alone [398].

In spite of these benefits, it should be noted that bariatric surgery is still an

invasive procedure that has both perioperative (30 day) and longer-term (>30 days)

complications. Early complications include leaks, bleeding, stenosis, and venous

thromboembolic events [215]. Longer-term complications continue to occur overtime
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Figure 1.3.3.1: Post-operative excess weight loss (EWL) following
bariatric surgery in years 2006-2013. Three-year follow up of excess weight
lost after three commonly-performed bariatric operations performed by NHS ser-
vices. The degree of excess weight loss was greatest after the Roux-en-Y gastric
bypass operation (RYBG; around 55-70% %EWL), followed by sleeve gastrectomy
(SG; 55-60% %EWL) and was least after gastric banding (LAGB; 45-55% %EWL).
Data is from The UK National Bariatric Surgery Registry (Second Registry Report
2014) [398].

and may require operative correction, including: misplacement of band, erosion of

gastric wall, small bowel obstruction, marginal ulceration and port complication

[168]. As with all invasive procedures, bariatric surgery is not without the risk of

death, although it is much lower than many other planned operations [398]. Previous

analysis of the independently collected Hospital Episode Statistics data for outcomes

after bariatric surgery demonstrated a thirty-day post-operative mortality rate of

0.3% in the NHS [48]. While the observed in-hospital mortality rate after surgery

was 0.07% overall [398]. Despite the complications, bariatric surgery is clearly a

successful approach in reducing weight and improving mitochondria function, as

well as a multitude of other side e↵ects of obesity. However, only half a million

bariatric operations are carried out worldwide a year [14], of which approximately

six-thousand are performed by the NHS [397]. Given these numbers, additional

interventions outside of lifestyle changes and surgeries are required to reduce health

care costs and have an appreciable e↵ect on global health.
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1.3.4 Therapeutic approaches to treat obesity

Attempts to address obesity with e↵ective prevention and treatment e↵orts appear

to have barely made a dent in the problem. In lieu of this, much focus has been given

to potential pharmaceutical treatments against obesity, with a specific emphasis on

new endogenous physiological targets for the prevention and/or treatment of obesity,

T2DM and associated comorbidities.

The success of anti-obesity drugs has however been somewhat limited [49, 67,

69, 129, 181, 328, 375]. Most of the drugs targeting obesity that were initially ap-

proved and marketed have now been withdrawn due to an array of serious adverse

side e↵ects. In the 1990s, the appetite suppressants dexfenfluramine and fenflu-

ramine were withdrawn from the market due to valvular heart disease (damage to

the heart valve) [63, 69]. In the early 2000s, the European Medicines Agency rec-

ommended the withdrawal of a number of weight loss medications, these included

mazindol, diethylpropion, and phentermine, due to an unfavourable risk to benefit

ratio [121]. Rimonabant, a selective neuronal CB1 receptor blocker (CB1 activation

increases appetite), was initially available in fifty-six di↵erent countries from 2006.

However, due to an increased risk of psychiatric adverse events, including anxiety,

depression, and suicidal thoughts, rimonabant was withdrawn from the European

market in 2009 [58]. Until 2010 sibutramine, a drug that reduces appetite by acting

on satiety centres in the brain by inhibiting serotonin and noradrenaline re-uptake,

was one of the two widely approved and commonly used anti-obesity drugs. Due to

safety concerns that it could potentially increase the risk of strokes or heart attacks it

was also withdrawn in the UK [166]. Thus, today only one drug can be prescribed in

the UK that has been proven to be both safe and e↵ective: orlistat. Unlike appetite

suppressants, orlistat blocks the absorption of ingested fat by inhibiting pancreatic

lipase. Orlistat in conjunction with comprehensive lifestyle interventions is reported

to be e↵ective in reducing weight in comparison to the placebo [104, 193, 302].

Therapeutic strategies and promising avenues that aim/have aimed to im-

prove mitochondrial function in obesity and related comorbidities include thiazo-

lidinediones (TZDs), antioxidants, chemical uncouplers and G protein coupled re-

ceptors (GPCRs). TZDs, PPAR� agonists, were one of the primary interventions

in treating T2DM, because they are able to improve insulin sensitivity in skeletal

muscle and white adipose tissue [295]. The TZDs rosiglitazone and pioglitazone in

particular have been used clinically as they are known to stimulate adipocyte dif-

ferentiation and increase plasma adiponectin levels, thereby enhancing hyperplastic

growth (allows adipocytes to e�ciently bu↵er lipids) [262]. Of note, several in vitro

studies have demonstrated the ability of TZDs to improve mitochondrial function by
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enhancing mitochondrial morphology, content, respiration, and biogenesis in white

adipocytes [57, 378, 404]. For example, upregulation of a set of genes including

PGC1↵ was observed in ob/ob mice treated with TZDs [405] [404]. This was ac-

companied by an increase in mitochondrial mass, enhanced oxygen consumption and

significantly increased palmitate oxidation. The use of TZDs supports the notion

that manipulating mitochondrial function can improve insulin sensitivity. Another

pharmacological approach to decrease obesity and its associated disease is targeted

mitochondrial uncoupling to increase basal energy expenditure [139]. However, in

practice this has been hard to achieve due to a severe overheating response. In

the 1930s, the chemical uncoupler 2,4-dinitrophenol (DNP) was introduced as a

promising anti-obesity drug, with claims of as much as three kilograms of weight

loss documented per week [365]. Nevertheless, the drug had to be withdrawn con-

sidering the hypermetabolic state which induced fatal uncontrolled thermogenesis

in several tissue types, including white adipose tissue [129]. An uncoupler that be-

comes decreasingly e↵ective with increasing depolarisation would thus be required.

Mitochondrial antioxidants or the overexpression of mitochondrial scavengers on the

other hand have had more success in safely increasing adipocyte metabolism and

alleviating insulin resistance [342]. Both animal and human models suggest that

obesity and T2DM is accompanied in particular by increased mitochondrial hydro-

gen peroxide production [12]. In these various models, pharmacological strategies

that increase mitochondrial antioxidant levels are shown to partially reverse these

observed metabolic defects [12, 153]. These protective e↵ects occur in part due to

enhanced mitochondrial biogenesis and function, primarily via upregulation of bio-

genesis enhancing genes, as well as increase oxygen consumption, and �-oxidation

[342].

1.3.4.1 GPR120 agonism as a candidate treatment against obesity and

comorbidities

Modulation of GPCRs is another promising therapeutic intervention that has

emerged as potential target for treating metabolic diseases [350]. This class of

receptors constitute a physiological diverse superfamily of integral membrane

protein receptors containing seven transmembrane ↵-helical regions. Endogenously,

GPCRs are activated through a wide range of ligands including fatty acids,

proteins, carbohydrates, nucleotides, odorant molecules and ions. Upon activation,

GPCRs undergo a conformational change and activates G proteins by promoting

the exchange of GDP/GTP associated with the G↵ subunit [93]. This allows for the

transduction and amplification of extracellular signals. Alternatively, the GPCR
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can also transduce the signal through G protein independent pathways, such as the

�-arrestin mediated pathway. Through this signal transduction, GPCRs are able

to act as proximal events in signalling pathways that influence a wide variety of

metabolic and di↵erentiated functions. These functions are induced via modulation

of several cellular responses, including mitogen-activated protein kinases (MAPKs),

ion channels, the phospholipase C pathway and cAMP production [93]. Due to the

important physiological roles that this class of receptors play in cellular function,

they are the target of approximately 30% to 40% of all pharmaceuticals worldwide

[406].

In the search for candidate GPCRs to target against metabolic diseases, a

number of GPCRs that are responsive to fatty acids were identified [417]. Of the

GPCRs under investigation, GPR120 (also known as free fatty acid receptor 4;

FFAR4) has progressed as a promising receptor to activate for the alleviation of

metabolic diseases, following its deorphanisation in 2005 [417]. This nutrient sensor

was initially reported to be highly expressed in the intestines, and as such much

research has centred around its role in the gut [174, 366, 395]. However, it has since

been revealed that GPR120 is widely expressed in a large number of tissue types,

including the brain, white adipose tissue (as previously mentioned), thymus, taste

buds, pituitary, skeletal muscle, liver and heart [206]. This diverse localisation of

GPR120 is likely related to the broad spectrum of e↵ects GPR120 elicits in the

inflammatory response [164] and homeostatic regulation of metabolic health [163].

As the name suggests, GPR120 is a free fatty acid receptor. Specifically,

long-chain unsaturated acids with a carbon chain length of sixteen to twenty-two, in-

cluding the omega-3 fatty acids eicosapentaenoic acid, docosahexaenoic acid (DHA),

and alpha-linolenic acid (↵-LA) act as endogenous ligands for GPR120 [395]. To elu-

cidate the e↵ect of GPR120 on cellular functions and metabolism, small molecule

agonists for GPR120 have been sought and developed. Initial studies identified

GW9508 as a synthetic agonist of GPR120. However, GW9508 is not selective

for GPR120, as it has dual specificity for GPR40 and GPR120, which restricts

its application [95]. While the dual properties have its advantages, for example

GPR40 also a free fatty acid receptor which is secreted pancreatic beta cells, reg-

ulates insulin secretion, it is nonetheless not ideal if GPR120 specifically is being

analysed [417]. Other non-selective agonists were thereafter identified, including

NCG21 [364] and the plant-derived compound grifolic acid [138]. In the drive to

develop specific ligands for GPR120, TUG-891 was also discovered. TUG891 is re-

ported to be potent and selective for GPR120 demonstrating greater selectivity and

potency to GPR120 than GPR40 [364]. It is the most commonly used GPR120
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agonist to date. It has been shown to improve glucose tolerance and increase insulin

sensitivity in adipocytes [158], and exert anti-inflammatory e↵ect on macrophages

in vitro and in obese mice in vivo [158], suggesting that GPR120 agonists could

become new insulin-sensitising drugs for the treatment of T2DM and other human

insulin-resistant states in the future

To promote these e↵ects, GPR120 couples to G↵q/11 and �-arrestin 2 me-

diated pathways (Figure 1.3.4.1). GPR120 couples to G↵q/11, activating phos-

pholipase C (PLC) which results in downstream calcium release via the inositol

trisphosphate (IP3) receptor in the ER. In addition, this activates the protein ki-

nase C (PKC) and MAPK pathways which mediates downstream signalling events,

such as extracellular signal-regulated kinase (ERK) phosphorylation [217]. Parallel

to G↵q/11 activation, the GPR120 receptor is phosphorylated at its receptor/�-

arrestin-2 complex which has been implicated in the stimulation of glucose trans-

port [217]. Moreover, although not fully characterised at present, it is likely that

GPR120-mediated signalling alters between distinct types of tissues. Thus, extrap-

olating findings from one tissue to another may be fraught. Therefore, further

research into the tissue-specific e↵ectors of GPR120 agonism will be important in

understanding how pharmaceuticals that target a distinct signalling pathway could

be developed for the treatment of specific diseases.

The steadily growing interest in targeting GPR120 for the treatment of obe-

sity and T2DM stems in large part from recent knockdown, knockout and genetic

studies, which consistently demonstrate GPR120 to play a role in glucose uptake,

insulin sensitisation, � cell survival, glucagon-like peptide-1 (GLP-1) secretion, and

adipogenesis, as well as weight loss [164, 183, 191, 199, 329]. GPR120 was ini-

tially identified as a target for obesity and T2DM in late 2004 when researchers

reported that GPR120 agonism stimulated the release of GLP-1 from intestinal

cells [152]. GLP-1 decreases food intake and stimulates insulin secretion, and thus

the receptor gained great traction in the field of metabolism. However, little else

was known about the receptor and follow-up work by pharmaceutical companies

suggested its direct e↵ect on GLP-1 release would be minor. Then in 2010, GPR120

agonism by the omega-3 fatty acids, DHA and EPA, was revealed to exerted po-

tent anti-inflammatory e↵ects in macrophages [164]. These e↵ects were abrogated

following GPR120 knockdown in mice. Additionally, obese wild-type and GPR120

knockout mice were fed a high-fat diet with and without omega-3 fatty acids. Anti-

inflammatory and insulin sensitising e↵ects of omega-3 fatty acids were only present

in the wild-type mice. This study demonstrated that GPR120 mediates insulin

sensitising e↵ects in vivo by repressing macrophage-induced tissue inflammation.
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Figure 1.3.4.1: Schematic overview of pathways mediated by GPR120.
Binding of GPR120 agonist promotes both G protein-dependent and arrestin-
dependent signalling pathways. Downstream of GPR120, G↵q couples to PLC,
which increases intracellular IP3 concentration and promotes calcium release via
the IP3 receptor in the ER. The intracellular calcium release may promote GLUT4
translocation and angiogenesis. PLC coupling also results in ERK phosphoryla-
tion. Parallel to G↵q activation, GPR120 is phosphorylated at its C-terminus
which promotes the GPR120/�-arrestin-2 association. The GPR120/�-arrestin-
2 complex recruits TAB-1, which disrupts TAK-1 thus inhibiting JNK signalling
and in turn reducing inflammation. GPR120/�-arrestin-2 complex also promotes
GRP120 internalisation. Definitions: PLC, phospholipase C; PIP2, phosphatidyli-
nositol 4,5-bisphosphate; DAG, diacylglycerol; PKC, protein kinase C; ERK, ex-
tracellular signal-regulated kinases; IP3, 1,4,5-trisphosphate; Ca2+, calcium; �arr2,
�-arrestin 2; TAB-1; TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 1;
TAK-1, transforming growth factor beta-activated kinase 1; JNK, c-Jun N-terminal
kinase; NFB, nuclear factor kappa B.
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Two years later, Ichimura and colleagues published a very important study showing

that GPR120 knockout mice fed a high-fat diet are more susceptible to diet-induced

obesity than the wild-type mice, implying that GPR120 is protective against high-

fat diet-induced obesity [191]. In line with increased adiposity, GPR120 knockout

mice on a high-fat diet had significantly increased levels of leptin, suggesting the

development of leptin resistance (as commonly observed in obese humans). In ad-

dition, GPR120 knockout mice developed fatty liver, and glucose intolerance, with

decreased adipocyte di↵erentiation and lipogenesis. In these mice insulin resistance

was associated with reduced insulin signalling and increased inflammation in adipose

tissue. It is important to consider with such a study that knockout mice models have

both advantages and disadvantages. One limitation is that knocking out a gene may

trigger unexpected compensatory or redundancy mechanisms, so it can be di�cult

to ascertain if the actions of these homologous genes have resulted in some pheno-

types being masked [264]. However, disabling a gene is also a very precise ablation

method and can be one of the only ways to determine the precise role of numerous

endogenous factors [264]. Besides knockout mice, to identify links between GPR120

and obesity in human, genetic association studies were carried out in a cohort of

almost 15 000 participants of European descent [191]. Using GPR120 exon sequenc-

ing in obese individuals it was revealed that a deleterious non-synonymous mutation

(p.R270H) exists that leads to inhibition GPR120 signalling activity. The p.R270H

mutation was also found to increases the risk of developing obesity in European

populations [191].

These studies solidify the relationship between GPR120 and metabolic disor-

ders including obesity, though they do not explore the mechanisms that underlie the

observed e↵ects of GPR120 stimulation or deficiency on metabolism. A recent study

in brown adipose tissue by Schilperoort and colleagues explored the potential mech-

anisms that result in improved metabolic health through GPR120 agonism [329].

By activating GPR120 in mice with the selective agonist TUG-891, they observed

that fat oxidation was increased, and body weight, as well as, fat mass was reduced

in mice. This study revealed that these metabolic improvements may be elicited

through increased mitochondrial function. Stimulation of brown adipocytes in vitro

with TUG-891 acutely induced oxygen consumption, mitochondrial depolarization,

and mitochondrial fission, but also activated UCP1. Additionally, our lab found that

GPR120 activation by TUG-891 in white adipocytes from mice also lead to increased

oxygen consumption (unpublished data). As GPR120 activation reduces white adi-

pose tissue mass and improves metabolic markers such as adiponectin and insulins

sensitivity in this tissue, it would be of interest to investigate whether GPR120 ag-
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onism improves mitochondrial function in white adipose tissue as a mechanism to

reduce adiposity and metabolic disease.
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1.4 Research hypothesis and aims

1.4.1 Research Hypothesis

The hypothesis for this research is as such: The onset of mitochondrial dysfunction

in adipose tissue isolated from women occurs in the overweight stage; worsening

through into obesity. This is in part due to increasing levels of ER stress, as of-

ten observed during obesity, in human adipocytes. The resultant mitochondrial

dysfunction can be reversed by GPR120 agonism using a potent GPR120 ligand.

1.4.2 Research aims

The broad aim of this study was to investigate mitochondrial form and function in

obesity with a specific focus on human adipocytes and adipose tissue. To address

this hypothesis, the specific aims were to:

1. Assess the regulation of adipose mitochondrial function in the development of

human obesity.

2. Determine if ER stress is a mechanism by which mitochondrial dysfunction is

induced in human adipocytes during obesity.

3. Examine if GPR120 agonism positively impacts on adipocyte mitochondrial

function, as a potential treatment for the maladaptation of mitochondria in

metabolic disease.

1.4.3 Research objectives

1. In order to ascertain the extent of mitochondrial gene expression changes in

obesity and how they progress during weight gain, adipose tissue from ab-

dominal subcutaneous and omental depots will be isolated from a large female

cohort. Following optimised RNA isolation, genes encoding key mitochondrial

functions, including mitochondrial biogenesis, oxidative phosphorylation, mi-

tochondrial dynamics, and antioxidant action will be assessed using real-time

PCR.

2. To characterise the e↵ects of ER stress on mitochondrial function, human

adipocytes will be exposed to an ER stressor, namely tunicamycin, over a pe-

riod of one to three days. Once treated, various important parameters of mito-

chondrial health will be investigated such as mitochondrial respiration, mem-

brane potential, production of reactive oxygen species, mitochondrial number

and mitochondrial dynamics.
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3. Lastly, to elucidate how GPR120 activation impacts of mitochondrial func-

tion is human adipocytes, firstly a specific and potent agonist of GPR120

must be determined by assessing kinase phosphorylation and receptor inter-

nalisation. Once identified, the ligand will be used to stimulate GPR120 in

human adipocytes and again mitochondrial health will be assessed for indi-

cators of mitochondrial function. These measures will include mitochondrial

respiration, dynamics, and membrane potential, as well as quantification of

key mitochondrial genes.
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Chapter 2

General Methods and Materials
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This chapter outlines the materials and methods used throughout this thesis. It

provides descriptions of the study cohorts, mammalian cell culture, molecular bi-

ology techniques, microscopy, biochemistry techniques and functional assays used

to study mitochondrial form and function in human adipocytes and white adipose

tissue, and the principles behind them.

2.1 Ethical approval

2.1.1 Adiposity study

The University Hospital Coventry and Warwickshire NHS Trust Research and De-

velopment Department provided ethical approval for the collection of human adipose

tissue and issued the following approval number: SK06/9309. Each participant pro-

vided written and informed consent in accordance with the Declaration of Helsinki

and had adipose tissue collected at University Hospital Coventry and Warwickshire

NHS Trust.

2.1.2 Bariatric surgery study

The Ethics Committee of the Institute of Endocrinology, Prague, Czech Republic

provided ethical approval for this study. All participants provided written and

informed consent in accordance with the Declaration of Helsinki before undergoing

bariatric surgery. The study was funded by the European Foundation for the Study

of Diabetes through the New Horizons Collaborative Research Initiative (Research

grant number: 1113 09).

2.2 Study participants and adipose tissue collection

2.2.1 Adiposity study

A total of one hundred and thirty women undergoing abdominal elective

non-emergency surgery were recruited for this study, consisting of lean (age:

32.07± 5.40 yr; BMI: 22.17± 1.90 kg/m2, n=44), overweight (age: 31.45± 6.97 yr;

BMI: 27.40± 1.34 kg/m2, n=49) and obese (age: 31.19± 5.78 yr; BMI:

35.25± 4.70 kg/m2, n=37) participants. BMI categories were as follows: BMI of

less than 25 kg/m2 was considered lean, a BMI between 25 kg/m2 and 30 kg/m2 was

overweight and a BMI over 30 kg/m2 was obese. Paired abdominal subcutaneous

(AbdSc) and omental (Om) adipose tissue were collected. Adipose tissue biopsies
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were snap frozen immediately for the future extraction of RNA and/or used for the

isolation of human preadipocytes.

2.2.2 Bariatric surgery study

For this study, thirty-one morbidly obese women (age: 54.15± 7.21 yr; BMI:

42.92± 6.28 kg/m2) undergoing bariatric surgery at the OB Clinic, Prague, Czech

Republic were recruited to participate. For the purposes of this study patients

were investigated before the surgery (baseline) and six months after the procedure.

Biochemical and anthropometry analysis were carried out at both visits. Abdominal

subcutaneous adipose tissue biopsies were collected on the day of the surgery and

six months after. Adipose tissue samples were flash frozen in liquid nitrogen

immediately after collection, and stored at �80 �C to ensure minimal damage or

degradation for the future isolation of RNA.

2.3 Blood biochemistry and BMI

Fasted blood samples were taken after an 8 to 10 h overnight fast, collected in chilled

EDTA-containing tubes, aliquoted and frozen at �80 �C until assayed. These serum

and plasma samples were used to assess the metabolic, hormonal and inflammatory

profiles of all subjects (i.e. insulin, glucose, total cholesterol, HDL, triglycerides).

Lipid profiles were measured at the George Eliot Hospital NHS Trust for both stud-

ies. For the bariatric study fasted glucose and insulin levels measured by our Czech

collaborators using the Cobas 6000 analyser (Roche, Mannheim, Germany). For

the adiposity study analysis of serum glucose was carried out by using the hexok-

inase enzymatic method at the George Eliot Hospital NHS Trust, and insulin was

measured with Human Insulin ELISA kits (Mercodia, Uppsala, Sweden; see Section

2.3.1). Insulin resistance was assessed using the homeostatic model assessment of

insulin resistance (HOMA-IR) according to this formula [176]:

HOMA� IR =
[fasting glucose(mmol/l)⇥ fasting insulin(mIU/l)]

22.5
(2.1)

The Friedwald formula:

LDL-cholesterol = Total cholesterol�HDL-cholesterol� (Triglycerides/2.19) (2.2)

was used to calculate serum levels of LDL-cholesterol [116]. The height and weight

of patients was measured to the nearest 1 cm and 0.5 kg, respectively.
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2.3.1 Enzyme linked immunosorbent assay (ELISA)

2.3.1.1 Principle of insulin ELISA

The Mercodia Human Insulin ELISA kit (intra-assay %CV=4.4; inter-assay

%CV=3.2) was used to measure insulin levels in serum. This is a solid phase

two-site enzyme immunoassay based on the sandwich method. In this technique

the antigen (insulin) binds to anti-insulin antibodies bound to microplate wells.

Enzyme (peroxidase) linked antibodies specific to insulin then bind to the immo-

bilised insulin. A substrate (3,3’,5,5’-tetramethylbenzidine; TMB) is added which

is converted by peroxidase to produce a coloured product. To stop the reaction, an

acid is added, giving a colorimetric endpoint that is read spectrophotometrically.

An overview of this method is illustrated in Figure 2.3.1.1.

1. Microplate coated
with insulin antibody

Wash Wash

2. Serum and 
standards are

added

Insulin

3. Peroxidase-linked 
anti-insulin antibody

binds insulin

Peroxidase

4. TMB is converted 
into a coloured 

product by enyzme

TMB

Figure 2.3.1.1: Illustration of Sandwich ELISA method.

2.3.1.2 Insulin ELISA assay protocol

To carry out this assay a six-point standard curve was made up by serial dilution of

recombinant human insulin. Standards and samples (25 µl) were added into appro-

priate wells coated with anti-insulin antibodies and incubated at room temperature

for 1 h to bind insulin. Once bound, 100 µl enzyme conjugate (peroxidase-conjugated

anti-insulin antibodies) was added to each well and incubated at room temperature

for another hour. Using an automatic plate washer, wells were washed 7⇥ with wash

bu↵er to remove unbound antibodies. After washing, 200 µl TMB (colourimetric

substrate) was added and incubated for 15min at room temperature allowing the

substrate to be converted by peroxidases. The reaction was stopped by adding 50 µl
stop solution and the optical density was read at 450 nm. Standard curves were

drawn to determine unknown insulin concentrations.
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2.4 Adipocyte cell culture

2.4.1 Preadipocyte isolation from adipose tissue

Adipose tissue derived stromal cells were isolated from human AbdSc adipose tissue

as previously described by Schä✏er and Büchler [327]. Visible connective tissue and

blood vessels were removed, before 3 to 10 cm2 of AbdSc adipose tissue was finely

cut into 2mm pieces and digested with collagenase class 1 (2mg/mL; Worthing-

ton Biochemical Corporation, Lakewood, NJ) in 1⇥ Hank’s balanced salt solution

(HBSS; Fisher Scientific, Loughborough, UK). To form a smooth lipid and colla-

genase mixture the adipose tissue was placed in a shaking water bath at 37 �C for

30min. This mixture was filtered through a sterile double-layered cotton mesh and

centrifuged at 200⇥g for 5min, resulting in three distinct layers: 1) the pellet con-

taining the stromal vascular section (SVF); 2) the aqueous middle layer; and 3) the

top layer consisting of lipid filled mature adipocytes.

The upper layer of mature adipocytes was removed and stored at �80 �C.

The SVF pellet was resuspended in erythrocyte lysis bu↵er and incubated for 5min

at room temperature to remove contamination by red blood cells. The cell suspen-

sion was centrifuged at 200⇥g for 5min and the resultant cell pellet was transferred

into a culture flask containing Dulbeccos modified Eagles medium with high glucose

(DMEM/F12; Invitrogen, Loughborough, UK) supplemented with 10% fetal bovine

serum (FBS; Biosera, Kansas City, MO), 1% penicillin/streptomycin (pen/strep;

Fisher Scientific), 1% L-glutamine (Fisher Scientific), fibroblast growth factor-basic

(FGF, 5 ng/ml; Fisher Scientific) and transferrin (10 ng/ml; Fisher Scientific). The

cells were maintained in a humidified tissue culture incubator at 37 �C with 5% CO2,

for at least 16 h at which point the media was refreshed, and thereafter media was

replenished every 2-3 days until 80% confluency was achieved.

2.4.2 Chub-S7 cells

The Chub-S7 cell line (Nestlé Research Centre, Lausanne, Switzerland) was origi-

nally derived from human subcutaneous adipose tissue, by co-expression of human

papillomavirus E7 oncoprotein and human telomerase reverse transcriptase gene.

The cells display an indefinite life span and retain the capacity to di↵erentiate until

at least passage 46 [83]. In this study, they were used primarily to investigate the

e↵ects of ER stress on mitochondrial function.

51



2.4.3 Chub-S7 and primary preadipocyte cell culture

2.4.3.1 Chub-S7 and primary preadipocyte proliferation

Preadipocytes were cultured and di↵erentiated as previously described by Al-

husaini and colleagues [9]. Cells were cultured in a 75 cm2 tissue culture flask

(T75) (Corning, Kennebunk, ME) in DMEM/F12 supplemented with 10% FBS,

L-glutamine and pen/strep until the cells reached 80-90% confluence. Primary

preadipocyte growth media was additionally supplemented with FGF (5 ng/ml)

and transferrin (10 ng/ml). For experiments, cells were trypsinised and seeded at

density 4⇥ 104 cells/cm2 unless otherwise stated, in a volume of growth medium

according to the well capacity of the culture plate.

2.4.3.2 Chub-S7 and primary preadipocyte di↵erentiation

Once confluent, cells were di↵erentiated for 6 days in di↵erentiation media (Promo-

cell, Heidelberg, Germany). After this period, the cells were maintained in nutrition

media (Promocell) for a further 8 days until fully di↵erentiated (see Table 2.4.3.1 for

full list of media formulations). During the proliferation and di↵erentiation of cells,

media was replenished every second day and cells were maintained in a humidified

tissue culture incubator at 37 �C with 5% CO2.

Growth Media Di↵. Media Nutrition Media Basal Media

[mmol] [µg/ml] [µg/ml]

FBS 10% FBS 3% FCS 3% BSA 0.5%

L-Gln 2 D-biotin 8 D-biotin 8

Insulin 0.5 Insulin 0.5

Dex 0.4 Dex 0.4

IBMX 44

L-thyroxine 0.009

Citglitazone 3

Table 2.4.3.1: Chub-S7 and primary adipocyte culture media composi-
tion. Abbreviations not previously mentioned in the text are defined here: L-Gln,
L-Glutamine; Dex, Dexamethasone; IBMX, 3-Isobutyl-1-methylxanthine; and di↵,
di↵erentiation. Primary preadipocyte growth media was additionally supplemented
with FGF and transferrin. 1% pen/strep was also added to media where downstream
experiments were not examining mitochondrial function.
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2.4.4 SGBS adipocytes

The human Simpson-Golabi-Bheml syndrome (SGBS) preadipocyte cell strain was

used as an in vitro experimental model to study the receptor GPR120. The cells

were originally derived from the stromal cells of a subcutaneous adipose tissue spec-

imen from a male infant with SGBS [388]. They were neither transformed nor

immortalised, yet are able to proliferate up to 50 generations with retained capacity

for adipogenesis [107].

2.4.5 SGBS proliferation and di↵erentiation

2.4.5.1 SGBS proliferation

SGBS adipocytes were kindly provided by Martin Wabitsch at the University of

Ulm, Germany, and were cultured according to a protocol established by himself

and colleagues [107, 388]. Briefly, SGBS adipocytes were grown in DMEM/F12

medium supplemented with 10% FBS (Thermofisher), biotin (Sigma-Aldrich) and

pantothenate (Sigma-Aldrich). Cells were grown to 100% confluence in T75 flasks,

at which point the cells were trypsinised and seeded into the appropriate dishes for

further experiments at density 4⇥ 104 cells/cm2.

2.4.5.2 SGBS di↵erentiation

�10 �5 0 5 10 15

PPARy-agonist

Dexamethasone/IBMX

Cortisol/Transferrin/T3

Insulin

FBS

4

4

14

14

�4

Days

Figure 2.4.5.1: Optimal di↵erentiation scheme for human SGBS adipocytes [107].

For di↵erentiation, an optimised di↵erentiation protocol was followed, as de-

picted in Figure 2.4.5.1. To induce adipose di↵erentiation of preadipocytes, cells

were repeatedly washed with warm PBS (phosphate bu↵ered saline) to remove any
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FBS, as adipogenic di↵erentiation of SGBS cells can only be achieved under serum-

free conditions. The cells were then maintained in serum-free di↵erentiation me-

dia for 14 days and media was replenished every 4 days. This media consisted of

DMEM/F12 supplemented with biotin, pantothenate, transferrin (Sigma-Aldrich),

insulin (Thermofisher), cortisol (Sigma-Aldrich) and triiodothyronine (T3; Sigma-

Aldrich). For the first 4 days of di↵erentiation the media was additionally supple-

mented with dexamethasone (Sigma-Aldrich), IBMX (Sigma-Aldrich) and rosigli-

tazone (Cayman Chemical, Cambridge, UK). A full list of media formulations can

be found in Table 2.4.5.1. During proliferation and di↵erentiation, and cells were

maintained in a humidified tissue culture incubator at 37 �C with 5% CO2.

Growth Media Di↵. Media (Day 0) Di↵. Media (Day 4)

[µmol] [µmol] [µmol]

FBS 10% Transferrin 1300 Transferrin 1300

D-biotin 330 D-biotin 330 D-biotin 330

Pantothenate 170 Pantothenate 170 Pantothenate 170

Insulin 0.02 Insulin 0.02

Cortisol 0.1 Cortisol 0.1

T3 0.0002 T3 0.0002

Dex 0.025

IBMX 250

Rosiglitazone 2

Table 2.4.5.1: SGBS adipocyte culture media composition in DMEM/F12
medium. Media was additionally supplemented 1% pen/strep where downstream
experiments did not involve examining mitochondrial function.

2.4.6 Treatment of adipocytes

Before treatment, di↵erentiated adipocytes were cultured with basal media consist-

ing of DMEM/12 medium supplemented with 0.5% bovine serum albumin (BSA;

Sigma-Aldrich, Haverhill, UK) for 24 h, to remove components of the nutrition media

including growth factors and insulin.

2.4.6.1 Tunicamycin treatment

For the study of ER stress of adipose mitochondria in human adipocytes, after 24 h

exposure to basal media, the adipocytes were treated with DMSO (vehicle control)
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or tunicamycin (0.25 µg/ml and 0.75 µg/ml) for 24 h, 48 h and 72 h. The cells were

maintained at 37 �C with CO2 and media was replenished every 24 h).

2.4.6.2 Treatment with GPR120 agonists

To define the e↵ects of GPR120 agonism on mitochondrial function in human

adipocytes, di↵erentiated cells were stimulated with the following synthetic lig-

ands: TUG-891 (10 µmol), TUG-1096 (10 µmol), TUG-1197 (10 µmol), GSK137647

(50 µmol) and GW9508 (100 µmol) in DMSO. The vehicle, DMSO, was used as a

control.

2.4.7 Sca↵old-free generation of SGBS spheroids

Mature SGBS spheroids were grown using the previously described hanging drop

technique [186]. To set up the system, SGBS cells were proliferated using SGBS

growth media in T75 or T175 flasks, once 100% confluent the cells were trypsinised

and counted with a haemocytometer. The cell suspension was mixed with methyl

cellulose (20% of final volume; Sigma-Aldrich) and droplets consisting of 20,000

cells were deposited onto the underside of the lid of a 10 cm2 round cell culture

dish (Corning) at 20 µl per droplet. The lid was inverted and placed on a dish

containing sterile PBS for humidity to allow the cells to self-organize into sca↵old-

free spheroids in the hanging drops. After 4 days of proliferation, the spheroids

were gently transferred with pasteur pipettes onto low attachment plates (Corning),

filled with SGBS di↵erentiation media which was changed after 4 days to media

without dexamethasone, IBMX and rosiglitazone for a further 10 days. Throughout

proliferation and di↵erentiation, the cells were maintained in a humidified tissue

culture incubator at 37 �C with 5% CO2.

2.4.8 HEK293 cell culture and transfection

HEK293 cells are a cell line derived from human embryonic kidney cells, that are

widely used in cell biology due to their ease of growth and transfection. HEK293 cells

were proliferated on glass slides, coated with 0.1% gelatine, in DMEM/F12 media

supplemented with 10% FBS, pen/strep and L-glutamine. Cells were grown to 50%

confluence. For transfection GPR120, GFP and pCI plasmids were transfected into

HEK293 cells with FuGene HD transfection reagent (Promega, Madison, WI) using

a FuGene HD:DNA ratio of 3:1. In short, 0.02 µg/µL plasmid solutions were made

up in a DMEM/F12 and FuGene mixture at room temperature. This mix was added

directly to the SGBS cells, pipetted up and down to mix, and allowed to incubate
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Figure 2.4.7.1: Three-dimensional spheroid culture using the hanging drop
method.

at room temperature for 15minute. The cells were incubated for 24 to 48 h at 37 �C

with 5% CO2. Transfection e�ciency was assessed 24 to 48 h post-transfection, by

monitoring GFP expression using an EVOS M7000 microscope (Thermofisher).

To image GPR120 localisation, GPR120 and pCI transfected cells were fixed

with 4% paraformaldehyde in PBS (A↵ymetrix, Buckinghamshire, UK) for 15min

at room temperature. Cells were then blocked and permeabilised simultaneously in

1⇥ PBS containing 0.1% Saponin and 5% goat serum for 1 h at room temperature.

Blocked cells were incubated with or without (negative control) GPR120 primary

antibody (1:50; Santa Cruz), diluted in 1⇥ PBS containing 0.1% saponin and 5%

goat serum, overnight at 4 �C. Slides were washed 3⇥ for 5min with wash solution

(1⇥ PBS, 0.1% Saponin) to remove any unattached GPR120 antibody. HEK293

cells were incubated with Alexa Fluor 488 secondary antibody (1:200; Invitrogen)

diluted in 1⇥ PBS containing 0.1% Saponin and 5% goat serum for 1.5 h at room

temperature, and again washed 3⇥ for 5min with wash solution. Coverslips were

mounted on glass slides with Hard Set Mounting Medium with DAPI (Vectashield;

Vector Laboratories, Peterborough, UK), and left to set overnight. Immunofluores-

cence was observed using an UltraVIEW Confocal Imaging System (PerkinElmer,

Waltham, Massachusetts) equipped with a 40⇥/1.4 NA oil-immersion objective.

2.5 Mycoplasm testing

Cells brought in from other laboratories are characterised as a main source of my-

coplasm contamination in the laboratory [379]. Use of these contaminated cells

can a↵ect every aspect of a cell’s physiology, leading to erroneous results. SGBS
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cells were therefore tested on arrival for mycoplasm contamination using polymerase

chain reaction (PCR). The protocol was derived from Upho↵ and Drexler [379].

To ensure mycoplasm was within the detection level of the assay, growth

media that had been in contact with a dense culture of SGBS cells (80-100% con-

fluent) for a few days, was collected. The collected cell culture supernatant was

heated for 5min at 95 �C to denature the samples and spun at 12 000⇥g for 2min

at room temperature. Thereafter, the PCR was carried out in a final volume of 25 µl
in REDTaq ReadyMix PCR Reaction Mix (Sigma-Aldrich) containing 0.1mmol of

each oligonucleotide (see Table 2.5.0.1), 2 µl cell culture supernatant and RNase free

water (Qiagen, Manchester, UK). Two negative controls were also prepared; 1) via

the addition of RNase free water in place of the cell culture supernatant; and 2)

by replacing the SGBS cell culture supernatant with cell culture supernatant from

non-contaminated endometrial stromal cells. Each sample was vortexed, briefly

centrifuged and then transferred to a thermocycler (iCycler iQ, Biorad, UK).

To start the PCR, the reaction was heated to 95 �C for 2min, activating

the Taq DNA polymerase. Following the activation step, 5 cycles of low specificity

amplification were run to ensure multiple species of mycoplasm were amplified. The

parameters for this were 94 �C for 30 s, 50 �C for 30 s, and 72 �C for 35 s. After

this initial amplification cycle, 30 cycles of 94 �C for 15 s, 56 �C for 15 s, and 72 �C

for 30 s were run with higher specificity to avoid false positives. The samples were

then cooled down to 4 �C. The resultant reaction mix and Quick-Load Purple 1

kb DNA Ladder (Biolabs, Cheshire, UK) were electrophoresed on a 1.5% agarose

gel stained with SYBR green Safe DNA Gel Stain (Invitrogen) for 30min. The

specific products were visualised under ultraviolet light using the Chemi-Genius 2

Bio-Imaging System (Syngene, Cambridge, UK) and the results were photographed.

Forward primer Reverse primer

CGCCTGAGTAGTACGTTCGC GCGGTGTGTACAAGACCCGA

CGCCTGAGTAGTACGTACGC GCGGTGTGTACAAAACCCGA

TGCCTGAGTAGTACATTCGC GCGGTGTGTACAAACCCCGA

TGCCTGGGTAGTACATTCGC

CGCCTGGGTAGTACATTCGC

CGCCTGAGTAGTATGCTCGC

Table 2.5.0.1: Primers for detecting mycoplasm using PCR. Oligonucleotide
primers used for the amplification of 16s ribosomal deoxyribonucleic acids to detect
multiple species of mycoplasm.
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2.6 Lipid staining of adipocytes

Visualisation of lipids by Oil Red O staining was performed as detailed by Culling

[76] with minor changes. Oil Red O is able to stain lipids due to its high solubility

in neutral fats over the alcohol it is dissolved in, the Oil Red O therefore moves from

the isopropanol to the adipocyte lipid droplets where its red colour sequesters.

SGBS adipocytes were cultured in a monolayer as previously described in

Section 2.4.5. To monitor di↵erentiation, lipids were stained on the day of di↵er-

entiation induction and 5, 10 and 14 days post-induction. On selected days cells

were washed once with PBS, fixed with 4% paraformaldehyde for 15min at room

temperature and washed again with PBS. A stock solution of 0.25% Oil Red O

(Sigma-Aldrich) in isopropanol was prepared in distilled water to a make up a 60%

staining solution and then filtered with a 0.2 µmol syringe filter. The fixed cells

were stained with the prepared Oil Red O solution for 10min at room temperature.

After incubation, cells were washed with PBS until excess dye was removed. The

cells were then treated with 60% isopropanol (Fisher Scientific) and again washed

with PBS. Subsequently, cells were maintained in PBS to prevent drying out and

imaged with the Eclipse TS100 inverted microscope (Nikon, Melville, NY) equipped

with a 20⇥ objective lens.

2.7 Determination of protein expression

2.7.1 Western blotting

2.7.1.1 Principle of Western blotting

Western blotting is a widely used technique for the detection and characterisation

of proteins in a given sample. It uses SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) to separate denatured proteins based on the length of the polypeptide.

Polyacrylamide gels are inert, crosslinked structures with pore sizes similar to the

radius of most proteins. As protein molecules are forced to move through the gel

by an electric field, larger molecules are retarded by the crosslinked gel more than

smaller molecules, as such, smaller proteins migrating faster and bigger proteins

migrating slower towards the positive electrode (anode). Proteins move towards

the anode due strong reducing agents (e.g. �-mercaptoethanol) and SDS which lin-

earise proteins and impart a negative charge on them. Once separated, the proteins

are transferred onto a solid support, such as a polyvinylidene difluoride (PVDF)

or nitrocellulose membrane using a semi-dry transfer or wet transfer method. The

membrane is then treated with a protein solution to prevent non-specific binding of
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proteins by blocking the hydrophobic binding sites on the membrane. Blocked mem-

branes are treated with a primary antibody that forms an antigen-antibody complex

specifically with the protein of interest. After rinsing the membrane to remove any

unbound antibody, the membrane is exposed to a specific enzyme (horseradish per-

oxidase; HRP) conjugated secondary antibody which binds to the antigen-antibody

complex, emitting very low levels of light at a wavelength of 425 nm. To visualise

the protein bands a substrate is added which reacts with the HRP bound to the

secondary antibody amplifying the light already emitted by HRP. The wavelength

is then detected by a CCD camera to capture the location and intensity of protein

bands.

2.7.1.2 Harvesting proteins for Western blotting

For protein analysis, cultured adipocytes were lysed in 1⇥ RIPA bu↵er (Cell Sig-

naling, Denver, MA) supplemented with Complete Mini protease inhibitor cocktail

tablets (Roche) and phosphatase inhibitor cocktail (8mg sodium fluoride and 20mg

sodium vanadate in 1⇥ RIPA), and scraped on ice for 30 s to extract total protein.

Cell lysates were transferred to 1.5ml tubes and rotated for 15min at 4 �C to sol-

ubilise the proteins. To separate proteins from lipids and cell debris, the samples

were centrifuged at 14 000⇥g for 5min at 4 �C, and the supernatant was transferred

into a fresh 1.5ml tube, carefully avoiding the lipids and cell debris pellet.

2.7.1.3 Determination of protein concentration for Western blotting

After harvest, protein concentrations of the cell lysates were measured with Brad-

ford reagent (Bio-Rad Laboratories, Hercules, CA) using standard concentrations of

BSA (0mg/ml, 2mg/ml, 5mg/ml, 10mg/ml, 15mg/ml, 20mg/ml, 30mg/ml and

40mg/ml). For this, 5⇥ Bradford reagent was diluted to a 1⇥ solution in distilled

water. Using 96-well plates, 200 µl of the 1⇥ Bradford solution was pipetted into

each well, 2 µl of cell lysates or BSA standards were added in triplicate and the

mixtures were mixed for a few second on a plate shaker. After 5min, absorbance

readings were measured at 595 nm with a nano spectrophotometer (GeneFlow, Lich-

field, UK). Equations derived from a second-order polynomial fit of the standard

data were used to calculate unknown protein concentrations.

2.7.1.4 Sample preparation for Western blotting

Samples were prepared in 5⇥ Protein Loading Bu↵er containing �-mercaptoethanol

(GeneFlow), made up to a final volume of 20 µl with distilled water and heated at
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95 �C for 5min to denature the proteins. Samples were then centrifuged for 15 s at

2000⇥g to remove any precipitation from the walls of the 1.5ml tube.

2.7.1.5 SDS-polyacrylamide gel electrophoresis

Western blotting was performed as described elsewhere [196] with some changes

described here. 20 µg of protein was loaded onto a denaturing polyacrylamide gel

and run for 2 h at 100V. Proteins were transferred onto PVDF membranes for

7min at 25V using the TransBlot Turbo system (Biorad, Hercules, CA). Thereafter,

membranes were blocked for 1 h in 5% BSA in Tris-bu↵ered saline with Tween20

(TBS-T; for phosphorylated proteins) or PBS with Tween20 (PBS-T; for total pro-

teins), followed by overnight incubation at 4 �C with the relevant primary antibodies

(antibody dilutions are listed in Table 2.7.1.1). Membranes were then washed for

10min with TBS-T or PBS-T three times, followed by incubation with anti-rabbit-

HRP or anti-mouse-HRP conjugated secondary antibody for 1 hour. Membranes

were washed again for 10min with TBS-T or PBS-T three times. Finally, the mem-

branes were developed using ECL chemiluminescence substrate (GE Healthcare,

Amersham, UK) in a GeneGnome XRQ chemiluminescence imaging system (Syn-

gene, Frederick, MD). Equal protein loading was confirmed by examining �-actin or

GAPDH protein expression, and band intensities were quantified with ImageQuant

TL software (GE Healthcare Life Science, Piscataway, NJ).

2.7.2 Determination of protein kinase phosphorylation levels

A membrane-based antibody array (Proteome Profiler, Human Phospho-Kinase Ar-

ray Kit; R&D systems) was used for determining relative levels of protein kinase

Antibody Concentration Supplier

ERK 1:1000 Abcam; Cambridge, MA

p-ERK 1:1000 Cell Signaling; Denver, MA

Opa1 1:1000 BD Biosciences; San Jose, CA

p-Drp1 1:500 Cell Signaling; Denver, MA

Drp1 1:1000 Cell Signaling; Denver, MA

Mfn2 1:1000 Abcam; Cambridge, MA

�-actin 1:5000 Santa Cruz; Santa Cruz, CA

GAPDH 1:2000 GeneTex; Cambridge, UK

Table 2.7.1.1: Primary antibodies for Western blotting.
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phosphorylation following GPR120 agonism in SGBS adipocytes.

2.7.2.1 Treatments and protein harvest

Di↵erentiated SGBS adipocytes were treated with TUG-891 (10 µmol), TUG-1096

(10 µmol) and GSK137647 (50 µmol) for 5min. Cells were washed once in ice-cold

PBS and harvested with lysis bu↵er (bu↵er 6; R&D systems) at 107 cells/ml. To

solubilise cells, cell lysates were transferred to 1.5ml tubes and rocked gently at 4 �C

for 30min. The samples were centrifuged at 14 000⇥g for 5min at 4 �C to separate

the protein from the lipids and cell debris. To quantify protein concentrations a

Bradford reagent was used as described in Section 2.7.1.3.

2.7.2.2 Human Phospho-Kinase Array

The Proteome Profiler Human Phospho-Kinase Array was carried out according

to manufacturer’s instructions. Membranes were incubated with blocking bu↵er

at room temperature for 1 h on a rocking platform shaker. Membranes were then

incubated overnight with 600 ug of protein at 4 �C. The membranes were washed 3⇥
for 10min with 1⇥ wash bu↵er to remove unbound protein followed by incubation

with biotinylated detection antibodies for 2 h at room temperature. The membranes

were again washed with 1⇥ wash bu↵er 3⇥ for 10min. Subsequently, the membranes

were submerged in Streptavidin-HRP for 30min at room temperature and washed

a final time. To detect a signal from each capture spot, chemiluminescent detection

reagents were applied. The proteins of interest were detected using the GeneGnome

XRQ chemiluminescence imaging system and spot intensities were quantified with

ImageQuant TL software.

2.8 Determination of gene expression

2.8.1 Total RNA isolation

RNA was extracted from adipose tissue and adipocytes using one of two methods:

our labs manual phenol-chloroform RNA extraction method or the spin column-

based RNA purification. To avoid ribonuclease (RNase) contamination RNase-free

tips, 1.5ml tubes and water were used.

2.8.1.1 Phenol-chloroform RNA extraction

Cultured primary adipocytes and SGBS adipocytes were washed once with PBS,

the cells were then lysed with QIAzol (Qiagen). For RNA isolation from adipose
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Figure 2.8.1.1: Schematic outline of RNA extraction with manual phenol-
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is lysed and homogenised, RNA is then separated with QIAzol. Afterwards, the
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tissue, 100mg of frozen adipose tissue was homogenised in 1ml QIAzol reagent and

centrifuged at 12 000⇥g for 5min at 4 �C to separate out cell debris and excess

lipids. The cell and tissue lysates were incubated for 5min at room temperature to

allow for the complete dissociation of nucleoprotein complexes. For every millilitre

of QIAzol, 200 µl chloroform was added, this mixture was shaken vigorously for

15 s, incubated at room temperature for 2 to 3min and centrifuged at 12 000⇥g

for 30min at 4 �C. Following centrifugation, the mixture separated into a lower

phenol-chloroform phase, an interphase, and a colourless upper aqueous phase. The

lower red phenol-chloroform phase and the interphase, containing the protein and

DNA, respectively, were discarded. The upper aqueous phase containing RNA was

precipitated by adding 0.5ml isopropanol per 1ml QIAzol and allowing the mixture

to incubate at room temperature for 10min. Following precipitation, the samples

were centrifuged at 12 000⇥g for 30min at 4 �C. The resultant RNA pellet was

washed with 75% ethanol and again centrifuged at 12 000⇥g for 30min at 4 �C.

The pellet was air-dried and resuspended in 10 µl RNase-free water.

To remove potential DNA contamination, RNA was treated with equal parts

amplification grade DNase I (DNase I kit; Sigma-Aldrich) and 10⇥ DNase I bu↵er

for 15min at room temperature. The reaction was stopped by adding stop solution

and incubating the samples for 10min at 65 �C to inactivate the DNase I.

2.8.1.2 Spin column-based RNA purification

For RNA isolation from adipose tissue, 100mg of frozen adipose tissue was ho-

mogenised in 1ml QIAzol reagent on ice. To separate out cell debris and excess

lipids the samples was centrifuged at 12 000⇥g for 5min at 4 �C. The aqueous layer

was transferred to a new tube, avoiding the floating lipid layer and cell debris pel-

let. Tissue lysates were incubated for 5min at room temperature to allow for the

complete dissociation of nucleoprotein complexes. For every millilitre of QIAzol,

200 µl chloroform was added, this mixture was shaken vigorously for 15 s, incubated

at room temperature for 3min and centrifuged at 12 000⇥g for 30min at 4 �C. Fol-

lowing centrifugation, the colourless upper aqueous phase was carefully transferred

to a fresh tube. RNA was then purified following the RNeasy Lipid Tissue Mini

Kit (Qiagen) instructions. Samples were digested with DNase I to remove genomic

gDNA contaminants.

To isolate RNA from cultured Chub-S7 cells, adipocytes were washed once

with ice-cold PBS followed by cell lysis by scraping cells for 30 s at 4 �C in Bu↵er

RLY (Bioline, Memphis, TN) supplemented with 1% �-mercaptoethanol (Sigma-

Aldrich). The cell lysates were then agitated with a pipette to promote further
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cell lysis and the content was collected in a 1.5ml tube. RNA isolation from the

cell lysates was performed using the isolate II RNA Mini Kit (Bioline) according to

manufacturers instructions. Isolated RNA was eluted in 10 µl RNase-free water and

digested with DNase I.

2.8.2 cDNA Synthesis

2.8.2.1 Principle of cDNA synthesis

The synthesis of cDNA from total mRNA, via reverse transcription, requires a re-

verse transcriptase enzyme in the presence of nucleotides and a primer (e.g. Random

Hexamer Primers). Isolated mRNA is denatured to allow it to serve as a template

to which Random Hexamers anneal at their complementary regions. Once bound,

cDNA is synthesised by reverse transcriptase using dNTPs (dATP, dGTP, dCTP

and dTTP) as precursors. The final step in reverse transcription reactions is the

deactivation of reverse transcriptase using high temperatures (refer to Figure 2.8.2.1

for an overview of the three main steps). The resultant RNA-DNA hybrid prod-

ucts can be used for downstream applications such as Real Time Quantitative PCR,

which amplifies the cDNA and allows for the qualification of RNA proportional to

the initial amounts of RNA in a given sample.

2.8.2.2 cDNA synthesis protocol

For synthesis of cDNA, RNA concentrations were determined with a spectropho-

tometer (Nanodrop ND-1000, Labtech) at 260 nm absorbency and 1 ug of RNA was

reverse transcribed in a 20 µl reaction volume. 1 µl of Random Hexamers (Bioline)

and 1 µl of dNTPs (10mmol; Bioline) were added to 1 ug of RNA and made up

to 10 µl with RNase-free water. The reactions were heated at 70 �C for 5min, and

cooled to 4 �C. 10 µl of mastermix (0.5 µl Bioscript; Bioline, 1 µl RNase inhibitor;

Bioline, 4 µl 5⇥ reverse transcriptase bu↵er; Bioline and 4.5 µl RNase-free water)

was added to each sample and placed in a thermalcycler (Bio-Rad Laboratories)

for a cycle of incubations (37 �C, 5min; 42 �C, 55min; 70 �C, 15min; 4 �C, 10min).

cDNA was diluted 1:10 with DNase-free water and stored at �20 �C.

2.8.3 Real Time Quantitative PCR (qPCR)

qPCR is a fluorescent method that is used to monitor mRNA levels in real-time as

opposed to endpoint detection, as is the case in conventional PCR. It is based on

conventional PCR, where, (assuming 100% reaction e�ciency) in every amplification

cycle, the target DNA strands, as specified by sequence-specific primers, are doubled,
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Figure 2.8.2.1: The three main steps of synthesising cDNA. 1) Primer
annealing: Random hexamers anneal to complementary mRNA strand. 2) Reverse
transcription: reverse transcriptase binds to an RNA template and initiates the
reverse transcription reaction. Once bound the reverse transcriptase synthesises the
complementary cDNA strands using dNTPs (dATP, dGTP, dCTP and dTTP). 3)
Enzyme dissociation: After cDNA synthesis, reverse transcriptase is deactivated by
heating the reaction mix to 95 �C.

leading to an exponential amplification of targets. The procedure generally consists

of 40 cycles of three key steps: 1) Denaturation of double stranded DNA. High

temperatures (usually 95 �C) melt the double-stranded DNA into single strands; 2)

annealing of primers to DNA. Sequence-specific primers hybridise to complementary

sequences using temperatures based on the meting temperature of the primers; and

3) extension of primers. The reaction is heated to 72 �C which is optimal for the

activity of DNA polymerase, allowing for primer extension. After each cycle is

complete the amount of DNA amplified is measured via fluorescent dyes and so the

amount of fluorescence detected during amplification is directly proportional to the

amount of amplified DNA in the sample. There are a number of di↵erent ways

by which the amplified DNA is fluorescently labelled. The two reporter systems

most commonly used for qPCR (and in this thesis) are: 1) the SYBR green assay;

and 2) the TaqMan probe system. These systems are detailed below and are also

summarised in Figure 2.8.3.1.

SYBR green is a fluorescent dye that binds to all double stranded DNA
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molecules via insertion between adjacent base pairs. Fluorescent signal is emitted

from SYBR green when it is bound to DNA. When the DNA is denatured, SYBR

green dye is released and fluorescence is reduced drastically. As PCR products are

created by the action of DNA polymerase, the SYBR green dye binds to the resultant

products. As the PCR progresses more DNA products are created increasing the

fluorescent intensity.

TaqMan chemistry uses fluorogenic-labelled probes that make use of the 5’

nuclease activity of Taq DNA polymerase to emit fluorescence. TaqMan probes

are constructed with a non-fluorescent quencher at the 3’ end of the probe and a

reporter dye (e.g. FAM dye and VIC dye) linked to the 5’ end. When the TaqMan

probe is intact, the fluorescence emitted by the reporter dye is severely quenched

due to its proximity to the quencher. However, if the target DNA sequence is

present, the probe anneals to the primer site and is cleaved by the DNA polymerase

during extension. Separating the quencher and reporter dye increases the reporter

dye signal and removes the reporter from the strand allowing primer extension to

continue.

2.8.3.1 PCR with Taqman

Quantitative mRNA expression levels were measured by qPCR using an ABI Prism

7500 thermo cycler (PerkinElmer, Biosystems, Warrington, UK). PCRs were per-

formed in 25 µl reactions on 96-well PCR plates containing 1 µl cDNA, 12.5 µl Taq-
Man Universal PCRMaster Mix (Applied Biosystems), 9 µl RNase-free water, 1.25 µl
18S Taqman probe (Applied Biosystems) and 1.25 µl Taqman target gene probe (Ap-

plied Biosystems; see Table 2.8.3.1 for a full list of probes). All reactions were carried

out in triplicate and multiplexed with the housekeeping gene 18S, an internal ref-

Gene name Taqman probe

18S Hs03003631-g1

mtCYB Hs02596867-s1

mtND1 Hs02596873-s1

mtND5 Hs02596878-g1

CHOP Hs00358796-g1

ATF4 Hs00909569-g1

ATF6 Hs00232586-m1

Table 2.8.3.1: Taqman probes for qPCR.
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Figure 2.8.3.1: Graphical representation of qPCR amplification using
TaqMan and SYBR green fluorescence. The two most common principles of
fluorescent labelling are presented here. On the left hand side, TaqMan probe-based
assay chemistry is shown. A probe with a reporter (R) and a quencher (Q) attached
to the 5’ and 3’ prime ends, receptively, is bound to the strand. When the reporter
and quencher molecules are in this proximity, fluorescence is not emitted. The 5’-
exonuclease activity of TaqDNA polymerase during PCR elongation dislocates the
probe, thus freely emitting fluorescence. On the right hand side, SYBR green dye
assay chemistry is shown. SYBR green is an intercalating fluorophore that strongly
increases its fluorescence when intercalated in double stranded DNA.
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erence used to normalise qPCR data. The 18S gene probe was labelled with the

fluorescent label VIC and all target gene probes were labelled with the fluorescent

label FAM. Reactions were carried out as follows: denaturation at 50 �C for 2min

and 95 �C for 10min, followed by 40 cycles of melting, annealing and elongation

at 95 �C for 15 s and 60 �C for 1min. Negative controls (no template RNA) were

run to ensure the absence of any DNA contamination in the mastermix. Data were

obtained as C
T

values (the number of cycles at which logarithmic PCR plots cross

the threshold line) and the 2���CT method [218] was used to analyse the relative

changes in gene expression from the qPCR experiments where,

��C
T

= (target C
T

� 18S C
T

)
Treatment

� (target C
T

� 18S C
T

)
Control

(2.3)

2.8.3.2 Primer design for PCR with SYBR Green

For SYBR green PCR, primers for each target gene were designed to give a product

of 70 to 110 bp crossing at least one intron-exon boundary to eliminate the po-

tential amplification of gDNA. Additionally, melting temperature and GC content

of primers had to be around 60 �C and 55%, respectively. Primers specific to the

PCR template were designed using Primer3 and BLAST and evaluated with USCS

Genome In-silico PCR. Primers were synthesised by Sigma. The dried nucleic acids

were dissolved in nuclease free water to prepare 100 µmol stock solutions and stored

at �20 �C. Specificity of amplification was confirmed via dissociation curve analysis

and the e�ciency of PCR amplification was checked using a standard curve based

on serial dilutions.

2.8.3.3 qPCR with SYBR Green

mRNA was quantified by SYBR green based qPCR using an ABI Prism 7500 thermo

cycler (96-well PCR machine) or LightCycler 480 (384-well PCR machine; Roche

Applied Science, Penzberg, Germany). PCR reactions performed on 96-well PCR

plates consisted of 3 µl cDNA, 7.5 µl SYBR Green JumpStart Taq ReadyMix (Sigma-

Aldrich), 4.34 µl RNase-free water, 0.2 µl ROX (Sigma-Aldrich) and 0.15 µl each of

the forward and reverse primers (20 µmol; see Table 2.8.3.2 for a full list of forward

and reverse primers). The mastermix for PCR reactions performed on 384-well PCR

plates was made up of 4 µl SYBR Green JumpStart Taq ReadyMix, 2.91 µl RNase-

free water, 0.08 µl each of the forward and reverse primers (at 20 µmol) and 2 µl
cDNA. The PCR program was run according to the recommendations of the man-

ufacturer. After initial denaturation at 95 �C for 2min, reactions were cycled 40⇥
using the following parameters: 15 s melting at 95 �C; 30 s annealing at 60 �C; and
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30 s extension at 72 �C. Gene expression analysis was normalised to the housekeep-

ing genes L19 or 18S, and relative mRNA levels were determined using the 2���CT

method (Equation 2.3).

SYBR green was used to assess gene expression in Chub-S7 adipocytes, SGBS

adipocytes and adipose tissue. It was also used to investigate the e↵ect of GPR120

activation on mitochondrial genes in primary adipocytes isolated from lean (age:

27.75± 6.50 yr; BMI: 20.00± 0.55 kg/m2) and obese (age: 31.00± 5.65 yr; BMI:

36.05± 6.85 kg/m2) subjects taken from a sub-cohort of the adiposity study con-

sisting of six women.

Gene Forward primer Reverse primer

L19 GCGGAAGGGTACAGCCAA GCAGCCGGCGCAAAA

COX4I1 ACCTCTGTGTGTGTACGAGC ACGCCGATCCATATAAGCTGG

DRP1 TGTCTTCTTCGTAAAAGGTTGCC ACAAGCATCAGCAAAGTCTGG

FIS1 TGACATCCGTAAAGGCATCG AAGACGTAATCCCGCTGTTCC

MFN2 GCAGCTTGTCATCAGCTACAC ATGAGCAAAGGTCCCAGACAG

OPA1 AGGGAACAGCTCTGAAAGCAT TCACTTGGTGTGCCTTTAGCA

SOD2 CGTCACCGAGGAGAAGTACC TTCAGTGCAGGCTGAAGAGC

TFAM ACCCATATTTAAAGCTCAGAACCC CCAACGCTGGGCAATTCTTC

NRF1 GAATTGCCAACCACGGTCAC TGGTCATCTCACCTCCCTGT

PGC1↵ TGAAGAGCGCCGTGTGATT CAGTTCTGTCCGTGTTGTGTCA

GPR120L CTCATCTGGGGCTATTCGGC TGGTGGGCCAAATCAGTGTG

GPR120S CCAAAATTTTACAGATCACAAAGGC ATCTGGTGGCTCTCCGAGTA

XBP1S GGTCTGCTGAGTCCGCAGCAGG GGGCTTGGTATATATGTGG

Table 2.8.3.2: Primer sequences for qPCR.

2.8.4 DNA agarose gel electrophoresis to study GPR120 isoforms

DNA agarose gel electrophoresis was used to assess GPR120 isoforms in human

adipose tissue. Agarose (Bio-Rad Laboratories) was dissolved in 1⇥ TAE to give

a 2% solution by boiling in a microwave. The suspension was stained with SYBR

green Safe DNA Gel Stain (Invitrogen) and poured into a casting tray with a comb.

Once set, the gel was submerged in 1⇥ TAE bu↵er in a gel tank. Reaction mixtures

were made up to 18 µl with 3 µl 6⇥ DNA loading bu↵er (Thermofisher) and 15 µl
qPCR product (qPCR was previously run on adipose tissue samples using GPR120-

S and GPR120-L primers). DNA ladder (10 µl) and reaction mixtures (18 µl) were
loaded onto, and passed through the agarose gel at 100V for 1 h. The products were

visualised under ultraviolet light using the Chemi-Genius 2 Bio-Imaging System

(Syngene).

69



2.9 Measuring key parameters of mitochondrial form

and function

2.9.1 Determination of mitochondrial DNA copy number

Although the majority of mitochondrial proteins are encoded by nuclear DNA, mito-

chondria possess their own 16.6 kb genome (mtDNA). The mtDNA encodes thirteen

proteins, all of which are components of the electron transport chain. mtDNA copy

number can thus be quantified as the ratio of a mitochondrial gene to a nuclear

gene.

To quantify mitochondrial copy number, di↵erentiated Chub-S7 were treated

with DMSO (vehicle control) or tunicamycin (0.25 µg/ml and 0.75 µg/ml) for 24 h,

48 h and 72 h. Adipocytes were scraped in PBS for 30 s at 4 �C and proteinase K

(Qiagen) was added to the collected cell lysates. Total DNA was isolated from the

lysates with a silica spin column-based DNA purification kit (DNeasy Blood and Tis-

sue Mini Kit; Qiagen) in accordance to the manufacturers instructions. RNase treat-

ment was performed to eliminate possible RNA contamination. DNA was eluted

from the columns with 100 µl AE bu↵er and quantified using a spectrophotometer.

Relative amounts of mitochondrial DNA copy number were assessed through qPCR

in an ABI Prism 7500 thermo cycler with the use of TaqMan Universal PCR Mas-

ter Mix. Mitochondrial (mtCYB, Hs02596867-s1; mtND1, Hs02596873-s1; mtND5,

Hs02596878-g1; Applied Biosystems) and nuclear (18S; Applied Biosystems) gene

primers were used to determine relative amounts of mitochondrial to nuclear DNA.

2.9.2 OCR and ECAR measurements

A Seahorse Bioscience XF24 extracellular flux analyser (Seahorse Bioscience, Agi-

lent Technologies, Santa Clara, CA) was used to measure mitochondrial respiration.

This technology allows for the simultaneous real-time measurement of oxygen con-

sumption rate (OCR) and extracellular acidification rate (ECAR), which correspond

to oxidative phosphorylation and glycolytic activity, respectively. To measure these

parameters, Seahorse plates are designed specifically to aid binding of adipocytes in

an even monolayer, this is coupled with a FluxPak containing a series of solid state

sensor probes which have embedded fluorophores that measure O2 and H+ levels in

cell culture media. During the assay a cartridge probe is lowered 200 µm above the

adipocyte cell layer and a microenvironment is created, the cell consumes oxygen

and excretes protons that acidify the media, and these are measured in real-time by

fluorescent sensors (Figure 2.9.2.1).
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Figure 2.9.2.1: Schematic representation of the Seahorse XF analyser.

2.9.2.1 Determining the e↵ect of ER stress on mitochondrial respiration

Principle of Seahorse XF Cell Mito Stress Test

The Seahorse XF Cell Mito Stress Test measures key parameters of mitochondrial

function to evaluate mitochondrial function in cells. By using modulators to tar-

get key components of the electron transport chain the test can give readouts of

the basal respiration, proton leak, non-mitochondrial respiration, maximum respi-

ratory capacity and spare respiratory capacity. To measure these parameters four

compounds are serially injected into the cell media:

The first compound is oligomycin. Oligomycin is an antibiotic that inhibits

ATP synthase by blocking its proton channel, the F0 subunit, which is needed for

oxidative phosphorylation of ADP to ATP. In the presence of oligomycin, the inhi-

bition of ATP synthesis also significantly reduces the flow of electrons through the

electron transport chain as the high proton concentration build up is not dissipated,

and so the protons cannot pump against the steep gradient. Given both the inhibi-

tion of oxidative phosphorylation and the indirect e↵ect on the electron transport

chain, oxygen consumption stops.

The second is FCCP, an uncoupler. Oxidative phosphorylation (the synthe-

sis of ATP) and electron transport (the oxidation of FADH2 and NADH by O2)

are normally tightly coupled to each other due to the impermeability of the inner

mitochondrial membrane to protons. Thus, protons are only able to cross the inner

mitochondrial membrane to re-enter the matrix through the proton-translocating

ATP synthase. The presence of FCCP in the inner mitochondrial membrane ren-

ders it permeable to protons, uncoupling oxidative phosphorylation from electron

transport by providing a route for the dissipation of the proton-motive force that

does not require ATP synthesis. Uncoupling therefore collapses the mitochondrial

membrane potential, allowing electron transport to proceed unchecked even when
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ATP synthesis is inhibited, this leads to maximal oxygen consumption.

Finally, a mixture of a mixture of antimycin A and rotenone are used.

Rotenone and antimycin A are potent electron transport inhibitors that inhibit

complex I and III, respectively. Specifically, rotenone is a pesticide that inhibits the

transfer of electrons from iron-sulfur centres of complex I, NADH-Q Reductase, to

ubiquinone. This leads to a back-up of electrons within the mitochondrial matrix,

resulting in a halt of the electron transport chain. The second electron transport

inhibitor, antimycin A, is a fungal antibiotic that prevents the transfer of electrons

from cytochrome b to cytochrome c in complex III by competitively binding to

cytochrome b. Since this bond cannot be formed, the electrons cannot pass any

further and the electron transport chain is blocked. Together these two compounds

e↵ectively completely shutting down mitochondrial respiration.

An example OCR trace showing the OCR response to these compounds is

shown in Figure 2.9.2.2.
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Figure 2.9.2.2: Seahorse stress test profile of the key parameters of mitochondrial
respiration.
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Optimisation of compounds for Seahorse XF Cell Mito Stress Test

Before the Seahorse XF Cell Mito Stress Test can be run, FCCP and oligomycin

require optimisation for the specific cell type being used to e↵ectively examine

metabolic and bioenergetic function. A titration of these metabolic inhibitors al-

lows to obtain the optimal concentration for maximal response for each cell type

without toxicity. Chub-S7 adipocytes and primary adipocytes from lean and obese

donors were therefore used to optimise these two compounds. A titration of FCCP

(0.5 µmol, 1 µmol and 2 µmol) was performed in the presence of oligomycin (1 µmol

and 2 µmol) during a Seahorse Stress Test. The layout of this optimisation is illus-

trated in Figure 2.9.2.3.

The second parameter that must be empirically determined to properly char-

acterize cellular metabolic function is the the cell seeding density. A cell density of

10 000 cells/well was used following cell number optimisation by previous researchers

in our lab. Cell densities of 5000, 10 000 and 20 000 cells/well were tested for each

cell type to cover the range found in the literature [52, 368]. When 5000 cells/well

were seeded, the respiration per well was too low to properly monitor oxygen con-

sumption. The highest concentration generated inconsistent metabolic rates, and

thus 10 000 cells/well was chosen.

Protocol for Seahorse XF Cell Mito Stress Test
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Figure 2.9.2.3: Plate layout of compound optimisation for the Seahorse XF Cell
Mito Stress Test.
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Chub-S7 and primary adipocytes from a cohort of adult patients consist-

ing of lean (age: 28.6± 6.0 yr; BMI: 20.34± 0.90 kg/m2, n=4) and obese (age:

32.0± 5.0 yr; BMI: 37.58± 6.80 kg/m2, n=4) women were used. Cells were seeded

at a density of 10 000 cells/well into gelatine-coated 24-well plates (Seahorse Bio-

science). Di↵erentiated adipocytes were kept in maintenance media overnight. The

Seahorse cartridge was pre-incubated overnight with the calibrant solution at 37 �C

without CO2, and inserted into the instrument to allow for the calibration of probes.

On the day of the assay, cells are incubated for 30min at 37 �C without CO2 in

unbu↵ered assay media prepared with Seahorse base media (Seahorse Bioscience)

containing glucose (17.5mmol; Sigma-Aldrich) and sodium pyruvate (1mmol; pH

7.4; Sigma-Aldrich) to allow temperature and pH of media to reach equilibrium.

After three baseline measurements oligomycin (2 µmol; Sigma-Aldrich), carbonyl-

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 2 µmol; Sigma-Aldrich) and

rotenone/Antimycin A (0.5 µmol; Sigma-Aldrich), were preloaded in the reagent de-

livery chambers and serially injected into the Seahorse wells, followed by three mix-

ing (3min), wait (2min), and measurement (3min) cycles. After the assay, OCR

measurements were normalised per amount of protein using a Bradford protein as-

say. OCR and ECAR were calculated by the Seahorse WAVE software (Seahorse

Bioscience). Respiratory parameters following the Seahorse Stress Test including

basal respiration, spare respiratory capacity (SRC) and ATP production were mea-

sured according to the following equations:

Basal level = Basal measurement�Non-mitochondrial respiration (2.4)

SRC = Maximal respiration� Basal respiration (2.5)

ATP level = Rate before oligomycin� Rate after oligomycin (2.6)

2.9.2.2 Determining the e↵ect of GPR120 agonism on mitochondrial

respiration

A Seahorse assay was used to investigate the e↵ect of GPR120 agonism on mitochon-

drial respiration by directly injecting TUG-891 into the cell media and measuring

OCR and ECAR in real-time. Before the assay, FCCP was optimised by testing 3

concentrations of FCCP: 0.5 µmol, 1 µmol and 2 µmol.

SGBS adipocytes and pre-adipocytes isolated from 6 women: 3 lean (age:

27.75± 6.50 yr; BMI: 20.00± 0.55 kg/m2) and 3 obese (age: 31.00± 5.65 yr; BMI:

36.05± 6.85 kg/m2) were used. On the day of the assay, di↵erentiated adipocytes

were incubated for 1 h at 37 �C without CO2 in assay media. Vehicle (DMSO),

TUG-891 (10 µmol) and FCCP (0.5 µg/ml; optimised concentration) were preloaded
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in the reagent delivery chambers. Cellular oxygen consumption was measured in

real-time every 7min. DMSO or TUG-891 was injected into the wells after three

baseline measurements. After 28min and 42min FCCP was injected and a further

3 measurements were made.

2.9.3 Measurement of mitochondrial membrane potential (MMP)

2.9.3.1 Measurement of MMP with a plate reader

A live cells assay was used to measure MMP in Chub-S7 cells with the fluorescent

lipophilic cationic dye Tetramethylrhodamine ethyl ester (TMRE; Sigma-Aldrich).

The dye is positively-charged and therefore readily sequesters in active mitochon-

dria due to their negative charge, in a manner that is directly proportional to

membrane potential. Chub-S7 cells were grown and di↵erentiated on gelatine-

coated 96-well white opaque plates at a density of 10 000 cells/well. Di↵erentiated

Chub-S7 adipocytes were then treated with DMSO (vehicle control) or tunicamycin

(0.25 µg/ml and 0.75 µg/ml) for 24 h, 48 h and 72 h. Thereafter, cells were incubated

with 300 nmol TMRE in serum-free DMEM/F12 for 30min at 37 �C. As a positive

control for depolarisation, 30 µmol FCCP was added to selected cells for 30min prior

to the TMRE incubation step. Cells with no TMRE or FCCP were used for back-

ground correction. Fluorescence intensities (550 nm excitation and 590 nm emission)

were then measured using a PheraStar FS microplate reader (BMG Labtech, Ayles-

bury, UK). MMP was calculated using the TMRE fluorescence signal relative to the

baseline vehicle control. The membrane potential of cells was calculated with the

relative fluorescence signal of samples using the following formula:

MMP (%) =
treated cells� background

control cells� background
⇥ 100 (2.7)

2.9.3.2 Measurement of MMP with a confocal microscopy

SGBS adipocytes were cultured on 35mm gelatine-coated tissue culture dishes (1.5

Coverslip, 14mm glass diameter; MatTek, Ashland, MA). On the day of the assay,

di↵erentiated adipocytes were incubated with MitoTracker RedCMXRos (100 nmol;

Thermofisher) and MitoTracker Green FM (40 nmol; Thermofisher) for 25min in

DMEM/F12. The dyed cells were washed, and the media was refreshed with

DMEM/12 bu↵ered with HEPES (25mmol). Dishes were place in a 37 �C heated

chamber of the UltraVIEW Confocal Imaging System equipped with a 40⇥/1.4 NA

oil-immersion objective, for imaging. After 30 s cells were stimulated with DMSO or

TUG-891 (10 µmol) and subsequently imaged every 20 s for 10min to detect changes
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in MMP. Control cells were imaged to control for photobleaching. Fluorescence read-

ings (integrated density) and area were measured with ImageJ (version 1.42) and the

following formula was used to calculate the corrected total cell fluorescence (CTCF):

CTCF = Integrated density�(Cell area⇥Mean fluorescence of background) (2.8)

2.9.4 Bioluminescent determination of ATP concentrations

Intracellular ATP was measured using the EnzyLight ATP Assay Kit (BioAssay

Systems, Hayward, CA) according to manufacturer’s instructions. In brief, white

opaque 96-well microplates were coated with 0.1% gelatine, on which Chub-S7 cells

were cultured. Di↵erentiated adipocytes were pre-treated with DMSO (vehicle con-

trol) or tunicamycin (0.25 µg/ml and 0.75 µg/ml) for 24 h, 48 h and 72 h. On the

day of the assay, ATP standards ( 0 to 30 µmol were transferred into blank wells in

duplicate. At the time of the assay, 95 µl assay bu↵er with 1 µl substrate and 1 µl
ATP enzyme were added to each well containing cells. Luminescence was read on a

PheraStar FS microplate reader within 1 minute of adding the assay bu↵er.

2.9.5 Imaging of mitochondria dynamics and mass

To image mitochondrial networks, Chub-S7 adipocytes and SGBS adipocytes were

grown on gelatine-coated 35mm tissue culture dishes. Once di↵erentiated, Chub-S7

cells were pre-treated with vehicle control (DMSO) or tunicamycin (0.75 µg/ml) for

24 h prior to imaging. Chub-S7 adipocytes and SGBS adipocytes were incubated

with 40 nmol MitoTracker Green FM for 25min at 37 �C. The cells were then washed

with DMEM/F12 and media was replaced with HEPES-bu↵ered serum free DMEM

(25mmol; pH 7.4). Dishes were transferred to imaging platforms and maintained at

37 �C. For SGBS adipocytes, after 30 s cells were stimulated with DMSO or TUG-

891 (10 µmol) and subsequently imaged for 10min. A Zeiss LSM 510 META micro-

scope (Carl Zeiss GmbH, Vienna, Austria) or UltraVIEW Confocal Imaging System

equipped with a 40 /1.4 oil DIC plan-apochromat objective lens was used to view

the specimens. Mitotracker Green was excited at 488 nm for imaging. Morphologic

assessment of the mitochondrial networks was conducted on confocal images using

the Mito-Morphology macro for ImageJ (version 1.42) developed and approved for

use by Ruben Dagda [79]. The image of the Mitotracker Green stained mitochondria

was extracted to grayscale and inverted to show mitochondria-specific fluorescence

as black pixels. The threshold was then optimally resolved for individual mitochon-

dria. Subsequently, the ImageJ macro traces mitochondrial outlines and the mean

76



area/perimeter ratio was employed as an index of mitochondrial interconnectivity,

while the inverse circularity was used as a measure of mitochondrial elongation.

2.9.6 Reactive oxygen species/ reactive nitrogen species

Cellular reactive oxygen species (ROS) and reactive nitrogen species (RNS)

were measured by detecting dichlorodihydrofluorescein, the cleavage product of

2,7-dichlorodihydrofluorescein diacetate by ROS and RNS, using the OxiSelect in

vitro ROS/RNS assay kit (Cell Biolabs, San Diego, CA). In short, Chub-S7 cells

were grown to confluence in 6-well plates and di↵erentiated as stated previously

for 14 days. After 24 h exposure to basal media, the cells were treated with vehicle

control (DMSO) or tunicamycin (0.25 µg/ml and 0.75 µg/ml) for 24, 48 and 72 h.

Subsequently, the cells were washed and harvested in ice cold PBS, as opposed to

lysis bu↵er as detergents and denaturants may interfere with the assay. To lyse the

cells, 2⇥ 106 cells/ml were resuspended in PBS, sonicated on ice and centrifuged

at 10 000⇥g for 5min to remove insoluble particles. The assay was performed

according to manufacturer’s instructions in 96-well black plates, and the fluorescent

signals from cells were analysed by plate reader (PheraStar FS microplate reader;

excitation/emission = 488 nm/530 nm). The free radical content (H2O2, NO, ROO·

and NOO–) in samples was calculated by comparison with the predetermined DCF

or H2O2 standard curves.

2.9.7 Endogenous antioxidant activity assays

Activity of endogenous antioxidants SOD and catalase was evaluated through a

colorimetric method, using OxiSelect Superoxide Dismutase Activity Assay (Cell

Biolabs) and OxiSelect Catalase Activity Assay Kits (Cell Biolabs). Di↵erentiated

Chub-S7 cells were treated with vehicle control (DMSO) or tunicamycin (0.25 µg/ml

and 0.75 µg/ml) for 24, 48 and 72 h. The cells were harvested in PBS, sonicated on

ice and vortexed to encourage homogenisation before being centrifuged at 10 000⇥g

for 5min. The assays were carried out in accordance with manufacturers instruc-

tions and absorbance was measured for SOD and catalase at 490 nm and 520 nm,

respectively, on a PheraStar FS microplate reader.

2.10 Immunofluorescence for GPR120 localisation

SGBS adipocytes were seeded on coverslips coated with 0.1% gelatine for im-

munofluorescence stainings. On day 14 of di↵erentiation, cells were fixed with
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4% paraformaldehyde for 15min at room temperature, followed by incubation in

blocking solution (1⇥ PBS, 0.1% Saponin, 5% goat serum) for 1 h. Cells were then

incubated with or without (negative control) GPR120 primary antibody (1:50;

Santa Cruz, Santa Cruz, CA) diluted in blocking solution overnight at 4 �C. To

remove unattached antibodies the slides were washed 3⇥ for 5min with wash

solution (1⇥ PBS, 0.1% Saponin). The cells were then further incubated with

Alexa Fluor 488 secondary antibody (1:200; Invitrogen) diluted in blocking solution

for 1.5 h at room temperature, and again washed 3⇥ for 5min with wash solution.

Coverslips were mounted on glass slides with Hard Set Mounting Medium with

DAPI (Vectashield; Vector Laboratories, Peterborough, UK), and photographed

using a UltraVIEW Confocal Imaging System equipped with a 40⇥/1.4 NA

oil-immersion objective.

2.11 SGBS spheroid imaging and histology

2.11.1 Principle of hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining is an essential technique for recognising

various tissue types and morphologic changes as the stains are able to stain a broad

range of nuclear, cytoplasmic and extracellular matrix features. Hematoxylin is a

basic dye that stains acidic structures and has a deep blue-purple color. Due to the

acidic nature of nucleic acids, the dye therefore stains the nucleus purple. Eosin

is acidic and therefore stains basic structures pink. As most proteins within the

cytoplasm are basic, eosin stains them pink including intracellular membranes and

extracellular fibres. Thus, in a typical tissue, the cytoplasm and extracellular matrix

have varying degrees of pink staining, whereas nuclei are stained purple, showing

considerable intranuclear details.

2.11.2 Hematoxylin and eosin staining of spheroids

H&E staining was carried out on the day di↵erentiation was induced (day 0) and

5, 10 and 14 days post-induction. On the day of harvesting, SGBS spheroids were

transferred into a 1.5ml tube, the media was removed and they were washed with

PBS. Thereafter, the spheroids were fixed in 4% paraformaldehyde overnight at

4 �C and stained with haematoxylin for 5min to dye cell nuclei. The spheroids were

completely dehydrated through three changes of alcohol: 70% ethanol for 1 h, 90%

ethanol for 1 h and 70% ethanol for 1.5 h, before being depara�nised and rehydrated

with a soak in 100% Xylene for 1 h. The fixed spheroids were wax embedded in
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Formula R para�n (Leica Biosystems, Wetzlar, Germany) using the Tissue-Tek

TEC 5 Tissue Embedding Console System (Sakura, Alphen aan den Rijn, NL) and

sliced into 3 µm sections on a microtome. Once sectioned, the spheroid slices were

counterstained with eosin and adhered to coverslips by overnight incubation at 60 �C,

followed by imaging with the Eclipse TS100 inverted microscope. The eosin staining

and sectioning of spheroids were carried out by Katherine Fishwick (University of

Warwick).

2.12 Statistics

Statistical analyses were performed using Microsoft Excel or SPSS 21.0 software

(SPSS, Chicago, IL) and plotted using GraphPad Prism 8.0 software (GraphPad

Software Inc., San Diego, CA). Where data were normally distributed, single treat-

ments were compared with control using the two-tailed unpaired Students t test.

One-way ANOVA was used to compare multiple treatments. If the Shapiro-Wilk

test failed (a test for normal distribution) then non-parametrically distributed data

were analysed with the Mann-Whitney test. For paired samples a two-tailed paired

Students t test was used when data was normally distributed and the Wilcoxon test

was used when data was not normally distributed. Correlation coe�cients between

variables were calculated using Pearsons or Spearmans rank correlation. Results

were expressed as mean values ± standard error of the mean (SEM), unless stated

otherwise and a P-value of  0.05 was accepted as statistically significant. Signifi-

cance levels are indicated as follows: *p< 0.05; **p< 0.01; and ***p< 0.001.
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Chapter 3

Modulation of mitochondrial

genes by adiposity in human

adipose tissue
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3.1 Introduction

Mitochondria play a critical role in the ability of adipose tissue to adapt to chronic

over-nutrition in obesity [50, 56, 73, 281, 332]. Adipocytes interpret nutritional cues

from their environment and coordinate a mitochondrial response to a) oxidise in-

coming carbohydrates and FAs to produce ATP through the Krebs cycle and ETC

(necessary for adipokine synthesis/secretion, lipolysis and lipogenesis in adipocytes)

or b) store these fuels in the form of triglycerides to supply the body with energy

when required. During nutritional excess, the Krebs cycle and ETC become over-

loaded with glucose and fatty acids resulting in mitochondrial stress, causing a

metabolic shift towards increased lipid storage and decreased capacity to generate

ATP via oxidative phosphorylation (OXPHOS) [197]. On a cellular level, this com-

promises mitochondrial function and leads to disrupted lipid- and glucose-handling,

and consequently obesity induced-lipotoxicity [172].

Limited OXPHOS capacity has long been a hallmark of obesity [106, 306,

355, 416]. Human adipocytes from obese subjects show decreased oxygen consump-

tion rates compared with non-obese subjects in a number of studies [106, 355, 416].

It has also been observed that mitochondrial respiration improves following bariatric

surgery in morbidly obese patients [265], and with calorie restriction in skeletal mus-

cle of mice [149]. OXPHOS function is controlled by numerous proteins in the ETC,

a deficiency of one or more of these can result in mitochondrial respiratory dysfunc-

tion [306]. The ETC chain is localised on the inner mitochondrial membrane and

consists of four respiratory chain complexes, as well as two mobile electron carriers

(cytochrome c, ubiquinone) and ATP synthase. These respiratory complexes are

highly interlinked, not only by function but also by their interdependence of indi-

vidual complex maintenance or biogenesis. For example, deficiencies of cytochrome

c oxidase (COX; complex IV) and cytochrome b-c1 complex (complex III) have been

shown to induce a decrease of complex I content and activity, which is often a↵ected

at the level of enzyme assembly [7, 26, 91, 208]. A variety of accessory subunits are

indispensable for the biogenesis of the complexes. For instance, the removal of the

COX4 subunit of complex IV in HEK293 cells has been shown to result in complete

complex IV deficiency, which also caused a profound reduction in complex I [194].

Additionally, it is known that complex IV deficiencies are one of the most common

defects of the ETC seen in mitochondrial and metabolic diseases [6, 120, 233, 303].

In lines with this, in a paper published by the McTernan lab it was demonstrated

that weight loss post-bariatric surgery was associated with enhanced mRNA expres-

sion of COX4I1 (a nuclear-encoded isoform of COX4) [233]. COX4 is therefore one
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of the many subunits of interest for assessing mitochondrial function in obesity.

In addition to OXPHOS impairment, a persistent obesogenic environment

has been shown, through functional studies, to promote mtDNA depletion, alter

mitochondrial reactive oxygen species (ROS) production and promote dynamic im-

balances [251, 286, 373, 404]. Under physiological conditions, mitochondria are ca-

pable of adjusting their abundance and reorganise their highly organised networks

to meet the energetic needs of the cell [212]. Mitochondrial architecture is deter-

mined by a number of fusion and fission events. Mitochondrial fusion is mediated in

mammals by three GTPases, optic atrophy gene 1 (OPA1) and mitofusins (MFN1

and MFN2, located in the outer mitochondrial membrane) [400]. While mitochon-

drial fission is primarily regulated by the GTPase dynamin-related protein 1 (Drp1)

and fission 1 protein (Fis1, located in the outer mitochondrial membrane). Fis1

does not have any GTPase activity, but instead recruits Drp1 to the mitochondrial

membrane [317]. Dysregulated activity of these proteins has been shown to dis-

rupt mitochondrial dynamics and cellular metabolism [424]. For instance, during

long-term nutrient excess, mitochondria in skeletal muscle of obese patients appear

to remain chronically fragmented [21, 180, 251, 286]. Consistent with this, MFN2

expression is decreased [21, 180]. The opposite condition to nutrient excess, starva-

tion, has been observed to result in inhibited mitochondrial fission in a number of

cell lines (C2C12 myoblasts, HeLa and HepG2 cells) [122, 304]. An accompanying

inhibition of Drp1 recruitment to the mitochondrial membrane provided a potential

mechanism for increased mitochondrial size in mouse embryonic fibroblasts [304].

Dysregulated mitochondrial dynamics can also lead to reactive oxygen species

(ROS) accumulation and enhanced lipotoxic species accumulation. ROS play a key

role in the context of compromised metabolic regulation, acting as cellular sensors

to control insulin sensitivity (increased ROS is causally linked to insulin resistance;

[155, 373]) and oxidising cellular lipids to yield reactive lipid species [197]. Obesity

has thus been correlated with systemic oxidative stress in both mice and humans

[117, 203]. Given the detrimental e↵ects caused by ROS induced-oxidative stress,

cells have antioxidant networks to scavenge excess ROS [391]. A key example of

this are superoxide dismutases (SODs), the first line of defence against ROS. They

function by catalysing the conversion of reactive SOD molecules into hydrogen and

oxygen molecules. SOD molecules, including SOD2, are therefore able to limit the

potential toxicity of these superoxide molecules [153, 391].

Moreover, studies have documented that excess calorie intake and obesity is

also associated with a loss of mitochondrial mass [57, 404]. For instance, adipocytes

isolated from ob/ob mice had half the mitochondrial content of adipocytes derived
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from lean mice [404]. Beyond simple obesity, white adipose tissue from diabetic

mice also showed a significant reduction in mtDNA content [57]. This suggests

that mitochondrial biogenesis is compromised in white adipose tissue under stress-

ful conditions. The regulation of biogenesis is controlled by peroxisome-proliferator-

activated receptor co-activator-1↵ (PGC1↵), a transcriptional coactivator, that in-

duces mitochondrial biogenesis by regulating the transcriptional activities of a num-

ber of proteins [411]. PGC1↵ currently has no known intrinsic enzymatic activity or

DNA-binding activity; rather it induces its e↵ects by recruiting other coactivators or

docking to transcription factors [242]. Specifically, PGC1↵ has been demonstrated

to interact with nuclear respiratory factor 1 (NRF1) and nuclear respiratory factor

2 (NRF2) to regulate biogenesis. PGC1↵ performs a dual action when it interacts

with the NRF1/2 transcription factors [411]. Firstly, it stimulates the gene expres-

sion of NRF1 and NRF2. Secondly, it binds to and coactivates the transcriptional

function of NRF1 on the promoter of mitochondrial transcription factor A (TFAM)

to regulate TFAM expression, a direct regulator of mitochondrial DNA replication

and transcription [384]. There is conflicting evidence on how the genes encoding

these proteins are altered in obesity. Skeletal muscle of lean and obese Zucker rats

showed no di↵erence in gene expression levels of PGC1↵ [61]. Additionally, when

previously measured in human adipose tissue the mRNA levels of PGC1↵ also did

not di↵er between lean and obese subjects, though in general visceral adipose tissue

had lower expression levels of PGC1↵ than subcutaneous [320]. Whereas six months

of caloric restriction in skeletal muscle of mice lead to an increase in the expression

levels of TFAM [61]. Moreover, adipose tissue specific deletion of TFAM in mice

protects them against insulin resistance and obesity [385].

In light of this, recent functional studies have observed that calorie restriction

(without malnutrition) preserved mitochondrial function. In skeletal muscle taken

from mice, lifelong calorie restriction improved respiratory function, increased an-

tioxidant scavenging and minimised oxidative damage [298]. Rats on a similar diet

showed enhanced mitochondrial biogenesis, with concomitant increases in ATP syn-

thesis and mitochondrial respiration [137]. Mitochondrial improvements may there-

fore be a major benefit of avoiding excess weight gain.

Despite the emphasis that has been placed on the role of mitochondria in adi-

pose tissue and metabolic disease, relatively little is known about the mitochondrial

gene expression in humans, especially in adipose tissue, whereas in rodent models

this has been studied more extensively [203, 296, 315, 347, 355]. Previous gene profil-

ing studies in skeletal muscle and adipose tissue from rodent models, have revealed

that several mitochondrial genes crucial for adipocyte mitochondrial health were
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negatively impacted by obesity. Genes encoding for OXPHOS complexes and crucial

mitochondrial functions, as well as mitochondrial biogenesis were all downregulated

in high-fat diet-fed, ob/ob, insulin resistant and db/db mice [315, 355]. Even though

there are limitations to using mice to interpret human pathophysiology, these data

do indicate that mitochondrial genes are influenced by adiposity and this deserves

further study in humans. Additionally, we still lack a thorough understanding of

at which stage in the development of obesity mitochondrial maladaptation begins.

Consequently, it would be of great interest to study mitochondrial gene expression

as early as the overweight stage or even earlier in human samples.

An all-female cohort was selected for this study for two main reasons. Firstly,

the over-representation of pre-clinical research that exclusively evaluates males,

means that the majority of drug discovery are skewed against women. This bias,

that considers the human body through a ”male lens”, has public health implica-

tions, as women metabolise drugs di↵erently and can have di↵erent responses to

medical interventions [175, 339]. A decision was therefore made to carry out this

study on women, rather than a mixed or male-only population. Secondly, women are

more likely than their male counterparts to consult their general practitioners and

seek medical help, and thus adipose tissue samples from women were more widely

available for this research [370].

To monitor gene expression, considerable care must be taken to ensure RNA

extractions produce high RNA quality and yield. However, isolation of RNA from

adipose tissue can be challenging due to the high lipid content, resulting in low yields

that can be unusable for qPCR analysis [60]. Commercially available RNA extrac-

tion kits are often used preferentially over manual phenol-chloroform approaches due

to significant contaminants including phenol, chloroform and guanidine that can re-

main in RNA samples, potentially a↵ecting downstream applications. However, the

kits also carry their own limitations, namely: they may produce lower yields than

conventional RNA extraction [60, 167]. The yields and variability of both RNA

isolation methods were therefore explored in this chapter.

Given the literature, it was hypothesised that mitochondrial gene expression

in human adipose tissue from obese women is negatively influenced by adiposity,

thereby o↵ering a potential explanation for the incidence of mitochondrial dysfunc-

tion in obesity. The main purpose of this study was thus to: (1) profile the ex-

pression of mitochondrial genes in abdominal subcutaneous (AbdSc) and omental

(Om) adipose tissue of lean, overweight and obese individuals; and (2) investigate

the relationship between metabolic markers and mitochondrial gene expression in a

large human cohort.
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3.2 Results

3.2.1 Comparison of RNA extraction methods from adipose tissue

The central role of this study was to examine mitochondrial gene expression in

paired AbdSc and Om adipose tissue from a cohort of 130 subjects. Typically,

RNA extraction is performed using one of two methods: commercially available

silica spin column kits or manual phenol-chloroform based extraction. A schematic

summarising the two methods can be found in Figure 2.8.1.1. To compare these two

methods, RNA was extracted from six adipose tissue samples using either our lab’s

manual phenol-chloroform based extraction method or the RNeasy Lipid Tissue

Mini Kit, and outcomes were analysed including yield and gene expression.

To quantify the di↵erences between the two methods, RNA concentrations

and absorption spectra of relevant wavelengths were recorded. Absorbance ratios

260/280 and 260/230 were assessed as measures of RNA purity. The purity levels

as seen in Table 3.2.1.1 were reasonably consistent between the kit and manual

extraction methods. However, manual phenol-chloroform based extraction resulted

in significantly higher yields of RNA (p < 0.01) ranging from 2.2 to 4.2 times

greater yields than RNA extracted using the kit (Figure 3.2.1.1a). This could in

part be due to lipids and crude particles from the lysate blocking the filters, hence

preventing some RNA binding to the filters of the column. This is a commonly

occurring problem with RNA extraction kits and is one of the reasons that manual

phenol-chloroform is sometimes preferentially used over kits.

To quantify the e↵ect of the two di↵erent methods on downstream applica-

tions of RNA, qPCR was performed to measure two common housekeeping genes:

L19 and 18S. The qPCR results indicate that RNA purified using the spin column kit

Silica spin column Phenol-chloroform

[RNA] 260/280 260/230 [RNA] 260/280 260/230

AT 1 133.10 1.99 2.06 553.21 2.01 1.61

AT 2 78.79 2.03 1.54 368.59 2.00 1.93

AT 3 125.10 2.01 1.18 330.94 1.91 1.21

AT 4 55.12 1.97 1.46 123.34 1.88 1.85

AT 5 166.75 2.03 1.84 381.08 1.91 1.87

AT 6 173.07 2.00 1.40 387.84 1.92 1.04

Table 3.2.1.1: Comparison of silica spin column kit and phenol-chloroform
based extraction from 6 samples. RNA concentration are in µg/µl.
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resulted in similar C
T

values to RNA extracted using the manual phenol-chloroform

method, but significantly more variable C
T

values (as indicated by higher coe�cient

of variation percentages; Figure 3.2.1.1b-c). As such, the phenol-chloroform method

was used to extract RNA from the 260 adipose tissue samples.

3.2.2 Di↵erential e↵ect of adiposity on clinical parameters

The clinical characteristics of the study subjects are summarised in Table 3.2.2.1.

Overweight and obese patient groups both exhibited higher levels of insulin (p < 0.05

and p < 0.01) and insulin resistance (as indicated by increased HOMA-IR; p < 0.05

and p < 0.01) compared with the lean subjects. Moreover, obese individuals had

significantly elevated levels of glucose than the overweight group (p < 0.01). Over-

weight and obese subjects also displayed unfavourable lipid profiles when compared

with lean individuals, as evidenced by HDL levels and LDL/HDL ratios. All patient

groups exhibited lower levels of serum HDL-cholesterol than the lean groups (over-

weight: p < 0.05 and obese: p < 0.01). While, the LDL/HDL ratio was heightened

in obese subjects compared to both the lean and overweight groups (p < 0.05).

The characteristics of the patient populations are in line with what is expected from

these ranges of BMIs, thus this cohort is representative of lean, overweight and obese

individuals and can be used for a study of adiposity.

Lean Overweight Obese

BMI (kg/m2) 22.17±1.9 27.40±1.3*** 35.25±1.9***†††

Glucose (mmol/l) 3.58±0.1 3.68±0.1 3.86±0.1*

Insulin (pmol/l) 39.79±5.0 65.36±6.0* 84.56±9.2***†

HOMA-IR 1.21± 0.2 1.82±0.2* 2.52±0.4**

Triglyceride (mmol/l) 3.11±0.2 3.24±0.1 3.17±0.2

Cholesterol (mmol/l) 6.93±0.2 6.72±0.2 6.79±0.2

HDL (mmol/l) 1.74± 0.1 1.55±0.1* 1.49±0.1**

LDL (mmol/l) 4.56±0.2 4.53±0.2 4.46±0.2

LDL/HDL 2.77±0.2 3.09±0.2* 3.01±0.2*

Table 3.2.2.1: Baseline characteristics of study participants. Selected char-
acteristics of cohort consisting of 44 lean, 49 overweight and 37 obese women. Data
are means ± SEM or means ± SD (BMI). *p < 0.05, ⇤⇤ p < 0.01 and ⇤⇤⇤p < 0.001:
lean vs overweight, obese. †p < 0.05 and †††p < 0.001: overweight vs obese.
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Figure 3.2.1.1: Comparison of yield and mRNA expression in adipose tis-
sue using silica spin column kit and phenol-chloroform based extraction.
RNA was extracted from 6 adipose tissue samples using kit based- and phenol-
chloroform based-RNA extraction. (a) RNA concentrations were recorded with a
NanoDrop. (b) qPCR was performed and plotted points denote individual C

T

values
for genes 18S and L19. ⇤⇤ p < 0.01.
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3.2.3 Regulation of mitochondrial fusion genes by adiposity

Altered mitochondrial networks are a predominant phenotype in obese individuals,

as such genes encoding two key proteins in mitochondrial fusion were analysed:

MFN2 and OPA1. Gene expression was measured in paired samples of AbdSc and

Om fat depots obtained from humans.

Overall, transcript levels for genes involved mitochondrial fusion decreased

with adiposity. This was particularly evident with MFN2 in the obese group, as

MFN2 expression was lower in both AbdSc (1.17-fold #; p < 0.01) and Om (1.19-

fold #; p < 0.001) adipose tissue from obese participants compared to their lean

counterparts (Figure 3.2.3.1a). Moreover, MFN2 expression was also significantly

lower (1.21-fold #; p < 0.01) in Om adipose tissue from overweight individuals

than in lean Om adipose tissue. Fragmented mitochondria have previously been

observed with obesity and high-fat diets, and as such decreased expression of MFN2

in overweight and obese subjects supports this. Downregulation of MFN2 may

therefore be involved in promoting fragmented mitochondria in human white adipose

tissue of obese individuals. However, further analysis of protein levels, as well as

knockdown studies would be needed in the future to help strengthen this theory.

Contrarily, OPA1 was not a↵ected by adiposity (Figure 3.2.3.1b). OPA1

is a highly complex protein in humans, which is determined by the presence of

eight OPA1 isoforms that arise through di↵erential RNA splicing, and are in turn

proteolytically cleaved into long and short forms of OPA1 [94]. As such, the primer

pair used in this study may not correspond with the active form of OPA1 that results

in mitochondrial inner membrane fusion in human white adipose tissue. Instead

other primer pairs that coincide with alternative splice variants more relevant for

the functional OPA1 variant may have been required. In addition, adipose tissue

OPA1 could necessitate investigation of the short and long protein isoforms via

western blotting in addition to mRNA expression levels to measure the long form

of OPA1, which is thought to be the most essential for fusion [94].

To investigate depot-specific di↵erences in fusion gene expression, transcript

levels were analysed between AbdSc adipose tissue and Om adipose tissue. MFN2

and OPA1 were both expressed less in Om adipose tissue that AbdSc adipose tissue.

Specifically, MFN2 levels were lower in Om adipose tissue from overweight (p <

0.001) and obese (p < 0.01) donors compared with AbdSc adipose tissue (Figure

3.2.3.1a). OPA1 expression in Om adipose tissue was significantly lower than AbdSc

adipose tissue in all weight groups (p < 0.01; Figure 3.2.3.1b.)
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Figure 3.2.3.1: Modulation of mitochondrial fusion genes in adipose tis-
sue. mRNA expression of (a) MFN2 (n=130) and (b) OPA1 (n=130) in AbdSc
and Om adipose tissue using qPCR. Each box plot shows the median (50th per-
centile), 25th and 75th interquartile range (box), 5% and 95% percentile (whiskers)
and outliers (•). ⇤⇤ p < 0.01 and ⇤⇤⇤p < 0.001: lean vs overweight and obese.
††p < 0.01 and †††p < 0.001: AbdSc vs Om adipose tissue.
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3.2.4 Regulation of mitochondrial fission genes by adiposity

The balance of mitochondrial fusion and fission genes is essential to the mainte-

nance of mitochondrial number, structure and morphology. As such genes encoding

for Drp1, the main fission protein, and FIS1, an adaptor and recruitment protein

involved in mitochondrial fission, were analysed. Both genes were altered by adipose

tissue depot and adiposity.

FIS1 was influenced by adiposity in both adipose tissue depots; AbdSc adi-

pose tissue from overweight individuals revealed significantly greater levels of FIS1

(1.24-fold "; p < 0.01) than lean individuals, while FIS1 expression increased in Om

adipose tissue from both overweight (1.14-fold "; p < 0.05) and obese (1.1-fold ";
p < 0.05) groups compared with the lean group (Figure 3.2.4.1a). If FIS1 mRNA

levels reflect the Fis1 protein present in adipocytes (needs further investigation),

then this would lead to an increase in the recruitment of Drp1 to the outer mito-

chondrial membrane, resulting in mitochondrial fragmentation with weight gain.

Transcript levels of DRP1 were slightly higher in AbdSc adipose tissue taken

from overweight participants than from lean participants (1.13-fold "; p < 0.05;

Figure 3.2.4.1b). While there were no di↵erence between lean and obese partici-

pants. Additionally, Om adipose tissue showed no di↵erences in DRP1 across any

of the di↵erent BMI categories. The lack of observed changes of DRP1 is suggestive

of post-translational modifications, specifically phosphorylation, needed to activate

this protein. In fact, several studies suggest that the Drp1 protein requires phos-

phorylation for its activation [74, 136]. Thus, it may not be possible to see clear

changes in Drp1 with di↵ering adiposity at a gene level.

Interestingly, the relationship between weight and gene expression was bell-

shaped for both FIS1 and DRP1 in AbdSc adipose tissue, with highest levels of

gene expression in overweight individuals and lower level in obese individuals, who

expressed the genes at almost the same level as their lean counterparts. This bell-

shaped distribution could be indicative of the regulation of adaptive systems and

shows how dynamic the mitochondrial system is.

Gene expression also revealed depot-specific regulation of both fission genes.

FIS1 from overweight Om adipose tissue was expressed at a lower level in Om

adipose tissue than AbdSc adipose tissue (p < 0.01; Figure 3.2.4.1a). Additionally,

DRP1 expression was decreased in Om adipose tissue in all weight groups when

compared to AbdSc adipose tissue (p < 0.001; Figure 3.2.4.1b).

Taken together, the increase in fission genes, accompanied by decreased

MFN2 may play a part in misbalancing mitochondrial dynamics which could play

a part in mitochondrial fragmentation in obesity.
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Figure 3.2.4.1: Modulation of mitochondrial fission genes in adipose tis-
sue. mRNA expression of (a) FIS1 (n=130) and (b) DRP1 (n=130) in AbdSc and
Om adipose tissue using qPCR. Each box plot shows the median (50th percentile),
25th and 75th interquartile range (box), 5% and 95% percentile (whiskers) and out-
liers (•). ⇤p < 0.05 and ⇤⇤ p < 0.01: lean vs overweight and obese. ††p < 0.01 and
†††p < 0.001: AbdSc vs Om adipose tissue.
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3.2.5 E↵ect of adiposity on mitochondrial biogenesis genes

It is well established that mitochondrial biogenesis is regulated in response to physio-

logical signals that accompany increased demands for energy. Accordingly, PGC1↵,

a central inducer of mitochondrial biogenesis was analysed. Om adipose tissue from

all weight groups showed higher levels of PGC1↵ than observed in AbdSc adipose

tissue. Moreover, PGC1↵ expression was attenuated by increased adiposity. Specifi-

cally, AbdSc adipose tissue from subjects in the overweight category had significantly

lower levels of PGC1↵ than lean subjects (1.27-fold #; p < 0.05), and Om adipose

tissue had lower transcript levels of PGC1↵ in the obese group when compared to

lean individuals (1.23-fold #; p < 0.01; Figure 3.2.5.1a). This suggested that the

decrease mitochondrial mass often observe in obese individuals could be in part due

to downregulated PGC1↵ resulting in decreased biogenesis.

In order to control biogenesis, PGC1↵ interacts with NRF1 to coactivate

TFAM, thus driving transcription and replication of mitochondrial DNA. NRF1 was

therefore investigated in adipose tissue, and although there was no adiposity specific

di↵erence in NRF1 levels (Figure 3.2.5.1b), overweight and obese patients had lower

NRF1 expression in Om adipose tissue than AbdSc adipose tissue (p < 0.001 and

p < 0.05, respectively). This suggests that PGC1↵ is not be interacting with NRF1

and may be acting on alternative pathways.

TFAM, a transcription factor involved in mitochondrial biogenesis down-

stream of PGC1↵ and NRF1, was also analysed, and no di↵erences in expression due

to di↵erential depot regulation or altered adiposity were revealed (Figure 3.2.5.1c).

Given the lack of changes in NRF1 which regulates TFAM, this somewhat expected.

Overall, these findings indicate that in general mitochondrial biogenesis genes

are not altered by increased adiposity, and that perhaps PGC1↵ is mediating other

metabolic function due to post-translation modifications.
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Figure 3.2.5.1: Modulation of mitochondria biogenesis genes in adipose
tissue. mRNA expression of (a) PGC1a (n=130), (b) NRF1 (n=130) and TFAM
(n=130) in AbdSc and Om adipose tissue using qPCR. Each box plot shows the
median (50th percentile), 25th and 75th interquartile range (box), 5% and 95%
percentile (whiskers) and outliers (•). ⇤p < 0.05 and ⇤⇤p < 0.01: lean vs overweight
and obese. ††p < 0.01 and †††p < 0.001: AbdSc adipose tissue vs Om adipose tissue.
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3.2.6 E↵ect of adiposity on ETC and antioxidant genes

The main function of mitochondria are to generate ATP via oxidative phosphory-

lation (OXPHOS). As such a complex IV enzyme, COX4I1, the nuclear-encoded

isoform of COX subunit 4, was investigated (in the future this could be followed

up by measuring the dozens of other subunits of complexes involved in OXPHOS).

Transcript levels of COX4I1 revealed downregulation of its expression in both over-

weight (1.18-fold #; p < 0.001) and obese (1.2-fold #; p < 0.01) Om adipose tissue

compared with adipose tissue from lean individuals (Figure 3.2.6.1a). The same

trend was observed in AbdSc adipose tissue, although the decrease was not sig-

nificant. The downregulation in COX4I1 with weight gain points to a potential

dysregulation in complex IV, which could impair OXPHOS, although this would

need to be further explored at a protein and functional level. Additionally, COX4I1

is expressed less in Om adipose tissue than AbdSc adipose tissue among all weight

groups (p < 0.001).

The process of OXPHOS is the main source of ROS generation, resulting in

oxidative stress. The key role of SOD2 is to clear ROS, by converting superoxide

to the less reactive hydrogen peroxide which is not considered a free-radical. The

hydrogen peroxide can then di↵use across the mitochondrial membrane, away from

the mitochondrial matrix hence preventing the accumulation of harmful superox-

ides [391]. SOD2 was influenced by adiposity and adipose depots (Figure 3.2.6.1b).

Obesity resulted in the downregulation of SOD2 in Om adipose tissue compared

to the lean sub-group (1.28-fold #; p < 0.05), while no di↵erence in AbdSc adipose

tissue were observed. AbdSc adipose tissue may therefore be less a↵ected by ox-

idative stress than Om adipose tissue. Additionally, the lean weight group showed

greater expression of SOD2 in Om adipose tissue than AbdSc adipose tissue overall

(p < 0.001). This suggests that less antioxidants may be required in AbdSc adipose

tissue compared to Om adipose tissue.

The aforementioned findings suggest that there could be adiposity-specific

di↵erences in bioenergetic e�ciency and antioxidant capacity in this cohort of hu-

man adipose tissue. However, for a more concrete conclusion, this would require

functional assays (i.e. high-resolution respirometry using an Oroboros) in future

studies.
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Figure 3.2.6.1: Modulation of genes involved in adipose mitochondrial
function. mRNA expression of (a) COX4 (n=130) and (b) SOD2 (n=130) in
AbdSc and Om adipose tissue using qPCR. Each box plot shows the median
(50th percentile), 25th and 75th interquartile range (box), 5% and 95% percentile
(whiskers) and outliers (•). ⇤p < 0.05 and ⇤⇤ p < 0.01: lean vs overweight and
obese. ††p < 0.01 and †††p < 0.001: AbdSc vs Om adipose tissue.
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3.2.7 Correlations of mitochondrial genes with clinical parameters

In order to further understand the factors contributing to the mitochondrial gene

alterations observed by increasing adiposity and di↵erent adipose tissue depots,

the relationship between mitochondrial genes and selected metabolic markers was

examined, including: BMI, insulin, glucose, total cholesterol, HDL-cholesterol and

LDL-cholesterol (Table 3.2.7.1). Parametric correlation analyses were performed

and significant correlations between mitochondrial genes and BMI, lipid profile and

surrogate markers of insulin resistance were observed.

As evidenced by gene expression data across di↵erent adiposities, mitochon-

drial transcript levels are influenced by BMI, and this is also evident through corre-

lation analysis. According to the data, expression of the markers of mitochondrial

fission FIS1 and DRP1 were positively and significantly correlated with BMI (FIS1

in Om adipose tissue: (p < 0.05) and DRP1 in AbdSc adipose tissue: (p < 0.05). In

contrast, MFN2, a key mitochondrial fusion protein, was negatively correlated with

BMI in both AbdSc adipose tissue (p < 0.05) and Om adipose tissue (p < 0.01).

Similarly, genes encoding mitochondrial biogenesis presented negative relationships

with BMI (PGC1↵ in Om adipose tissue (p < 0.05) and TFAM in AbdSc adipose

tissue (p < 0.05). Analysis also revealed a significant and negative correlation be-

tween the OXPHOS gene, COX4I1 and BMI (p < 0.05). These results are somewhat

expected as it was observed in the previous results that many of the mitochondrial

genes analysed are altered with di↵ering adiposity levels.

Correlations between mitochondrial genes and metabolic markers related

to insulin resistance were analysed (Table 3.2.7.1). Mitochondrial fission genes in

AbdSc adipose tissue had positive relationships with glucose, insulin and HOMA-IR.

FIS1 correlated positively with glucose and insulin (p < 0.05), while DRP1 showed

positive relationships with insulin and HOMA-IR (p < 0.05). Conversely, the fusion

gene MFN2 was inversely correlated with all three markers on insulin resistance.

In AbdSc and Om adipose tissue MFN2 was negatively associated with HOMA-IR

(p < 0.05) and solely with insulin in Om adipose tissue (p < 0.05).

Lastly, to relationship between the lipid profile and mitochondrial genes was

analysed (Table 3.2.7.1). Most analyses returned non-significant relationships, how-

ever MFN2 was significantly associate with all three serum lipids. LDL and total

cholesterol negatively correlated with MFN2 (p < 0.05) in AbdSc adipose tissue,

while HDL and MFN2 displayed a positive relationship (p < 0.05). Though correla-

tion should not be confused with cause, these findings are consistent with the notion

that excess nutrients supply can overwhelm the mitochondria leading to alterations

in mitochondria.
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3.3 Discussion

Despite the wealth of evidence that ties mitochondrial dysfunction to obesity, less

is known about the expression of mitochondrial genes in human adipose tissue de-

pots and how this may contribute to the suboptimal function of mitochondria. In

this chapter, the expression profiles of genes involved in mitochondrial dynamics,

biogenesis, OXHPOS and oxidative stress were therefore examined in AbdSc and

Om adipose tissue. This study suggests that the expression of key genes linked

to mitochondrial function in white adipose tissue were influenced by adiposity, as

early as the overweight stage, dependent on fat depot. This study also identified

correlations between mitochondrial genes in adipose tissue depots and 1) BMI, 2)

whole-body insulin resistance, and 3) unfavourable lipid profiles.

The majority of previous assessments of mitochondrial function, biogenesis

and dynamics have been carried out in cultured adipocytes and rodent adipose tissue

[57, 155, 182, 212, 251, 373, 404] and while animal models and adipocyte cells lines

can be valid and useful tools, they su↵er from the disadvantage that they may not

reflect the physiology of human adipose tissue [177, 382]. As such, mitochondrial

genes were profiled in a large cohort of close to three hundred human adipose tissue

samples with qPCR. By quantifying mitochondrial gene expression in adipose tissue

directly with qPCR, the need for cost prohibitive and time-consuming microarray

and RNA-sequencing experiments was eliminated. However, higher RNA yields are

required for qPCR, as a result, RNA extraction methods were compared. Typically,

RNA is isolated using one of two methods: (1) commercially available silica spin

column kits; or (2) manual phenol-chloroform based extraction. Samples extracted

using the RNeasy Lipid Tissue Mini Kit displayed a significant loss in RNA yield

compared to our manual phenol-chloroform based extraction method, most likely

due to the lipid components. The purity of RNA remained comparable between the

two methods. Whilst the expected 260/280 and 260/230 ratios for pure nucleic acid

are ⇠1.8-2.2 and ratios appreciably lower than this may indicate the presence of

contaminants, a moderate degree of contamination is tolerated by qPCR. Moreover,

C
T

values of housekeeping genes from qPCR analysis were considerably less variable

using the manual phenol-chloroform RNA extraction method. Stable expression of

housekeeping genes is imperative for reliable gene expression measurements [10].

As a consequence of these findings, manual phenol-chloroform RNA extraction was

used for the entire adipose tissue cohort.

Mitochondria are highly dynamic organelles that undergo frequent cycles of

fission and fusion to adapt their morphology [10]. This serves to meet the metabolic
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needs of the cell, optimise mitochondrial function and counteract the accumulation

of damaged mitochondria [247]. In this study, four components of the mitochondrial

fusion/fission machinery were analysed, namely: the mitochondrial fission-related

genes DRP1 and FIS1, and the key fusion genes OPA1 andMFN2. MFN2 was tran-

scriptionally downregulated with adiposity, whereas the fission genes FIS1 and to

some extent DRP1 were upregulated with adiposity in both AbdSc and Om adipose

tissue depots. The dysregulation of genes associated with mitochondrial dynamics

was shown as early as the overweight stage, suggesting that these alterations could

manifest at the preclinical stage before the onset of obesity. The imbalance of mito-

chondrial dynamic genes in obese subjects could also result in a higher population of

fragmented mitochondria, a�rming previous research (non-adipocyte in vivo and in

vitro studies) which showed that cells exposed to a nutrient-rich environment keep

their mitochondria in a fragmented state [212, 251]. For example, in skeletal muscles

of rats on a high-fat diet, the transcript levels of DRP1 were significantly upreg-

ulated, resulting in a four-fold increase of Drp1 protein, triggering mitochondrial

fragmentation [203]. Moreover, repression of MFN2 transcript levels was evident

in human skeletal muscles of obese individuals, increasing substantially following

weight loss (through biliopancreatic diversion surgery) [20]. Loss-of-function stud-

ies strengthen these findings. For instance, ablation of Oma1 in mice, a protease

essential for Opa1 activation, results in accumulation of damaged mitochondria (low

levels of ATP, loss of mitochondrial membrane potential and induction of apopto-

sis) leading to impaired glucose uptake and increased adipose mass (obesity) [296].

Additionally, in mice the deletion of adipocyte-selective inducible deletion of MFN2

resulted in insulin resistance and obesity [228]. Interestingly, expression levels of

all four genes were generally lower in Om adipose tissue than in AbdSc adipose tis-

sue. This is somewhat unusual as Om adipose tissue is known to have more active

mitochondria than AbdSc adipose tissue, suggesting that they would require more

dynamic events to maintain healthy mitochondrial networks. One explanation for

this is that while per gram visceral adipose tissue mitochondria are more active

in terms of mitochondrial respiration, it has been found that per cell visceral adi-

pose tissue displays lower mitochondrial respiration than subcutaneous [192]. This

is likely because adipocytes in subcutaneous adipose tissue are larger compared to

Om adipose tissue, and as such Om adipose tissue of the same size as subcutaneous

adipose tissue contains more cells resulting in higher respiration per gram but not

per cell [198]. As L19, which was used to normalise gene expression, is an indicator

of cell number the gene analysis in this study is in theory per cell. By this reason-

ing, omental mitochondria may indeed require fewer dynamic events thus resulting
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in lower gene expression of mitochondrial fission and fusion genes. Analysis of our

cohort also found associations between dysfunctional mitochondrial dynamics and

both unfavourable serum glucose/insulin and lipid levels. Collectively, the increase

in fission genes but the decrease of the fusion gene MFN2 with weight gain, provides

a potential reason for the fragmented mitochondria observed in obesity. However,

as gene expression does not always reflect function, measurements of protein expres-

sion levels, as well as electron microscopy images to further analyse mitochondrial

structure would thus be beneficial for future studies.

Mitochondrial biogenesis in adipose tissue has recently received a lot of at-

tention, as diabetic mice, as well as obese humans with insulin resistance, have de-

creased mitochondrial content [57, 147, 404]. This could be due to reduced mRNA

expression of transcriptional activators involved in biogenesis, thus TFAM, NRF1

and PGC1↵ transcript levels were measured. In these studies, PGC1↵ was down-

regulated in overweight and obese individuals. This is concurrent with a previous

study, albeit in a small cohort, which also noted that PGC1↵ decreased in adipose

tissue with obesity (though they did not report results from overweight patients or

Om adipose tissue) [148]. The current study also revealed higher transcript levels

of PGC1↵ in Om adipose tissue than AbdSc adipose tissue, which may help to ex-

plain the increased metabolic activity often associated with Om adipose tissue and

why in rodents, visceral adipocytes have more mitochondrial mass than subcuta-

neous adipocytes [89]. Similarly, in a human study of morbidly obese individuals it

was shown that visceral adipose tissue had twice the amount of mitochondria per

milligram of tissue as subcutaneous adipose tissue [192]. However, as previously

mentioned, the increased mitochondrial mass and activity observed in visceral adi-

pose tissue is often calculated per gram not per cell. As such in future follow up

experiments it would be interesting to measure mitochondrial activity/mass in a

large female cohort per adipocyte and correlate this to PGC1↵ expression. Despite

the changes in PGC1↵ in this study there were no significant changes in the two

downstream targets, TFAM and NRF1. TFAM and NRF1 have been revealed to be

essential for biogenesis, for example the deletion of the N-terminal of NRF1 abol-

ish the e↵ects of PGC1↵ on mitochondrial biogenesis [131]. Given the absence of

changes in TFAM and NRF1 mRNA expression across adiposity levels, these results

indicate that the impairment of mitochondrial biogenesis is not via the alteration

of these genes in overweight and obese subjects. The lack of downstream activa-

tion of NRF1 and TFAM points to post-translational modifications of PGC1↵ that

di↵er which functions this protein regulates. Indeed, PGC1↵ activity is controlled

by numerous post-translational modifications including phosphorylation, deacetyla-

100



tion, acetylation, sumoylation, as well as methylation [19, 313]. Sumoylation and

acetylation negatively impact the function of PGC1↵, whereas deacetylation and

methylation increase its activity. In addition, phosphorylation can either increase or

decrease its activity, depending on the phosphorylating kinase [19]. These modifica-

tions confer specificity to PGC1↵ for specific target genes. In support of this, SIRT1

activation will maintain PGC1↵ in a deacetylated active state, increasing rates of

transcription, whereas sumoylation of PGC1↵ by SUMO1 decreases its activity re-

sulting in decreased transcription [19]. As such, despite the many publications that

analyse mRNA expression of PGC1↵, it may be useful to also investigate it at a

protein level in follow up studies. In addition to the targeted approach used in this

study, which is e↵ective for analysing specific genes for many samples, it would also

be useful in the future to carry out RNA sequencing on a smaller data set and anal-

yse the di↵erent pathways e↵ected by PGC1↵. Given its modifications, apart from

mitochondrial biogenesis, PGC1↵ is also a potent positive regulator of adipogenesis

and fatty acid metabolism in adipose tissue [86, 357, 361]. This is demonstrated by

PGC1↵ knockout mice, which displayed a reduction in OXPHOS, fatty acid oxida-

tion, and Krebs cycle genes in inguinal subcutaneous adipose tissue, and developed

insulin resistance when challenged with a high-fat diet [347]. Similarly, decreased

PGC1↵ expression in this cohort was positively correlated with markers of insulin

resistance. Taken together, this data does not suggest that biogenesis is a↵ected at

a gene level across di↵erent weight categories.

Besides biogenesis, PGC1↵ is also a master regulator of OXPHOS [254, 284]

and mitochondrial respiration is known to be decreased with obesity, as such expres-

sion of COX4I1, a subunit of complex IV, was measured. COX4I1 was downregu-

lated with increased adiposity in the Om adipose tissue depot. This is in line with

a previous report of visceral adipose tissue, which showed decreased expression of

genes belonging to the ETC in obese and insulin-resistant humans [80]. In addition,

decreased OXPHOS activity is well established in obese individuals [106, 192, 292],

as such decreased COX4I1 mRNA levels could help to explain this, especially if they

are reflected at the protein level. AbdSc adipose tissue on the other hand showed

no di↵erences in COX4I1 mRNA levels. As OXPHOS is known to also decrease

in subcutaneous adipose tissue of obese induviudals [106], a less targeted approach

may be required to identify which/if any ETC chain genes are a↵ected by adiposity;

RNA sequencing would serve as a useful technique for this in the future. This study

also observed lower expression levels of COX4I1 in Om adipose tissue compared

with AbdSc adipose tissue. A reason for this may be that while mitochondrial res-

piration is higher in Om adipose tissue, per cell it in fact appears to be lower [192].
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As such, more ETC components would be required for increased mitochondrial res-

piration in AbdSc adipose tissue. The results in this study are in accordance with

a small study in women which revealed a lower expression of ETC genes in visceral

compared with subcutaneous adipose tissue [80]. As OXPHOS is determined by the

expression levels of ETC complexes, reduced COX4I1 expression may be involved

in the reduced respiration observed in obesity.

Another critical component of mitochondrial dysfunction in obesity and

metabolic disease is oxidative stress [32]. While low levels of mitochondrial oxidants

(ROS) are believed to play a role in adipogenesis and various other adipocyte

signalling pathways [52]; controlling the amount of ROS is key in the initiation

of pathological vs physiological responses [42]. In conditions of morbid obesity

and T2DM, the increased supply of energy substrates (chronic over-nutrition) are

thought to result in excessive mitochondrial ROS generation [373]. Cellular ROS

levels under physiological conditions are therefore tightly controlled by enzymatic

scavengers including superoxide dismutase 2 (SOD2) [391]. Accordingly, SOD2

transcript levels were measured in AbdSc and Om adipose tissue in lean, overweight

and obese subjects. This revealed a downregulation of SOD2 in Om adipose tissue

of obese individuals compared with lean subjects. This potential dysregulation of

SOD2 in obesity may be one of the factors leading to increased oxidative stress

often observed in obesity [117, 232, 326]. AbdSc adipose SOD2 levels on the other

hand were not a↵ected by adiposity. In addition, SOD2 expression was slightly

higher in Om adipose tissue than AbdSc adipose tissue. This may be because

visceral fat accumulation is more associated with systemic oxidative stress and as

such a lesser oxidative response is required in subcutaneous adipose tissue [313]. If

left unregulated by SOD2, ROS will result in high oxidative stress in adipose tissue

leading to: impairment of multiple mitochondrial functions (e.g. slowing the rate

of OXPHOS and fatty acid oxidation, mitochondria fragmentation and damage

to mtDNA), ER stress, increased bioactive lipids, reduced adipogenesis and even

premature cell death [142, 207, 268, 391, 410].

In future studies, these results should be followed up with in-depth analysis

into mitochondrial function and protein levels to validate the RNA expression re-

sults. The first and most logical experiment would be to run western blots on all

260 samples to measure if the expression of the nine proteins correlates with RNA

expression, as this is certainly not always the case. This was beyond the scope of

the question asked in this thesis (is mitochondrial gene expression in human adi-

pose tissue from obese women negatively influenced by adiposity?) but would be

valuable for further research. Furthermore, protein expression is not automatically
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reflected in function, and thus a number of functional assays would be beneficial.

The first is evaluating the bioenergetic properties of mitochondria in the adipose

tissue by taking respirometric measurements using an Oroboros instrument. The

output of these experiments would include simultaneous readouts of ATP, spare

respiratory capacity, mitochondrial uncoupling, and even ROS levels (hydrogen per-

oxide fluxes). This however, would require fresh biopsy samples and would thus not

be possible with this data set. Secondly, the architecture of the tissues could be

visualised by scanning electron microscopy (SEM). Evaluation of the ultrastructure

with SEM has the ability to reliably show key intramitochondrial features, cristae

structure/number and the inner membrane, as well as mitochondrial swelling. The

main short coming of this method is that the samples are fixed, so mitochondrial

movement/dynamics cannot be observed. Confocal microscopy of stained mitochon-

dria from primary cells isolated from the adipose tissue would give insight into fission

and fusion events, thus helping to verify RNA results.

In summary, the findings presented here lend further insight into an asso-

ciation between alterations in mitochondrial gene expression and obesity. With

changes in gene expression appearing to be an early event in the development of

obesity; as early as the overweight stage. This points to the potential necessity of

interventions early on in the development of obesity. These data also suggested that

mitochondrial function in adipose tissue may be linked to overall metabolic health,

as highlighted by correlations with markers of insulin resistance and unfavourable

lipid profiles. Indeed, while these results reflect mitochondrial gene expression not

necessarily mitochondrial function, these associations suggest that it may be im-

portant to ensure that mitochondria are able to cope with the demand of excess

nutrients for both functional adipose function and its lipid bu↵ering capacity. Thus,

further understanding the causes of mitochondrial alterations in adipocytes and how

to alleviate the maladaptation in obesity will be explored in the next two chapters

of this thesis.
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Chapter 4

ER stress induces mitochondrial

dysfunction in human

adipocytes which is exacerbated

in obesity
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4.1 Introduction

The previous chapter pointed to a link between human obesity and mitochondrial

gene alterations in white adipose tissue. mRNA expression analysis determined

changes in mRNA levels of genes involved in mitochondrial respiration, dynamics

(fusion and fission), and antioxidant action. The question remains: which mecha-

nisms in human obesity drive these potential alterations to mitochondria in adipose

tissue mitochondria? One answer could lie in perturbed ER function. In view of

this, the impact of ER stress on mitochondrial function in human adipocytes will

be explored in this study.

In the context of obesity, the adipocyte plays an essential part in balanc-

ing metabolic homeostasis in response to surplus energy. During such a period of

weight gain the adipocyte is challenged with a multitude of insults, including excess

nutrients, inflammation, and oxidative stress leading to organelle disruption and ul-

timately metabolic dysfunction. Disturbances of one cellular organelle in particular,

the endoplasmic reticulum (ER), has been widely implicated in the physiological and

molecular changes that follow excess nutrients [212, 276, 341, 415]. The excessive

protein overload in obesity is detected by sensors at the ER membrane, initiating

a signalling cascade known as the unfolded protein response (UPR) [178]. Three

major transducers of the UPR are: activating transcription factor 6↵ (ATF6↵),

PKR-like ER kinase (PERK) and inositol-requiring enzyme 1↵ (IRE1↵) which acti-

vate transient protein attenuation and transcription of protein-folding chaperones,

in a bid to restore the folding capacity of the ER [301]. Prior studies in mice fed

a high-fat diet have shown elevated levels of ER stress related proteins, PERK and

eIF2↵ phosphorylation as denoted in liver extracts [178] and significant upregula-

tion of C/EBP homology protein (CHOP) in white adipose tissue [55]. Both these

studies also revealed chronic inflammation in adipose tissue which could be a factor

contributing to ER stress. The link between obesity and chronic ER stress has also

been observed through studies in human tissues [9, 36, 341] and interventions that

recover ER health; via either weight loss or drug therapies that reduce metabolic

dysfunction [55, 178, 220].

The distinct complex roles played by the ER and mitochondria has often led

studies to investigate them independently. However, the two organelles are func-

tionally and physically closely interconnected to exchange metabolites, maintain

metabolic function and calcium homeostasis, and signal apoptosis [15, 234, 308, 318].

Thus, the dysfunction of one organelle can potentially deleteriously a↵ect the other

and abnormal ER-mitochondrial cross-talk is intrinsically associated with the patho-
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genesis of a diverse range of diseases, including metabolic disorders [214, 308, 309,

369]. Indeed, ER stress has been observed to influence various aspects of mitochon-

drial form and function, promoting mitochondrial remodelling, depolarisation and

ROS production in rodent and in vitro human cell models [18, 45, 190, 201]. It

is therefore reasonable to assume that ER stress contributes to mitochondrial mal-

adaptation, which may also occur in human adipose tissue, specifically in obesity (as

observed in the previous chapter). However, to date much of the research into the

interplay between these organelles has been carried out in hepatocytes [18, 214], can-

cer cells [45, 201] and skeletal muscle [241, 419]. As previously mentioned, limited

analysis in murine 3T3-L1 adipocytes has evaluated the e↵ect of ER stress on mito-

chondrial changes [266], though the impact on mitochondrial function and structure

remains unknown in murine and human adipocytes. This is despite the important

role adipocytes play in contributing to the pathogenesis of metabolic dysfunction

[187, 274, 290, 387].

Thus, the aims of this chapter were to investigate how ER stress a↵ects

mitochondrial form and function in human adipocytes, with a specific focus on

mitochondrial respiration, dynamics and oxidative stress in both an adipocyte cell

model and primary human adipocytes, in conditions of obesity.
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4.2 Results

4.2.1 Tunicamycin increases markers of ER stress in human

adipocytes

Tunicamycin, a naturally occurring antibiotic, blocks N-linked protein glycosyla-

tion, resulting in the disruption of protein maturation and the activation of the

unfolded protein response (UPR). This compound was therefore used in this study

to investigate the e↵ect of ER stress on mitochondrial form and function in human

adipocytes. Chub-S7 cells, a human preadipocyte cell line was selected as the cell

model of choice. It is a subcutaneous preadipocyte cell line, so it should be taken

into account that all these results are specific to subcutaneous and not visceral

adipocytes (no visceral preadipocyte cell line is currently available).

Chub-S7 adipocytes was subjected to two doses of tunicamycin (0.25 µg/ml

and 0.75 µg/ml). These concentrations were chosen based on previous pharmaco-

logical studies conducted in our lab (unpublished) and others to ascertain suitable

doses of tunicamycin to use in human adipocytes that resulted in a UPR response

without inducing cytotoxic e↵ects [88, 143, 266].

To establish UPR activation (the signalling response activated by ER stress),

key markers were measured by qPCR. Tunicamycin treatment resulted in a dose

dependent increase in mRNA expression of CHOP, ATF6, ATF4 and XPB1-S

(p < 0.01; Figure 4.2.1.1), four transcription factors that play essential roles in

the unfolded protein response. Thus, the tunicamycin doses used were appropriate

for inducing the UPR pathway in human adipocytes and they were used in further

experiments.
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Figure 4.2.1.1: E↵ect of tunicamycin doses on ER stress markers. Chub-
S7 adipocytes were treated with 0.25 µg/ml and 0.75 µg/ml tunicamycin for 24 h,
to measure (a) CHOP, (b) ATF6, (c) ATF6 and (d) XPB1-S mRNA levels (n=6).
Ctrl vs treatments: ⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001. SEM is depicted by error bars.
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4.2.2 Seahorse compound optimisation for Chub-S7 adipocytes

To e↵ectively examine metabolic and bioenergetic function using a Seahorse Extra-

cellular Flux Analyser, it is essential to first characterise a cell dependent response

to oligomycin (ATP synthase inhibitor) and FCCP (protonophoric uncoupler). Dif-

ferent cell lines have varying responses to the mitochondrial uncoupler FCCP. If the

concentration of FCCP is too low the maximal response will not be reached, simi-

larly if the dose is too high the ionophores saturate the membrane, thus also leading

to a submaximal OCR. Therefore, the FCCP dose that results in the maximal OCR

response must be determined empirically. In addition, the optimal oligomycin was

also investigated. Oligomycin inhibits the F0 ATPase domain located on the matrix

side of the inner mitochondrial membrane. To access this domain the oligomycin in-

hibitor must therefore cross three membranes; given this a dose-response is required

to determine the concentration of oligomycin able to produce a OCR response.

A titration of FCCP (0.5 µmol, 1 µmol and 2 µmol) was performed in the

presence of oligomycin (1 µmol and 2 µmol) during a Seahorse Stress Test. The

FCCP dose that generated the maximal OCR response was 2 µmol, similarly, the

optimal concentration for oligomycin was also 2 µmol (Figure 4.2.2.1). Based on

these results, the concentration used for future Seahorse stress tests with Chub-S7

cells was 2 µmol for both oligomycin and FCCP.
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Figure 4.2.2.1: Seahorse compound optimisation for Chub-S7 adipocytes.
Chub-S7 cells were cultured on Seahorse plates and compounds were injected into
wells following 3 baselines measurements in this order: 1) oligomycin, 2) FCCP
and 3) rotenone/antimycin A (0.5 µmol). Concentrations of oligomycin (1 µmol and
2 µmol) and FCCP (0.5 µmol, 1 µmol and 2 µmol) were used to determine the optimal
compound concentrations to use in the Seahorse Stress Test.

110



4.2.3 Early ER stress appears to drive an adaptive metabolic boost

before switching to glycolysis leading to impaired mitochon-

drial e�ciency

To explore the possible consequence of ER stress on cellular respiration in human

adipocytes, OCR and ECAR were measured in Chub-S7 adipocytes using a Seahorse

XF Extracellular Flux Analyser. Under these conditions, maximal respiratory ca-

pacity, following injection of FCCP, was overall significantly higher at all timepoints

following tunicamycin treatment (Figure 4.2.3.1). The smallest increase in maximal

respiration was observed after 24 hours of incubation with tunicamycin (p < 0.05;

Figure 4.2.3.1a), while treatment for 48 and 72 hours showed more significant in-

creases (p < 0.01; Figure 4.2.3.1b-c). This surge in bioenergetic capacity in response

to ER stress, likely reflects a compensatory response adapted to increase the ener-

getic resources available to restore homeostasis.

OCR measurement in Chub-S7 adipocytes identified that whilst maximal res-

piration remained raised over time in response to tunicamycin treatment, in control

cells the maximal respiration declined over time whilst staying within an acceptable

OCR range for such untreated cells. This decline in OCR in control cells may have

arisen as the adipocytes utilise the remaining components from the di↵erentiation

media in the acute phase (24 hours), despite a wash out period being included, or

that adipocytes can only tolerate the basal media for so long before they are com-

promised. Given the nature of this assay, this was unavoidable. This e↵ect may also

have arisen in the tunicamycin-treated cells, although masked by the treatment.

This did not change the continued impact of tunicamycin on maximal respiration,

or override the e↵ect on OCR in Chub-S7 adipocytes.

A metabolic switch to glycolysis was observed following 72 hours of tuni-

camycin treatment (p < 0.05; Figure 4.2.3.2c), as compared to the first 24 hours

of ER stress which demonstrated primarily a dependence on oxidative phosphory-

lation to generate energy (p < 0.05; Figure 4.2.3.2a). Consistent with this trend,

(Figure 4.2.3.2b) the early stages of a move towards glycolysis following treatment

with tunicamycin for 48 hours was noted, although this did not attain a significant

change.

There was a clear increase in the spare respiratory capacity (SRC) at all

time points with ER stress (p < 0.05; Figure 4.2.3.3a), this supports the maximal

respiration results. Again, suggesting that the cells are attempting to launch a

compensatory response to cope with the additional stress they are being exposed

to. The variation observed in Figure 4.2.3.3 is most likely due to the experiment

being carried out multiple times, and plate-plate variation therefore needs to be
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Figure 4.2.3.1: E↵ect of ER stress on aerobic capacity. The Seahorse XF
Cell Mito Stress Test was performed on Chub-S7 adipocytes and OCR was measured
following (a) 24 h (b) 48 h and (c) 72 h treatment with 0.25 µg/ml and 0.75 µg/ml
tunicamycin (n=12). Data are expressed as mean ± standard error of the mean.
Control vs 0.25 µg/ml tunicamycin: †p < 0.05, ††p < 0.01, control vs 0.75 µg/ml
tunicamycin: ⇤p < 0.05, ⇤⇤ p < 0.01.
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Figure 4.2.3.2: E↵ect of ER stress on glycolytic capacity. A mitochondrial
stress test was conducted to measure glycolysis (extracellular acidification rate)
in Chub-S7 adipocytes following treatment for (a) 24 h (b) 48 h and (c) 72 h with
0.25 µg/ml and 0.75 µg/ml tunicamycin (n=12). Data are expressed as mean ±
standard error of the mean. Control vs 0.25 µg/ml tunicamycin: †p < 0.05, ††p <
0.01, control vs 0.75 µg/ml tunicamycin: ⇤p < 0.05, ⇤⇤ p < 0.01.
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accounted for. The assay is also very sensitive so slight changes in adipogenesis

levels following di↵erentiation for 14 days in the Seahorse plate wells will be picked

up.

Tunicamycin had little to no e↵ect on basal OCR, although at 72 hours an

increase was observed following treatment with 0.25 µg/ml tunicamycin (p < 0.05;

Figure 4.2.3.3b). Similarly, the greatest e↵ect on ATP abundance was observed at 72

hours, with decreased ATP observed in response to both 0.25 µg/ml and 0.75 µg/ml

tunicamycin (p < 0.01; Figure 4.2.3.3c). Pretreatment for 24 hours on the other

hand resulted in a moderate but significant increase in mitochondrial e�ciency (p <

0.05; Figure 4.2.3.3d). The decrease in ATP after 48 and 72 hours indicates that

while OCR was increased the cells were likely unable to compensate for the stress

by increasing ATP. Accordingly, tunicamycin-induced ER stress at 48 and 72 hours

was associated with significantly decreased mitochondrial e�ciency, (p < 0.001;

Figure 4.2.3.3d), calculated as the ratio of ATP synthesis to oxygen consumed. This

impairment of mitochondrial bioenergetics may have occurred due to the switch in

metabolic phenotype in Chub-S7 adipocytes to a higher reliance on glycolysis.

Moreover, tunicamycin treatment also led to a significant decrease in mito-

chondrial membrane potential (Figure 4.2.3.3e), as confirmed by TMRE analysis,

this was more evident at 24 and 48 hours. On the basis of altered MMP, this would

indicate that the increased oxygen consumption rate seen may be partly uncoupled

to ATP production, as an additional insult to mitochondrial e�ciency.
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Figure 4.2.3.3: Assessment of mitochondrial energetics in Chub-S7
adipocytes. (a) Spare respiratory capacity (SRC; n=9), (b) Basal OCR (n=9)
and (c) ATP abundance (n=10) were measured following incubation with tuni-
camycin 0.25 µg/ml and 0.75 µg/ml for 24, 48 and 72 h. Data are expressed as mean
± standard error of the mean. ⇤p < 0.05, ⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001.
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Figure 4.2.3.3: Continued. Assessment of mitochondrial energetics in
Chub-S7 adipocytes. (d) Mitochondrial e�ciency (n=10) and (e) mitochon-
drial membrane potential (MMP; FCCP was used as positive control for polari-
sation; n=9) were measured following incubation with tunicamycin 0.25 µg/ml and
0.75 µg/ml for 24, 48 and 72 h. Data are expressed as mean ± standard error of the
mean. ⇤p < 0.05, ⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001.
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4.2.4 ER stress may drive remodelling of the mitochondrial net-

work

Mitochondria are often located at intracellular locations of high energy demand

and reorganise to meet the metabolic needs of the cells in response to stress. On

this basis, the contribution of ER stress to alterations in mitochondrial dynamics

in human adipocytes was investigated. In order to detect changes in the morphol-

ogy of the mitochondrial network, Chub-S7 adipocytes pre-treated with 0.75 µg/ml

tunicamycin for 24 hours and then stained with MitoTracker Green to visualise mi-

tochondria by confocal microscopy. Four parameters of mitochondrial morphology

were quantified using Fiji/ImageJ software: fragmentation (ratio between their area

and perimeter), swelling (ratio between their area and perimeter normalised to mi-

nor axis), area (average area of all mitochondria measured) and number (number of

mitochondria counted) to assess the mitochondrial network.

Visually, in Figure 4.2.4.1a the mitochondrial network of the control cells

appears elongated and highly branched/interconnected, as demonstrated by the an-

notations. These are signs of a healthy mitochondria network. Negative changes in

the mitochondrial network were observed following treatment with tunicamycin. Mi-

tochondria were less organised, irregularly dispersed within the cytoplasm and many

short, rounded mitochondrial tubules were present as observed in Figure 4.2.4.1b.

The progressive disintegration of the mitochondrial network resulting in short frag-

mented mitochondria could permit mitochondria to maximise energy production

through larger surface area, however these changes also tend to be associated with

various pathologies.

Similarly as observed in the confocal images in Figure 4.2.4.1, quantitative

analysis of the mitochondrial network with ImageJ revealed pre-treated with tuni-

camycin lead to more fragmented (p < 0.001; Figure 4.2.4.2a) and swollen mito-

chondria (p < 0.001; Figure 4.2.4.2b). In addition to increased fragmentation, a

40% increase in the average area of mitochondria was observed (p < 0.05; Figure

4.2.4.2c), which suggests abnormal swelling of the mitochondria leading to increased

size. It was speculated that the increased respiration seen in Figure 4.2.3.1a-c and

mitochondrial fragmentation would result in increased numbers of mitochondria,

by contrast we observed no significant change but rather a minor decrease (Figure

4.2.4.2d), suggesting an increase in mitophagy to remove mitochondria that are not

salvageable due to excessive ER stress.
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Figure 4.2.4.1: Confocal microscopy images of mitochondrial morphology
under stress. Representative confocal images of MitoTracker Green-stained Chub-
S7 adipocytes after 24 h treatment with (a) DMSO and (b) 0.75 µg/ml tunicamycin,
taken with a Zeiss LSM 510 META confocal microscope at 40x magnification. Cell
images are representative of 31-45 images. The inset shows a magnification of part
of the image indicated by a dashed outline.
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Figure 4.2.4.2: Confocal microscopy analysis of mitochondrial morphol-
ogy under stress. Images of 31-45 cells from 6 separate experiments were analysed
using mito-morphology macro of ImageJ to determine (a) mitochondrial fragmen-
tation, (b) mitochondrial swelling, (c) mitochondrial area and (d) number of mi-
tochondria. Representative confocal images of MitoTracker Red-stained Chub-S7
adipocytes after 24 h treatment with (e) DMSO and (f) 0.75 µg/ml tunicamycin,
taken with a confocal microscope at 40x magnification. Data are shown as median
and interquartile ranges, percentile ranges are 10-90%. ⇤p < 0.05, ⇤⇤ p < 0.01.
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4.2.5 Mitochondrial fission protein altered by ER stress

Based on the aforementioned findings which demonstrated that ER stress induces

mitochondrial fragmentation, it was reasoned that this dynamic remodelling oc-

curred due to changes in the core machinery of mitochondrial dynamics which is

comprised of three large GTPases that split and fuse the mitochondrial membranes:

Drp1, Mfn2 and Opa1 [400]. As such further analysis was undertaken to assess

the protein expression of these mitochondrial dynamic proteins in Chub-S7 cells,

as an additional strategy to investigate changes in mitochondrial morphology. In

this study time-points displayed higher levels of Drp1 phosphorylation, the protein

responsible for mitochondrial fission (p < 0.001; Figure 4.2.5.1a)), following tuni-

camycin treatment. There was no significant changes in Mfn2 and Opa1 protein

levels at either 24, 48 or 72 hours of treatment (Figure 4.2.5.1b-c). Altogether these

results indicate that increased mitochondrial fission, a process known to heavily

compromise mitochondrial function, is induced by ER stress, and that this may in

part be mediated by Drp1 phosphorylation.
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Figure 4.2.5.1: Regulation of mitochondrial dynamic proteins by ER
stress. Western blot images and protein quantification of (a) p-Drp1 , (b) L-OPA1
and (c) Mfn2 (n=3) using ImageQuant TL. Data are expressed as mean ± standard
error of the mean. Ctrl vs treatments: ⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001.
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4.2.6 Mitochondrial content remains unaltered during ER stress

mtDNA copy number was measured as an independent readout of mitochondrial

content. mRNA expression of three di↵erent genes encoded in the mitochondrial

genome, mtCYB, mtND1 and mtND5, was detected and the mtDNA/nuclear DNA

ratio was calculated. Tunicamycin did not lead to significant changes in mitochon-

drial copy number at 24 and 48 hours although there was a trend towards a decrease

(Figure 4.2.6.1a-c). Treatment with 0.25 µg/ml tunicamycin for 72 hours resulted

in a quantitative loss of mtDNA copy number, as confirmed by all three genes

(p < 0.05). This slight decrease could be due to the cytotoxicity of tunicamycin.

However, these are relatively low doses of tunicamycin which have been previously

tested in the McTernan lab with only some but not significant losses of viable cells

(unpublished data). The initial finding from the confocal images was therefore fur-

ther substantiated by these findings and it can be postulated that the increased

respiratory capacity is therefore not a consequence of increased mitochondrial con-

tent, but rather a compensatory mechanism in response to heightened ER stress.
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Figure 4.2.6.1: E↵ect of ER stress on mitochondrial content. Mitochon-
drial DNA copy number, following 24, 48 and 72 h incubation with 0.25 µg/ml and
0.75 µg/ml tunicamycin, was quantified by measuring mRNA expression of mito-
chondrial encoded genes (a) mtND5, (b) mtND1 and (c) mtCYB over 18S (n=6).
Data are expressed as mean ± standard error of the mean. Ctrl vs treatments:
⇤p < 0.05.
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4.2.7 ER stress leads to increased oxidative stress and reduced an-

tioxidant protection

To elucidate whether ER stress promotes oxidative stress in human adipocytes,

Chub-S7 adipocytes were treated with tunicamycin over 72 hours, and total ROS

and reactive nitrogen species (RNS) were analysed by fluorescence measurements.

Abundance of total ROS and RNS rose considerably at 48 and 72 hours, this increase

was most stark after 72 hours of pretreatment with tunicamycin (p < 0.001; Figure

4.2.7.1a). ROS and RNS also increased within 24 hours, although this change was

not significant (Figure 4.2.7.1a). Given that ROS have oxidising e↵ects on nascent

proteins this is likely to further increase the number of misfolded and unfolded

proteins in the ER [227].

As a result of increased oxidative stress, the prevention of ROS overproduc-

tion via antioxidant protection is a vital matter, helping to protect against weight

gain and insulin resistance [117]. Superoxide dismutase (SOD) an enzyme pivotal in

clearing ROS. It is the first line of defence against oxygen-derived free radicals, and

acts by catalysing the dismutation of the superoxide radical into hydrogen peroxide

and molecular oxygen [391]. Expectedly, SOD showed an increase in activity with

tunicamycin-induced ER stress with an increase in ROS; this was observed at all

time points (p < 0.05; Figure 4.2.7.1b). SOD therefore appears to be induced to

keep the redox balance and defend against oxidative stress.

The second line of defence is catalase, an intrinsic component of the antiox-

idant defence system. It works by neutralising the hydrogen peroxide produced

by SOD through decomposing it into water and molecular oxygen and water. In

Chub-S7 cells treated with tunicamycin, the activity of endogenous antioxidant cata-

lase was considerably impaired with ER stress, particularly at 48 hours when tuni-

camycin treatment resulted in an approximately 30% decrease in catalase (p < 0.01;

Figure 4.2.7.1c). The higher dose of tunicamycin (0.75 µg/ml) also significantly re-

duced catalase following incubation for 24 and 72 hours (p < 0.05; Figure 4.2.7.1c).

During oxidative stress the body uses its defence mechanism to minimise the pro-

cess of protein and lipid peroxidation by using catalase, thus, the activity of this

enzyme is higher in early stages of insult, which may in this case be in the first few

hours of tunicamycin treatment. However, as ROS continues to produce hydrogen

peroxide following tunicamycin treatment it is possible that catalase becomes de-

pleted conceivably via direct oxidative damage of the catalase molecules or altered

catalase gene expression. Catalase is left unable to fight against free radicals, this

may be why in later stages of peroxidation the activity of catalase declines. The

decline in antioxidant protection by catalase, may result in an imbalance between
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antioxidants and free radicals potentially resulting in the highest levels of ROS at

72 hours (Figure 4.2.7.1a).

Taken together these observations further reflect the capacity of ER stress

to negatively influence mitochondrial function in human adipocytes, by damaging

its defences and increasing oxidative stress.
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Figure 4.2.7.1: E↵ect of tunicamycin induced ER stress on oxidative
stress and endogenous antioxidant activity. (a) ROS/RNS (n=4), (b) SOD
activity (n=4) and catalase activity (n=4) in Chub-S7 adipocytes following treat-
ment with tunicamycin 0.25 µg/ml and 0.75 µg/ml for 24, 48 and 72 h. Data are
expressed as mean ± standard error of the mean. Ctrl vs treatments: ⇤p < 0.05,
⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001.
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4.2.8 Seahorse compound optimisation for primary adipocytes

Prior to the Seahorse stress test in primary adipocytes, dose dependent responses to

FCCP and oligomycin were screened in primary adipocytes. The Cell Mito Stress

Test was run using lean and obese adipocytes, showed that 2 µmol of oligomycin and

2 µmol of FCCP produced the best OCR responses for both (Figure 4.2.8.1a and b).
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Figure 4.2.8.1: Seahorse compound optimisation for primary adipocytes.
Concentrations of oligomycin (1 µmol and 2 µmol) and FCCP (0.5 µmol, 1 µmol and
2 µmol) were used to determine the optimal compound concentrations to use in
the Seahorse Stress Test. Primary adipocytes from (a) a lean patient and (b)
obese patient were cultured of Seahorse plates and compounds were injected into
wells following 3 baselines measurements in this order: oligomycin, FCCP and then
rotenone/antimycin A (0.5 µmol).
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4.2.9 Alterations in mitochondrial respiration appear to be a long-

term consequence of obesity

These current studies also sought to monitor the respiratory rates in primary

adipocytes isolated from lean and obese age-matched women upon tunicamycin-

induced ER stress. The bioenergetic profiles of adipocytes derived from lean

participants was consistent with Chub-S7 adipocytes after 24 hours of tunicamycin

treatment (Figure 4.2.9.1a-d), as respiration increased significantly following FCCP

injections in cells incubated with 0.75 µg/ml tunicamycin. Adipocytes from three

obese donors showed no increase in maximal respiration, demonstrating little

response or ability to adapt to the ER stress (Figure 4.2.9.2a-c), and one obese

individual even displayed decreased maximal respiratory capacity (p < 0.05; Figure

4.2.9.2d).

Key parameters of mitochondrial respiration were quantified. In adipocytes

from lean participants the SRC significantly increased after 0.25 µg/ml tunicamycin

treatment (p < 0.05; Figure 4.2.9.3a), and an even greater increase was observed

following 0.75 µg/ml tunicamycin incubation (p < 0.001). Obese individuals, in

contrast, are chronically exposed to ER stress as supported by a wealth of evidence

[9, 36, 178, 341]. The negative e↵ect of pre-existent ER stress in obesity on cel-

lular metabolism is apparent by the cells inability to trigger an adaptive response

to tunicamycin-induced ER stress, as evident by the lack of increase in SRC after

exposure to with 0.25 µg/ml and 0.75 µg/ml tunicamycin (Figure 4.2.9.3a). These

findings may also be attributable to the high SRC in the control cells of obese indi-

viduals (Figure 4.2.9.3a), which suggests that these subjects are already under ER

stress resulting in matched SRC of the untreated adipocytes with the tunicamycin-

induced stressed adipocytes.

Additionally, the results revealed that the basal respiratory capacity in

adipocytes from obese individuals is greatly diminished compared with adipocytes

derived from lean individuals (p < 0.001; Figure 4.2.9.3b). This reduced basal

respiration could occur due to a decrease in demand for ATP, via decreased protein

folding reducing the amount of ATP-dependent processes. Obesity also mediated a

modest decrease in ATP production compared with lean participants, although this

did not reach significance (Figure 4.2.9.3c). Taken together, these findings suggest

that the initial adaptive response to ER stress is short-term and if not resolved,

chronic ER stress diminishes respiratory capacity and the ability of mitochondria

to launch an adaptive response.
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Figure 4.2.9.1: E↵ect of ER stress on aerobic capacity in lean patient
derived adipocytes. OCR was measured in primary adipocytes from 4 lean pa-
tients (a-d) following treatment for 24 h with 0.25 µg/ml and 0.75 µg/ml tunicamycin
(n=5-6). Data are expressed as mean ± standard error of the mean. Control vs
0.25 µg/ml tunicamycin: †p < 0.05, control vs 0.75 µg/ml tunicamycin: ⇤p < 0.05,
⇤⇤ p < 0.01, ⇤⇤⇤p < 0.001.
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Figure 4.2.9.2: E↵ect of ER stress on aerobic capacity in obese patient
derived adipocytes. OCR was measured in primary adipocytes from 4 obese pa-
tients (a-d) following treatment for 24 h with 0.25 µg/ml and 0.75 µg/ml tunicamycin
(n=5-6). Data are expressed as mean ± standard error of the mean. Control vs
0.75 µg/ml tunicamycin: ⇤p < 0.05.
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Figure 4.2.9.3: Key parameters of respiratory control in patient derived
adipocytes. A Seahorse XF Cell Mito Stress Test was conducted using primary
adipocytes from lean and obese patients following treatment for 24 h with 0.25 µg/ml
and 0.75 µg/ml tunicamycin. The parameters determined were (a) SRC, (b) basal
respiration and (c) ATP production (n=5-6). Boxplots depict grouped patients with
5 patients in each group and measurements were carried out in 7-8 separate wells.
Data are shown as median and interquartile ranges, percentile ranges are 5-95%.
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4.3 Discussion

In this chapter, it was hypothesised that ER stress leads to mitochondrial damage

in human adipocytes, exacerbated by conditions of obesity. To investigate this,

Chub-S7 adipocytes were used as a cell model, and primary human adipocytes were

utilised to determine how ER stress may impact on mitochondrial function. From

these investigations these studies suggest that ER stress causes mitochondrial dys-

function in human adipocytes, which is exacerbated in obesity, as evidenced by: (1)

ER stress significantly increasing the respiratory capacity of Chub-S7 adipocytes

before switching to more metabolically ine�cient glycolytic pathway; (2) mitochon-

drial function being impaired with increased adiposity (as evidenced by depleted

spare respiratory capacity of obese adipocytes in response to ER stress); and (3)

ER stress directly generating fragmented mitochondria as visualised by imaging

mitochondrial fragmentation and through changes in pDRP1 protein expression,

leading to oxidative stress.

Functional assessment of ER-mediated mitochondrial damage was under-

taken by assessing real-time measurements of oxygen consumption in Chub-S7

adipocytes and primary adipocytes. Chub-S7 cells were used as a cell model to

monitor the direct influence of ER stress on mitochondrial function, independent

of patient variability. It was noted that Chub-S7 adipocytes exposed to ER stress

exhibited increased spare respiratory capacity (SRC), which is the amount of extra

ATP that can be produced by oxidative phosphorylation in case of a sudden increase

in energy demand. This increase in the SRC may be crucial for mitochondria to

be able to function above their full respiratory potential in response to ER stress,

in order to match the additional energy demands required to re-establish protein

homeostasis. Subcutaneous adipose tissue may have a greater ability to adapt and

expand given its responsibility to accommodate excess circulating fatty acids, this

is of importance here as Chub-S7 cells were isolated from subcutaneous adipose

tissue and this may be one of the reasons these cells are able to compensate initially

for ER stress [231]. In the realm of overnutrition, the importance of maintaining

e�cient protein folding in adipocytes is tied to the notion that the ER is directly

involved with lipid homeostasis [135]. However, under the obesity condition, the

excessive accumulation of lipids, and thus lipotoxicity may result [135].

Accordingly, these studies monitored the respiratory rates in lean and obese

subjects, noting that previous work has demonstrated that both ER stress and mi-

tochondrial dysfunction are increased in obese individuals compared to lean [148,

220, 341, 416]. Whilst the di↵erentiation of cells isolated from lean and obese sub-
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jects can di↵er significantly, preadipocytes from di↵erent participants (both lean

and obese) were screened, reducing this variability. Adipocytes from lean individu-

als showed the ability to compensate for tunicamycin-induced ER stress by increased

SRC, whereas obese individuals were unable to respond to tunicamycin-induced ER

stress. In fact, adipocytes from obese donors also exhibited significantly diminished

basal respiration, which is in line with previous reports in human primary adipocytes

[106, 416]. The observed reduction in basal respiration may occur in obesity due to

a decrease in demand for ATP, either via translation attenuation during ER stress

reducing the amount of ATP-dependent processes occurring, or as an adaptive re-

sponse to limit the increase in fat mass. This second theory is supported by the

reduction in expression of acetyl-CoA carboxylase, essential in fatty acid synthesis,

as well as reduced de novo lipogenesis in obesity [98, 195]. Additionally, this reduced

basal respiration in adipocytes from obese participants suggests that mitochondria

are able to manage oxygen consumption to mitigate the impact of acute ER stress

(as observed in Chub-S7 cells), but long-term obesity leads to mitochondrial dam-

age and thus metabolic maladaptation. This reduced respiration in obesity may

lead to decreased substrate oxidation, most notably diminished oxidation of fatty

acids, leading to ectopic lipid accumulation and subsequently giving rise to insulin

resistance and other comorbidities [106].

It was also observed that chronic ER stress in Chub-S7 adipocytes decreased

mitochondrial e�ciency, while acute ER stress had no evident e↵ects. Glycolysis,

the less e�cient metabolic process for ATP synthesis was therefore investigated. It

generates only two ATP molecules per molecule of glucose, while complete oxidation

of a glucose molecule through oxidative phosphorylation is able to generate up to 36

ATP molecules. Respiratory studies in Chub-S7 adipocytes revealed that chronic

(72 hours) ER stress mediated a metabolic shift from a heavy reliance on oxidative

phosphorylation to an increased dependence on glycolysis (higher dependence on

glucose), while adipocytes under acute ER stress favoured oxidative phosphoryla-

tion. From this current data it appears that in the short-term, human adipocytes

are able to cope with acute stress (i.e. acute increased demand for protein folding),

while adipocytes under sustained ER stress displayed a preference for glycolysis

leading to mitochondrial ine�ciency. As a result of the heightened ER stress, inef-

ficient mitochondria in obesity may be unable to meet the energy demand required

for protein folding [43, 245, 297]. It could also be presumed that this switch to

glycolysis may be an adaptive response to try to preserve cell viability, though pre-

vious studies have also seen a conversion from fatty acid oxidation to glycolytic

metabolism under stress, possibly as a compensatory mechanism in obesity [211].
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Additionally, glycolytic switching to reduced mitochondrial oxidation of fatty acids

may in the long-term lead to ectopic lipid deposition [72]. The reasoning behind

this is that lipids are one of the main fuel sources in adipocytes [47], thus a switch

to a higher dependence on glucose will have deleterious consequences on lipid han-

dling. As such if adipose tissue is not able to bu↵er lipids, lipids will spill-over into

the bloodstream resulting in lipotoxicity in other cell types, an underlying cause

of obesity-associated insulin resistance and atherosclerosis [387]. ER stress-induced

mitochondrial dysfunction may therefore be another factor that promotes ectopic

fat deposition in non-adipose tissues.

The e↵ect of ER stress on metabolism may arise from the influence on mul-

tiple pathways and structural components of mitochondria. Previous studies have

shown that a response to changes in energy supply and demand, results in mito-

chondria remodelling their architecture [286]. This change in modelling has been

identified in mice with genetically induced obesity or on a high fat diet, which display

increased levels of mitochondrial fission proteins (Drp1 and Fis1) in skeletal muscle

[286]. In line with these insights, our current human adipocyte studies demonstrated

that ER stress induced dynamic remodelling of the mitochondrial network in Chub-

S7 adipocytes, which was made evident by increased fragmentation and swelling

of mitochondria. Additionally, active image analysis of mitochondrial dynamics in

Chub-S7 adipocytes, appear to a�rm changes observed in Hela cells which reported

that, following 24 hours of treatment with thapsigargin (an ER stressor) the popu-

lation of fragmented mitochondria increased [317]. As such, these findings indicate

that chronic ER stress is instrumental as a pathway contributing to mitochondrial

fragmentation in human adipocytes. These findings have implications on metabolic

health in obesity, as mitochondrial fragmentation is known to contribute to the

development of T2DM [286, 317].

By analysing the protein expression of mitochondrial fission/fusion machin-

ery in Chub-S7 adipocytes, the mechanism by which ER stress induces fragmenta-

tion, as evidenced by confocal imaging, could be determined. The protein Drp1, a

GTPase that catalyses the process of mitochondrial fission, was investigated. The

findings of these studies revealed upregulation of Drp1 phosphorylation following

tunicamycin incubation, suggesting enhanced mitochondrial fission. This sugges-

tion arises as a number of previous non-adipocyte studies have demonstrated that

phosphorylation of Drp1 promotes Drp1 translocation to the mitochondria resulting

in mitochondrial fission [136, 293, 390]. As such these current studies may therefore

indicate that the increased Drp1 phosphorylation in Chub-S7 adipocytes, in re-

sponse to ER stress, promotes mitochondrial fragmentation. Of note, the functional

134



consequence of Drp1 phosphorylation is still somewhat disputed, as some contradic-

tory studies (non-adipocyte) have reported that phosphorylation of Drp1 resulted

in elongated mitochondria, rather than stimulating mitochondrial fission [51, 74].

This conflict may merely suggest that the changes in Drp1 phosphorylation are cell

type- and stimulus-dependent, however in the case of human adipocytes, phosphory-

lation of Drp1 could result in mitochondrial fragmentation via ER stress. To make

the hypothesis that pDrp1 induces fragmentation due to ER stress in adipocytes

more robust, animal knockout studies of key Drp1 phosphorylation sites would be

required in future studies.

Fragmented mitochondria are also a source of oxidative stress, as previously

observed in rat myoblasts and human endothelial cells [343, 418]. In addition, silenc-

ing Drp1 has been shown to alleviate mitochondrial fission leading to decreased ROS

generation [343]. This suggests that fission plays a role in mitochondrial-mediated

oxidative stress. Given these findings, oxidative stress was measured following ex-

posure to tunicamycin. This study showed that ER stress initiates ROS production

in Chub-S7 adipocytes and reduces the synthesis of catalase, an antioxidant enzyme

essential for neutralising these free radicals. ER stress induced-mitochondrial frag-

mentation may therefore be a causal factor implicated in increased oxidative stress,

a major cause of clinical complications associated with obesity [47]. In obese indi-

viduals it is also seen that antioxidant defences are lower than their normal weight

counterparts [326]. This is similar to what was seen in this study when catalase was

measured following tunicamycin treatment, suggesting that ER stress may in part

be the reason for decreased antioxidant in obesity. Oxidative stress itself also in-

creases the production of misfolded proteins due to their oxidizing e↵ects on nascent

proteins, causing aberrant mitochondria morphology, which, in turn, further exacer-

bates oxidative stress in a self-perpetuating vicious cycle [387]. Prevention of ROS

accumulation is therefore important to alleviate downstream metabolic dysfunction.

Targeting ROS by reducing mitochondrial fragmentation may be a viable option.

Additionally, antioxidants such as ↵-lipoic acid [387] or pharmacological compounds

including thiazolidinediones [64] and metformin [256] also lead to metabolic im-

provements by reducing ROS production, decreasing the accumulation of toxic lipid

metabolites and enhancing mitochondrial biogenesis; all protective factors against

weight gain and insulin resistance.

The findings presented in this chapter identify ER stress as a potential precur-

sor driving mitochondrial dysfunction in obesity, including impaired oxidative func-

tion, fragmented mitochondrial networks and compromised mitochondrial bioener-

getics (summarised in Figure 4.3.0.4). These maladaptations may contribute to the
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development of metabolic pathologies such as T2DM. A strategy for the recovery

of mitochondrial health, by restoration of these functions through pharmaceutical

intervention, is investigated in the next chapter.
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Chapter 5

E↵ect of GPR120 agonism on

mitochondrial form and

function in human adipocytes
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5.1 Introduction

In the previous chapter, mechanisms of mitochondrial dysfunction as induced by

ER stress were discussed. It was revealed that tunicamycin-induced ER stress in

adipocytes induced oxidative stress, mitochondrial fragmentation and decreased mi-

tochondrial e�ciency. Restoring these to their healthy states is imperative in slowing

the development of obesity-induced comorbidities. A possible therapeutic strategy

to improve mitochondrial function would thus be to alleviate ER stress. However,

several attempts to mitigate ER stress by targeting the unfolded protein response

have exacerbated disease pathologies. Skeletal muscle wasting was observed in mice

and cultured primary myotubes after the inhibition of ER stress and unfolding

protein response pathways [38]. In a separate study, mice with a PERK knockout

mutation developed pancreatic defects, resulting in loss of insulin-secreting beta cells

and the subsequent development of T2DM [421]. Moreover, ATF6-knockout mice

became resistant to insulin and developed liver disease [321]. Indeed, therapeutic

targeting of ER stress components is challenging due to their requirement in normal

cellular function, and thus, attenuating ER stress can disrupt homeostasis resulting

in harmful side e↵ects. Currently, targeting the UPR to alleviate ER stress-induced

mitochondrial dysfunction may therefore not be a viable option. There are a mul-

titude of other potential therapeutic targets that could be investigated to alleviate

mitochondrial dysfunction in obesity. With this in mind, the G Protein Coupled

Receptor (GPCR) superfamily has been an important focus for researchers aiming

to discover new strategies to combat obesity with safe and e�cacious drugs [34, 126].

This is in part due to the ’druggability’ of GPCRs, but also their diversity and cell-

specific expression [305]. Several studies targeting specific GPCRs to tackle obesity

have observed decreased body weight, fat mass and inflammation, along with im-

proved insulin sensitivity and increased energy expenditure [191, 258, 307, 340, 350].

Among these, the G-protein coupled receptor 120 (GPR120) has been singled out

as one of the most attractive targets [164]. What makes GPR120 so interesting

for this line of study is that not only does it appear to improve metabolic health,

but activation of GPR120 also a↵ects several aspects of mitochondrial function in

various cell types [164, 191, 329]. The importance of GPR120 in obesity and its role

in mitochondrial activity will be expanded upon in more detail below.

In terms of obesity and obesity-related metabolic disorders, GPR120 rep-

resents a promising target due a number of studies carried out in the last decade

which implicate the receptor in the regulation of adipogenesis, anti-inflammatory

processes, insulin sensitivity and glucose uptake. Specifically, GPR120 serves as a
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dietary sensor of unsaturated long-chain free fatty acids (LCFAs) and is coupled

to G↵q, which activates several intracellular signalling pathways, most notably ex-

tracellular signal-regulated kinase 1/2 (ERK1/2), mitogen-activated protein kinase

(MAPK) and �-arrestin signalling pathways [250, 354]. Fatty acids are therefore

important biological molecules, that are not only important sources of energy, but

also act as signalling molecules regulating metabolic and inflammatory processes.

While diets rich in calories and saturated fatty acids are associated with an in-

creased incidence of obesity [103, 386], n-3 polyunsaturated fatty acids (n-3 PUFAs)

rich diets have anti-inflammatory e↵ects and may protect against metabolic disease

[273]. GPR120 deficient mice on a high-fat diet are more susceptible to develop-

ing obesity, glucose intolerance and fatty liver than wild-type mice on the same

diet. White adipose tissue from these knock-out mice also revealed increased insulin

resistance, inflammation, adipocyte size and decreased energy expenditure [191].

Whereas murine model systems have indicated that activation of GPR120 by ad-

equate !3-FAs gives rise to various beneficial metabolic e↵ects in adipose tissue

including increased insulin sensitivity [244], release of anti-inflammatory mediators

[95, 97, 158] and weight loss [164]. These positive e↵ects of GPR120 activation

in adipose tissue are thought to stem from a number of di↵erent cell types, most

importantly adipocytes and macrophages. Macrophages play an important role in

the inflammatory pathways activated in adipose tissue. Oh et al. analysed adi-

pose tissue macrophages (ATMs) following GPR120 activation with n-3 PUFAs and

observed accelerated M2 macrophage polarisation, leading to anti-inflammatory ef-

fects in adipose tissue [273]. Additionally, it resulted in decreased macrophage

chemotaxis capacity. Furthermore, the use of a synthetic ligand, cpdA, had the

same anti-inflammatory e↵ects in ATMs [199]. In view of these studies, GPR120

agonism functions as a trigger for broad beneficial anti-inflammatory e↵ects. Stim-

ulation of GPR120 in adipose tissue also has beneficial e↵ects on metabolic health

via adipocytes. Not only does GPR120 activation increase adipogenesis to help

decrease ectopic lipid accumulation and thus fatty liver, it also leads to improved

insulin sensitivity and alleviated glucose intolerance in obese mice on a high fat diet

[164, 191].

GPR120 is also known to a↵ect several aspects of mitochondrial activity.

For one Schilperoort and colleagues demonstrated a key role of mitochondrial func-

tion activated by GPR120 agonism on thermogenesis and obesity in murine brown

adipose tissue and brown adipocytes [329]. Following the activation of GPR120

by TUG-891, the level of oxygen consumption significantly increased via GPR120-

dependent mechanisms. In addition, stimulation of GPR120 in brown adipocytes
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also induced mitochondrial depolarisation as observed by using a mitochondrial dye

sensitive to membrane potential. In parallel, re-organisation of mitochondrial net-

works occurred resulting in increased mitochondrial fragmentation [329]. This study

concluded that TUG-891 improved mitochondrial function in brown fat promoting

metabolic health. This is of course in brown adipocytes which have higher lev-

els of mitochondria, as well as uncoupling. However, white adipocytes from mice

stimulated by TUG-891 also showed increased mitochondrial oxidative capacity as

measured by the Seahorse (unpublished data from the Mark Christian lab). In ad-

dition to this, in white adipose tissue n-3 PUFA treatment in mice has shown to be

anti-adipogenic via enhancement of �-oxidation and leads to the upregulation of mi-

tochondrial biogenesis [109]. Collectively, results from these mouse studies highlight

the potential of GPR120 activation to prevent and even reverse diminished oxida-

tive capacity and general mitochondrial function often observed in obesity leading

to improved metabolic health. Given the role of both mitochondrial function and

GPR120 in obesity, targeting GPR120 is a sensible candidate to study for alleviating

obesity and associated metabolic diseases via improved mitochondrial functions.

Despite these promising findings, a lot of these earlier studies relied on fatty

acids as ligands due to a lack of better alternatives, however !3-FAs are not selective

for only GPR120 so the results may not have been completely GPR120 specific

[314]. Additionally, the amount of !3-FAs that humans would need to consume

is impractical and may come with its own pathology [272]. As such, synthetic

ligands with improved potency and selectivity for GPR120 over !3-FAs have been

developed. These have been shown to mimic many of the potential therapeutic

benefits previously reported for !3-FAs activation of GPR120 [158, 199], including

inhibiting the release of proinflammatory mediators (i.e. TNF↵) from macrophages

and enhancing glucose uptake in adipocytes [158]. As such, several of these ligands

will be explored in this study on human white adipocytes.

To date, the majority of studies into GPR120 signalling have focused on

animal models, and there have yet to be any clinical studies to assess the e�cacy

of GPR120 agonism. Nonetheless GPR120 activity is thought to be physiologi-

cally relevant in humans, considering that loss-of-function gene variants in GPR120

increases the risk of obesity in European populations [191]. Likewise, GPR120 ex-

pression is closely associated with adiposity in human white adipose tissue, although

studies report conflicting results, reporting both increased [191] and decreased [314]

expression levels. These inconsistencies require further investigation.

Despite the fact that GPR120 is well documented to play a role in increas-

ing energy expenditure and improving metabolic health, the relevance of GPR120
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activation in mediating mitochondrial function in human white adipocytes remains

unexplored. Given this, the next step was to define more closely the molecular

mechanism of GPR120 function in humans, with the hopes of using this receptor

as a candidate drug target to improve mitochondrial function and, in turn, the

pathogenesis of obesity. Thus, the aims of this chapter were to: 1) evaluate the

gene expression of GPR120 in human white adipose tissue; 2) find a suitable ligand

for GPR120 in human white adipocytes; 3) determine the contribution of GPR120

to mitochondrial gene expression in adipose tissue; and 4) examine the e↵ects of

GPR120 agonism on mitochondrial form and function in human adipocytes.
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5.2 Results

5.2.1 GPR120-S is the dominant GPR120 isoform in human white

adipose tissue

Human GPR120 has two splice variants, a short (S) isoform and a long isoform (L),

which di↵er by the insertion of sixteen additional amino acids in the third intra-

cellular loop of GPR120-L. Although total GPR120 is abundant in human white

adipose tissue, it is unclear if both these isoforms contribute to this. The impor-

tance of investigating this is that the two isoforms have slightly di↵erent functions,

although the physiological relevance of the two isoforms is still not well known. Both

the long and short isoforms are phosphorylated in the presence of LCFAs and both

are able to readily recruit �-arrestin-2 resulting in internalisation. The di↵erence

between the two is calcium mobilisation; activation of the short isoform results in a

GPR120-mediated rise in calcium ions caused by intracellular calcium release from

the ER, while the longer intracellular loop (16 amino acids) of the long isoform pre-

vents G-protein-dependent intracellular calcium mobilisation [394]. Other studies

also indicate a partial loss of function that could be associated with the long isoform

of GPR120 [152, 253].

As such GPR120-S and GPR120-L were examined in human white adipose

tissue by qPCR and gel electrophoresis. qPCR analysis revealed that GPR120-L

transcript levels were very low in adipose tissue (C
T

values less than 35), while

GPR120-S was more highly expressed (Figure. 5.2.1.1a).

To verify the gene expression results obtained from qPCR analysis, gel elec-

trophoresis was performed on the resultant amplified DNA products to confirm the

gene products were appropriate and to highlight if any unexpected non-specific prod-

ucts were present. Visualisation of bands again revealed that GPR120-L was not

expressed in human adipose tissue (Figure. 5.2.1.1b). A single fragment, (76 bp)

corresponding to the short GPR120 isoform was identified in white adipose tissue.

Furthering suggesting that, GPR120-S is the dominant isoform in human adipose

tissue. To investigate this on a protein level Western blotting was carried out. West-

ern blotting was attempted with three di↵erent antibodies (ab230869 from Abcam,

sc-99105 and sc-48203 from Santa Cruz Biotechnology) to further verify the gene

expression results, however none of these antibodies were successful.

It is worth nothing that white adipose tissue is highly heterogeneous, mean-

ing it is composed of several cell types. Apart from adipocytes, the characteristic

cell of adipose tissue, the tissue also includes mesenchymal stem cells, neutrophils,

lymphocytes, endothelial cells, and macrophages [330]. The short form of GPR120
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is therefore not exclusively expressed by adipocytes. Specifically, macrophages are

known to also highly express GPR120 [210].

0.0

0.5

1.0

1.5

m
R

N
A

 (
fo

ld
 c

ha
ng

e)

GPR120-S GPR120-L

***

a b

GPR120-S GPR120-L

WAT NT WAT NT

Figure 5.2.1.1: GPR120 isoforms in white adipose tissue. (a) Relative
GPR120-S and GPR120-L expression in subcutaneous white adipose tissue (n=6)
measured with qPCR. (b) PCR-amplified DNA of GPR120 transcripts (GPR120-S
and GPR120-L) run on a 2% agarose gel to confirm qPCR products. WAT, white
adipose tissue; NT, non-template control. ⇤⇤⇤p < 0.001.
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5.2.2 Dysregulation of GPR120 in human AbdSc and Om adipose

tissue from lean, overweight and obese subjects

To examine the e↵ect of adiposity on GPR120-S expression and identify if GPR120-

S is di↵erentially expressed in adipose tissue depots, GPR120-S was measured by

qPCR in paired AbdSc and Om adipose tissue samples from 130 women with varied

BMI (subjects were from Adiposity study; see Table 5.2.2.1 for patient characteris-

tics).

Lean Overweight Obese

BMI (kg/m2) 22.17±1.9 27.40±1.3*** 35.25±1.9***†††

Glucose (mmol/l) 3.58±0.1 3.68±0.1 3.86±0.1*

Insulin (pmol/l) 39.79±5.0 65.36±6.0* 84.56±9.2***†

HOMA-IR 1.21± 0.2 1.82±0.2* 2.52±0.4**

Triglyceride (mmol/l) 3.11±0.2 3.24±0.1 3.17±0.2

Cholesterol (mmol/l) 6.93±0.2 6.72±0.2 6.79±0.2

HDL (mmol/l) 1.74± 0.1 1.55±0.1* 1.49±0.1**

LDL (mmol/l) 4.56±0.2 4.53±0.2 4.46±0.2

LDL/HDL 2.77±0.2 3.09±0.2* 3.01±0.2*

Table 5.2.2.1: Baseline characteristics of study participants. Selected char-
acteristics of cohort consisting of 44 lean, 49 overweight and 37 obese women. Data
are means ± SEM or means ± SD (BMI). *p < 0.05, ⇤⇤ p < 0.01 and ⇤⇤⇤p < 0.001:
lean vs overweight, obese. †p < 0.05 and †††p < 0.001: overweight vs obese.

In general, transcript levels of GPR120-S increased with adiposity (Figure

5.2.2.1a). Specifically, in AbdSc adipose tissue GPR120-S was increased signifi-

cantly in overweight subjects compared with the lean group (1.3-fold "; p < 0.05).

GPR120-S transcript levels in AbdSc taken from obese individuals were also higher

than lean individuals (1.24-fold "; p = 0.08), however this result was not significant

due to the large range of GPR120-S values. Moreover, GPR120-S expression was

also upregulated in Om adipose tissue from overweight and obese subjects. GPR120-

S levels increased by more than 1.5-fold in Om adipose tissue from obese women,

compared with lean (p < 0.01), while GPR120-S expression was 1.21-fold greater in

overweight patients, although this increase was not statistically significant.

GPR120 is known to have a critical role in a range of physiological home-

ostasis mechanisms including inflammation, adipogenesis, insulin sensitivity, food

preference and regulation of appetite [191, 206, 354]. GPR120 for example func-

tions as a polyunsaturated fatty acid sensor in white adipose tissue, which triggers
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beneficial anti-inflammatory e↵ects [164]. Additionally, adipocyte-GPR120 activa-

tion in white adipose tissue results in increased glucose uptake [164]. As such, the

upregulation of GPR120-S with adiposity in both the AbdSc and Om depots may be

a compensatory response to increased inflammation and decreased insulin sensitiv-

ity often observed in obese individuals. Artificially activating the GPR120 receptors

through synthesised ligands, may thus be beneficial to improve insulin sensitivity

and inflammation in obesity.

However, gene expression levels can only indicate the level of a functional

and active receptor, and they also do not reveal ligand binding e�ciency. As such,

it may be that increased obesity leading to high levels of GPR120 receptors results

in a loss of receptor sensitivity, much like with leptin and insulin resistance [130,

202]. In addition, Koshimizu et al. studied 15,000 individuals and found that

those with obesity are prone to carry a loss-of-function mutation which renders a

number of their GPR120 receptors inactive [191]. As such, the potential increase in

GPR120 receptors may be prone to both mutations and loss of sensitivity. Like leptin

resistance, this lost sensitivity would be a complex pathophysiological phenomenon,

with many potential research lines that would require extensive research in the future

[130].

In order to investigate depot-specific di↵erences in GPR120-S gene expres-

sion, transcript levels were analysed between AbdSc adipose tissue and Om adipose

tissue. GPR120-S expression was lower in Om adipose tissue from all three weight

groups (lean, overweight and obese) when compared with the AbdSc adipose tissue

depot (p < 0.001; Figure 5.2.2.1a). These results are somewhat unexpected, as

omental adipose tissue has a stronger association with metabolic risk factors and

metabolic syndrome than AbdSc adipose tissue. It is therefore unclear why these

results were obtained. However, it does reflect the gene expression data published

by Ichimura et al. who also saw a decrease is GPR120 expression in human Om

white adipose tissue compared to AbdSc white adipose tissue [191].

As demonstrated by gene expression data across lean, overweight and obese

weight groups, GPR120-S transcript levels are influenced by BMI, this is also evident

through correlation analysis (Figure 5.2.2.1b). A significant and positive relationship

between BMI and GPR120-S in Om adipose tissue was revealed by Spearman’s

rank order correlation (r = 0.346, p < 0.01). AbdSc adipose tissue GPR120-S and

BMI were also positively correlated, although this relationship was not significant

(r = 0.156, p = 0.089). In general, GPR120-S expression is clearly upregulated by

increased adiposity in human white adipose tissue.
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Figure 5.2.2.1: Modulation of GPR120 in adipose tissue. (a) mRNA expres-
sion of GPR120-S in AbdSc (n=130) and Om adipose tissue (n=130) using qPCR.
(b) Correlation between GPR120-S and BMI in AbdSc (n=130) and Om adipose
tissue (n=130) using Spearman’s correlation. Each box plot shows the median
(50th percentile), 25th and 75th interquartile range (box), 5% and 95% percentile
(whiskers) and outliers (•). ⇤p < 0.05 and ⇤⇤ p < 0.01: lean vs overweight and
obese. †††p < 0.001: AbdSc vs Om adipose tissue.
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5.2.2.1 Correlations between GPR120 and mitochondrial genes in adi-

pose tissue from lean, overweight and obese subjects

In order to ascertain whether GPR120 may be a contributing factor to mitochondrial

health in adipose tissue, mRNA expression of GPR120 and a wide array of mito-

chondrial genes (mitochondrial dynamics, biogenesis, oxidative phosphorylation and

antioxidant action) were correlated in AbdSc and Om adipose tissue. Changes in

GPR120-S were significantly associated with changes in adipose mitochondrial genes

(Table 5.2.2.2).

Indeed, using Spearman’s rank correlation GPR120-S was revealed to be

positively correlated with genes controlling mitochondrial fusion: MFN2 (AbdSc:

r = 0.305, p < 0.01) and OPA1 (AbdSc: r = 0.353, p < 0.01; Om: r = 0.311, p <

0.01). A similar relationship was observed between GPR120-S and mitochondrial

fission genes: DRP1 (AbdSc: r = 0.479, p < 0.01; Om: r = 0.421, p < 0.01) and

FIS1 (AbdSc: r = 0.459, p < 0.01; Om: r = 0.421, p < 0.01) (Table 5.2.2.2).

GPR120-S was also associated with increased mitochondrial biogenesis. Notably,

PGC1↵, a key inducer of mitochondrial biogenesis, was positively correlated with

GPR120-S in Om adipose tissue (r = 0.365, p < 0.01). TFAM, a transcription

factor involved in biogenesis, was also positively associated with increased GPR120-

S (AbdSc: r = 0.295, p < 0.01; Om: r = 0.327, p < 0.01). In addition, OXPHOS

was investigated in relation to GPR120-S, and this analysis uncovered a positive

relationship between GPR120-S and COX4I1 in AbdSc adipose tissue (r = 0.340,

p < 0.01). Finally, SOD2, an enzyme with strong antioxidant action, was inversely

correlated with GPR120-S in Om adipose tissue (r = �0.314, p < 0.01).

These correlation data are highly preliminary results that suggest there could

be a relationship between GPR120 and mitochondria. If this is the case then ac-

tivating GPR120 receptors could have an e↵ect on mitochondria. However, these

are gene expression results and do not necessarily reflect GPR120 or mitochondrial

function, and thus functional studies using adipocytes are undertaken later on in

this study. In addition, this is correlation data which naturally does not conclusively

define a relationship between GPR120 and the range of mitochondrial genes.
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GPR120-S vs. AbdSc AT Om AT

Fusion
MFN2 0.305** 0.041

OPA1 0.353** 0.311**

Fission
FIS1 0.459** 0.421**

DRP1 0.479** 0.421**

Biogenesis

PGC1↵ -0.177 0.365**

NRF1 0.119 0.167

TFAM 0.295** 0.327**

Function
COX4I1 0.340** 0.108

SOD2 0.028 -0.314**

Table 5.2.2.2: Correlations between GPR120-S and mitochondrial genes.
Table shows Spearman’s correlation coe�cients between GPR120-S and mitochon-
drial genes in the whole cohort (n=130; patients are the same as those used in
chapter 3). ⇤⇤ p < 0.01.

5.2.3 Di↵erential e↵ect of bariatric surgery on GPR120

Given that GPR120 is upregulated by increased adiposity, the e↵ect of weight loss

on GPR120 levels was investigated. Bariatric surgery resulted in significant reduc-

tion in weight 6 months post-surgery; on average BMI decreased by 12% (Table

5.2.3.1). This shows that in this cohort bariatric surgery was successful at resulting

in significant weight loss in these individuals.

Pre-surgery Post-surgery Change (%)

BMI (kg/m2) 42.92±6.3 37.36±5.8*** -13.27

Glucose (mmol/l) 9.24±0.5 7.13±0.3*** -22.78

Insulin (pmol/l) 29.78±3.2 16.18±1.6*** -44.97

HOMA-IR 12.34±1.5 5.08±0.5*** -58.30

Triglyceride (mmol/l) 1.73±0.2 1.38±0.1* -20.43

Cholesterol (mmol/l) 4.93±0.2 4.31±0.2** -12.59

HDL (mmol/l) 1.10±0.1 1.02±0.1 -6.55

LDL (mmol/l) 3.04±0.1 2.65±0.1* -12.73

LDL/HDL 2.93±0.2 2.76±0.2 -5.92

Table 5.2.3.1: Selected characteristics of study participants pre-surgery
and 6-months post bariatric surgery. Anthropometric, biochemical and clinical
variables of 33 individuals pre- and post-surgery. Changes are the di↵erence between
post-surgery values and pre-surgery values as a percentage. Data are means ± SEM
or means ± SD (BMI). *p < 0.05, ⇤⇤ p < 0.01 and ⇤⇤⇤p < 0.001.
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Given this, the expression of GPR120-S in subcutaneous abdominal adipose

tissue was evaluated in all 33 subjects before and 6 months after bariatric surgery.

After bariatric surgery there was a 1.22-fold reduction 5.2.3.1a) inGPR120-S mRNA

expression compared with levels in pre-surgery tissue. When examined individually,

GPR120-S was decreased in 23 of the 33 subjects (Figure 5.2.3.1b). These findings

are consistent with the notion that GPR120 is increased with weight gain.

Again, the potential reason for decreased GPR120 with weight-loss may be

due to a reduction in multiple metabolic risk factors such as insulin resistance and

adipose tissue inflammation. For instance, this group of patients had significantly

improved HOMA-IR values post weight-loss as seen in Table 5.2.3.1. Thus, less

GPR120 is required to tackle these issues, as GPR120 is known to reduce these risk

factors and may therefore be increased in adipose tissue to compensate. Given that

GPR120 activation is linked to improving these metabolic outcomes, GPR120 may

be a good therapeutic target to activate with synthetic agonists. This topic will

need considerable research in the future.
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Figure 5.2.3.1: Regulation of GPR120 in bariatric subjects. mRNA ex-
pression of GPR120-S in AbdSc adipose tissue from patients (n=33) pre and post
bariatric surgery measured using qPCR. (a) Average mRNA levels for GPR120-S in
pre and post-surgery groups presented in boxplots. Each box plot shows the median
(50th percentile), 25th and 75th interquartile range (box), 5% and 95% percentile
(whiskers) and outliers. (b) Values are shown for individual patients with IDs shown
in the key. GPR120-S downregulation is displayed in green, and upregulation in
yellow.
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5.2.3.1 E↵ect of bariatric surgery on correlations between GPR120 and

mitochondrial genes

Next, the e↵ects of bariatric surgery on the relationship between GPR120 and mito-

chondrial genes involved in mitochondrial dynamics, biogenesis, electron transport

chain and antioxidant action were investigated using Spearman’s correlation analy-

ses. Comparisons were carried out on change variables, that is the di↵erence between

post-surgery values and pre-surgery values as a percentage. These analyses returned

mostly non-significant correlations, although TFAM and GPR120-S were identified

to have a significant association (Table 5.2.3.2).

This relationship suggests that increased GPR120-S could be associated with

decreased TFAM. This is in line with a study which found that the deletion of TFAM

protects against obesity [385]. GPR120 on the other hand is known to increase with

obesity as seen in Figure 5.2.2.1a and in previous research by Ichimura et al. [191].

The trend between the two may therefore be correlation but not causation, and

these results cannot be considered as conclusive given that no signalling pathway is

known to closely link the two.

GPR120-S vs. Bariatric surgery

Fusion
MFN2 0.055

OPA1 0.072

Fission
FIS1 -0.250

DRP1 -0.067

Biogenesis

PGC1↵ -0.235

NRF1 -.219

TFAM -0.294*

Function
COX4I1 0.106

SOD2 0.061

Table 5.2.3.2: Correlations between GPR120-S and mitochondrial genes
in AbdSc AT. Table shows Spearman’s correlation coe�cients between GPR120-S
and mitochondrial genes in the whole cohort (n=33). ⇤⇤ p < 0.01.
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5.2.4 GPR120-S transcript levels are high in SGBS adipocytes and

primary human adipocytes

To further investigate the overall impact of GPR120 on mitochondrial functional-

ity in adipose tissue, an adipocyte cell model with high GPR120 expression was

needed. A pure adipocyte cell line will also help to separate the contribution of

other cells types, such as macrophages. As such, GPR120 transcript levels were

measured in Chub-S7 and primary human adipocytes. Primary human adipocytes

isolated from 6 patients all highly expressed GPR120 (Figure 5.2.4.1). Despite

this, GPR120 expression in Chub-S7 adipocytes was very low (C
T

values less than

30). As such, an alternative adipocyte cell line was sought. Di↵erentiated SGBS

adipocytes (previously unused in our lab) displayed high levels of GPR120 mRNA

relative to both primary adipocytes and Chub-S7 adipocytes. A likely explanation

for this discrepancy between the di↵erent cells is their adipogenic e�ciency. The

reason for this is that Gotoh et al. previously revealed higher expression of GPR120

mRNA in adipocytes compared to stromal vascular cells [125]. In addition, they

observed that GPR120 mRNA levels increased during adipocyte di↵erentiation in

3T3-L1 cells. Given that SGBS cells have improved in vitro adipogenic di↵erentia-

tion compared to Chub-S7 cells, this is likely the reason for higher levels of GPR120

in SGBS cells (see Figure 6.1.0.2 in the appendix). Whereas primary adipocytes

have lipid accumulation levels somewhere between the two, and have variability

between donors, hence the larger error bar.

Given the high gene expression of GPR120 in SGBS adipocytes, it was de-

cided to use this cell strain rather than Chub-S7 cells to investigate the relationship

between GPR120 and mitochondrial function in this study.
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Figure 5.2.4.1: Expression of GPR120 in di↵erentiated adipocytes.
GPR120-S was measured in SGBS, primary and Chub-S7 adipocytes (n=6). SGBS
adipocytes vs primary and Chub-S7 adipocytes: ⇤p < 0.05, ⇤⇤⇤p < 0.001.
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5.2.5 GPR120 protein abundance is high in SGBS adipocytes

To verify the abundance of GPR120 in SGBS adipocytes, immunofluorescence analy-

ses were performed. This is important because gene expression levels do not always

reflect protein levels. As such SGBS cells were di↵erentiated for 14 days, fixed

and incubated with a GPR120 antibody, which was then tagged with a fluorescent

secondary antibody (Alexa Fluor 488). SGBS adipocytes stained with GPR120

antibody displayed high levels of GPR120 (Figure 5.2.5.1a), validating GPR120

transcript results. To ensure that the GPR120 staining was correct, two controls

were used: (1) a secondary antibody control to investigate Alexa Fluor 488 speci-

ficity for the GPR120 antibody; and (2) a primary antibody control to illustrate the

specificity of GPR120 antibody binding to GPR120. As such, to demonstrate that

Alexa Fluor 488 was specific to the GPR120 antibody, SGBS adipocytes were run in

parallel without GPR120 antibody. No labelling of GPR120 was evident, confirm-

ing the specificity of Alexa Fluor 488 for GPR120 (Figure 5.2.5.1b). The specificity

of the GPR120 antibody for GPR120 was confirmed by high GPR120 expression in

GPR120-transfected HEK293 cells stained with GPR120 antibody (Figure 5.2.5.1c).

The transfection e�ciency was greater that 50% (see Appendix Figure 6.2.0.3 for

transfection e�ciency). HEK293 cells were also transfected with a pCI vector lack-

ing a GPR120 specific insert to demonstrate that innately HEK293 cells do not

express GPR120 (Figure 5.2.5.1d).

The main aim of this staining was to verify the abundance of GPR120 in

SGBS cells which was very evident from the immunofluorescence images. It was

therefore not necessary to precisely determine whether GPR120 was predominantly

in the cytoplasm or also on the cell membrane. One way in which this could have

been quantitatively measured is by staining the cytoskeleton with phalloidin which

stains actin (to verify cytosolic localisation), and the cell membrane with a stain

such as CellMask or wheat germ agglutinin-dye, which binds to glycoproteins of the

cell membrane. An overlay of images with the GPR120 antibody, cytoskeleton and

a cell membrane stain could then have been used to define if the GPR120 staining

is localised to the cytoplasm or the cell surface.

Overall, these results confirm that SGBS cells are an appropriate adipocyte

cell model for characterising the e↵ects of GPR120 agonism on mitochondrial func-

tion.
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Figure 5.2.5.1: Validation of GPR120 expression in SGBS adipocytes.
Immunofluorescence staining of di↵erentiated SGBS adipocytes (a) with and (b)
without (negative control) GPR120 antibody. HEK293 cells were transfected with
(c) GPR120 plasmids and (e) pCI plasmids (mock transfection) and stained with and
without GPR120 antibody to verify specific binding. Images shown are overlays of
DAPI (blue) and GPR120 staining (green) and are representative of multiple fields
(n=5 images). Scale bars, 50 µm. 155



5.2.6 SGBS cells are capable of adipogenic di↵erentiation

SGBS adipocytes were characterised to ensure their suitability for this study as

a pre-adipocyte cell line with the ability to di↵erentiate into mature adipocytes.

The cells were exposed to di↵erentiation inducing factors for 14 days. During the

course of di↵erentiation from preadipocytes to mature adipocytes, morphological

changes and accumulation of lipid droplets (as characterised by means of Oil Red

O staining) were consistent with the development of mature adipocytes (Figure

5.2.6.1a). Quantitative real-time PCR analysis revealed a significant upregulation

of adipocyte Protein 2 (aP2) and cell death-inducing DFFA-like e↵ector protein C

(CIDEC), both highly characteristic of the adipocyte phenotype (Figure 5.2.6.1b

and c). Conversely, Krüppel-like Factor 2 (KLF2) was downregulated over the adi-

pogenic di↵erentiation time course; KLF2 inhibits PPAR� and as such its presence

is indicative of preadipocytes (Figure 5.2.6.1d). Consistent with previous reports

[125, 354], the level of GPR120 increased during adipocyte di↵erentiation (Figure

5.2.6.1e). The cells were also tested for mycoplasm contamination upon arrival with

gel electrophoresis and the results came back negative (Appendix Figure 6.3.0.4).

These findings therefore validate the use of SGBS cells as a human adipocyte cell

line for these studies.
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Figure 5.2.6.1: Time course of SGBS di↵erentiation. SGBS pre-adipocytes
were grown to confluence and then treated with di↵erentiation medium. (a) Cells
were fixed and assayed for intracellular lipid droplets with oil red O staining from day
0 (start of di↵erentiation induction) to day 14. mRNA content of classic adipogenic
markers (b) aP2 and (c) CIDEC, (d) an inhibitor of adipogenesis KLF2 and (e)
GPR120-S were quantified by qPCR 0, 5 10 and 14 days following di↵erentiation
induction (n=4). Scale bars, 0.1mm. D0 vs D5, D10 and D14: ⇤⇤⇤p < 0.001.
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5.2.7 GPR120 agonists mediate intracellular signalling as assessed

by ERK phosphorylation

This study then aimed to identify a ligand that is a selective and potent activator of

GPR120 in SGBS adipocytes. Five GPR120 agonists were investigated: TUG-891,

TUG-1096, TUG-1197, GSK137647 and GW9508. As GPR120 is a G↵q/11 coupled

receptor, ERK phosphorylation was used as readout to assess ligand activation of

GPR120. Di↵erentiated SGBS adipocytes were serum-starved overnight and then

stimulated with TUG-891, TUG-1096, TUG-1197, GSK137647 or GW9508 over a

60-minute period. The ability of each ligand to activate ERK signalling response

after 5min, 20min and 60min of treatment was assessed by measuring phospho-

ERK and total ERK levels using Western blotting.

Both negative and positive controls were included. The negative control was

DMSO, the carrier of all five agonists, which was used to ensure that DMSO alone

did not induce ERK signalling. The negative control had little to no response,

demonstrating that any e↵ects were agonist induced not via DMSO.

To ensure the western blot was picking up on true ERK phosphorylation,

two activators of the ERK signal transduction pathway were selected: insulin and

TNF↵. Insulin binds to the insulin receptor (IR) which promotes the tyrosine

phosphorylation of its substrate IRS1 [16]. Phosphorylated IRS1 in turn activates

the MAPK signalling cascade by catalysing Shc which interacts with the Grb2-SOS

complex. Subsequent to this is the stepwise activation of Ras, Raf, MEK, and finally

ERK. The second positive control used was TNF↵, which is known to have many

known signal transduction pathways, including the activation of Caspase proteases

and JNK, as well as ERK. ERK activation by TNF↵ begins with the upregulation

of PKC� kinase, which acts together with Ras-GTP to activate c-Raf-1 [204]. c-

Raf-1 then activates MEK1 which leads to the phosphorylation of ERKl/2. Both

insulin and TNF↵ caused significant increases in band intensity, indicating that the

antibody used in this western blot protocol was specific for detecting phosphorylated

ERK proteins.

All five ligands stimulated an early GPR120-induced ERK activation of at

least 2-fold higher than the basal p-ERK level following 5 minutes of ligand treat-

ment (Figure 5.2.7.1a). The greatest response was by GSK137647 and GW-9508

agonism, while the remaining three ligands (TUG-891, TUG-1096 and TUG-1197)

all activated a similar ERK response. This may in part be due to di↵erent bind-

ing a�nities of agonists to the GPR120 ligand binding pocket, resulting in dif-

fering ligand e�ciencies [159]. Additionally, agonists may selectively activate one

signalling pathway over another stemming from the same receptor, this is known
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as biased signalling [70]. Some ligands may therefore preferentially activate a �-

arrestin-mediated response over a G protein-mediated activated response, leading

to lower levels of ERK phosphorylation.

Additionally, ERK activation after 20 minutes compared to 5 minutes was

drastically reduced (Figure 5.2.7.1b), and the response was almost completely di-

minished by 60 minutes (Figure 5.2.7.1c). These results indicate that the e↵ects of

GPR120 activation are very acute (in the order of minutes). This is in line with the

majority of GPCRs which are also involved in short-term regulation (seconds-hours)

of cellular physiology as opposed to long-term regulation of development or growth

[219]. As such, 5 minutes of treatment with GPR120 ligands will be used for these

studies.
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Figure 5.2.7.1: Activation of GPR120 stimulates phosphorylation of ERK
in SGBS adipocytes. SGBS adipocytes were stimulated for (a) 5min, (b) 20min
and (c) 60min with vehicle and GPR120 ligands. Protein levels of pERK, ERK
and GAPDH was determined by Western blotting (n=2). The amount of pERK
was normalised to the amount of ERK. Insulin and TNF↵ were used as positive
controls. Ins, insulin.
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5.2.8 GPR120 agonists stimulate mild internalisation of GPR120

in SGBS adipocytes

E↵ective GPR120 activation can also be identified by means of imaging the inter-

nalisation of the GPR120 receptor from the cell surface membrane. GPR120 ligand

stimulation has previously mediated GPR120 receptor internalisation in transfected

cells [189, 394, 394]. As such, GPR120 localisation to the plasma membrane was

assessed in SGBS cells by GPR120 immunostaining following 5 minutes of activa-

tion by GPR120 agonists: TUG-891 (10 µmol), TUG-1096 (10 µmol), TUG-1197

(10 µmol), GSK137647 (50 µmol) and GW9508 (100 µmol). Negative controls were

included for each treatment to ensure the ligands did not interfere with GPR120

staining. SGBS cells treated with only DMSO (vehicle) revealed strong membrane

localisation of GPR120, as well as weaker presence in the cytosol (green fluores-

cence, Figure 5.2.8.1a). Comparatively, activation by GPR120 ligands (TUG-891,

TUG-1096, TUG-1197, GSK137647 and GW9508) lead to reduced GPR120 cell sur-

face expression and modest levels of GPR120 internalisation in SGBS adipocytes,

as assessed by immunostaining (green fluorescence, Figure 5.2.8.1c-k). As previ-

ously mentioned this could have been quantified by staining the cytoskeleton with

phalloidin and the cell membrane with a stain such as CellMask or wheat germ

agglutinin-dye. An overlay of these dyes with the GPR120 staining, could then

have been used to define the GPR120 staining localised to the cytoplasm and cell

surface. However, as no plasma membrane or cytoplasm markers were used in this

experiment it would be di�cult to define the staining localised to these.

The preservation of downstream GPR120 internalisation by TUG-891 acti-

vation is consistent with other cell models [158], suggesting that all the ligands used

promoted the expected response in SGBS adipocytes. Which confirms that TUG-

891, TUG-1096, TUG-1197, GSK137647 and GW9508 are all e↵ective agonists of

GPR120. Notably, it was not possible to di↵erentiate from these images which lig-

and was the most potent overall, and thus further experiments using an alternative

technique (Phospho-kinase array) were consequently carried out.
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Figure 5.2.8.1: Immunofluorescence staining of di↵erentiated SGBS
adipocytes after ligand activation. Immunofluorescence staining with or with-
out GPR120 antibody of di↵erentiated SGBS adipocytes treated with DMSO (ve-
hicle control) or TUG-891 (10 µg) for 5min. Images shown are overlays of DAPI
(blue) and GPR120 staining (green) and are representative of multiple fields (n=5
images). Scale bars, 25 µm.
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Figure 5.2.8.1: Immunofluorescence staining of di↵erentiated SGBS
adipocytes after ligand activation. Immunofluorescence staining with or with-
out GPR120 antibody of di↵erentiated SGBS adipocytes treated with TUG-1197
(10 µmol) or TUG-1197 (10 µmol) for 5min. Images shown are overlays of DAPI
(blue) and GPR120 staining (green) and are representative of multiple fields (n=5
images). Scale bars, 25 µm.
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Figure 5.2.8.1: Immunofluorescence staining of di↵erentiated SGBS
adipocytes after ligand activation. Immunofluorescence staining with or with-
out GPR120 antibody of di↵erentiated SGBS adipocytes treated with GSK137647
(50 µmol) or TUG-891 GW9508 (100 µmol) for 5min. Images shown are overlays of
DAPI (blue) and GPR120 staining (green) and are representative of multiple fields
(n=5 images). Scale bars, 25 µm.
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5.2.9 GPR120 agonists mediate intracellular signalling as assessed

by phospho-kinase arrays

GPCR signalling involves activation of a number of other kinases via transactiva-

tion of receptor tyrosine kinases or �-arrestin-dependent MAPK signalling. Distinct

GPR120 ligands were shown to stimulate di↵erential signalling responses in ERK, as

such a comprehensive profiling of GPR120 signalling was performed, via a phospho-

kinase array that simultaneously detects the relative phosphorylation of forty-three

kinases. Given previous findings from the p-ERK Western blot, TUG-891, TUG-

1096 and GSK137647 ligands specifically were chosen to be examined further. This

will help to: 1) establish which ligand is most potent to use for downstream ex-

periments; 2) to expand knowledge of the kinases activated by GPR120; and 3)

determine if the three di↵erent ligands activate di↵erent pathways.

Di↵erentiated SGBS adipocytes were stimulated with TUG-891, TUG-1096

or GSK137647 for 5 minutes (noting that all three compounds had previously stim-

ulated ERK activation at this time-point). Levels of phosphorylated protein were

then assessed using membranes spotted with phospho-specific antibodies. Select

kinases that exhibited a response to GPR120 agonism are shown in Figure 5.2.9.1e.

TUG-891 stimulated the greatest activation of most kinases, while TUG-1096

and GSK137647 treatment revealed a lesser response (Figure 5.2.9.1a-d). Specifi-

cally, TUG-891, TUG1096 and GSK 137647 all activated proline-rich Akt substrate

of 40 kDa (PRAS40) signalling. While, TUG-891 was the only ligand to stimu-

late activation of glycogen synthase kinase-3 alpha/beta (GSK3A/B), cyclic-AMP

response element-binding protein (CREB), Protein Kinase B (AKT) and 5’-AMP-

activated protein kinase catalytic subunit alpha (AMPK↵1), although the AKT

response was weak. AMPK activation is of particular interest from the standpoint

of treating IR and obesity, as AMPK plays an important role in regulating energy

homeostasis [288]. For instance, mice expressing a gain-of-function AMPK mutation

reveal a change in morphology of subcutaneous white adipocytes that is similar to

browning (high mitochondrial content), leading to an increase in energy expendi-

ture due to increased oxygen consumption rate of white adipose tissue [288]. AMPK

activation via GPR120 activation may therefore indirectly improve mitochondrial

capacity.

As such, TUG-891 activation of these downstream signalling pathways sug-

gests potential for the greatest metabolic improvement with TUG-891 over the other

two ligands. Based on the Western blot and phospho-kinase array findings, TUG-

891 was therefore selected as an appropriate ligand to activate GPR120 in SGBS

adipocytes and study its potential e↵ects on mitochondrial function.
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Figure 5.2.9.1: Phospho-kinase array following ligand-stimulated
GPR120 activation. SGBS adipocytes were stimulated for 5min with (a) DMSO,
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5.2.10 E↵ect of GPR120 stimulation by TUG-891 on mitochondrial

genes in human adipocytes

To determine the impact of TUG-891 mediated GPR120 activation on mitochondria

in human adipocytes, a general characterisation of key mitochondrial genes was car-

ried out in SGBS and primary adipocytes. The qPCR analysis covered a wide array

of mitochondrial genes involved in mitochondrial biogenesis, dynamics, antioxidant

action and oxidative phosphorylation.

No changes in gene expression were observed in any of the selected mitochon-

drial genes (DRP1, FIS1, MFN2, OPA1, SOD2, COX4I1, TFAM and PGC1↵) in

SGBS adipocytes following treatment with TUG-891 (10 µg) for 6, 24 or 48 hours

(Figure 5.2.10.1). DRP1, FIS1, MFN2 and OPA1 are genes involved in mitochon-

drial dynamics, SOD2 encodes superoxide dismutase an enzyme involved in scav-

enging oxygen radicals, COX4I1 encodes part of an enzymes complex involved in

the ETC, and finally PGC1↵ is a key transcription factors mediating mitochondrial

biogenesis.

Primary adipocytes isolated from three lean and three obese patients were

also treated with TUG-891. Similarly, GPR120 activation by TUG-891 did not

mediate any significant mitochondrial gene expression changes (Figure 5.2.10.2).

GPR120 activation therefore had no discernible e↵ects on mitochondrial gene ex-

pression in human adipocytes from white adipose tissue.

Gene induction typically takes hours or days. The e↵ects of GPR120 acti-

vation may therefore be more acute, meaning in the order of minutes rather than

hours, this suggests that a relatively fast-acting pathway/response is involved. Thus,

the next step of this study was to study mitochondria on a functional level, includ-

ing analysis of mitochondrial respiration, membrane potential and mitochondrial

dynamics which are a↵ected on a finer time-scale (i.e. seconds, minutes, hours)

[329, 376].
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Figure 5.2.10.1: Mitochondrial gene expression in SGBS adipocytes
treated with TUG-891. mRNA expression of (a) DRP1, (b) FIS1, (c) MFN2,
(d) OPA1, (e) SOD2, (f) COX4I1, (g) TFAM and (h) PGC1↵ (n=4) quantified by
qPCR in SGBS adipocytes stimulated by TUG-891 (10 µg).
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Figure 5.2.10.2: Mitochondrial gene expression in primary adipocytes
treated with TUG-891. mRNA expression of (a) DRP1, (b) FIS1, (c) MFN2,
(d) OPA1, (e) SOD2, (f) COX4I1, (g) TFAM and (h) PGC1↵ quantified by qPCR in
primary adipocytes isolated from lean (n=3) and obese (n=3) individuals stimulated
by TUG-891 (10 µg).
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5.2.11 Seahorse compound optimisation for SGBS adipocytes

Prior to determining the e↵ect of TUG-891 on mitochondrial bioenergetics, the

FCCP dose that generated the maximal OCR response must be determined empiri-

cally. As such SGBS cells were di↵erentiated on Seahorse plates and a Seahorse assay

to test three concentrations of FCCP (0.5 µmol, 1 µmol and 2 µmol) was run. Results

from this assay revealed that the optimal concentration for FCCP was 0.5 µmol, as

this was the lowest dose that generated the highest OCR response. The two higher

concentrations, 1 µmol and 2 µmol, on the other hand saturated the membrane, and

thus limited the level of maximal respiration.
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Figure 5.2.11.1: Seahorse compound optimisation for SGBS adipocytes.
SGBS adipocytes were cultured on Seahorse plates and FCCP at 3 di↵erent concen-
trations: 0.5 µmol, 1 µmol and 2 µmol, following three basal measurements.
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5.2.12 Cellular oxygen consumption following GPR120 agonism

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)

in SGBS adipocytes following TUG-891 induced GPR120 activation was recorded

in real-time. Both OCR and ECAR did not significantly di↵er between control

cells and TUG-891 treated cells. TUG-891 activation of GPR120 is therefore not

e↵ective at increasing mitochondrial respiration in SGBS adipocytes, as evidenced

by the Seahorse results in Figures 5.2.12.1a and 5.2.12.2a. In addition, the oxidative

capacity (FCCP response) was equal between SGBS adipocytes treated with DMSO

and TUG-891.

To investigate if these findings were limited to SGBS adipocytes, OCR and

ECAR were also measured in primary adipocytes isolated from lean and obese in-

dividuals treated with TUG-891. Correspondingly, OCR and ECAR in lean and

obese subjects was similarly unresponsiveness to TUG-891 induced GPR120 activa-

tion as SGBS adipocytes (Figures 5.2.12.1b-c and 5.2.12.2b-c). Again, the response

to FCCP was unchanged. This is somewhat surprising as it was previously observed

in di↵erentiate white adipocytes from inguinal adipose tissues of WT C57BL6/J fe-

male mice that OCR did increase with treatment of TUG-891 (unpublished results

from Mark Christian’s Lab).

It is unlikely that chronic treatment with TUG-891 would have triggered

a response, as it was already seen that long-term treatment (6-48 hours) had no

e↵ect on gene expression data. In addition, in vivo both GPCRs and mitochondrial

respiration are known to respond very quickly (within minutes) to inducers.

Taken together, these Seahorse studies therefore did not demonstrate any

improvements in mitochondrial respiration through GPR120 activation in human

white adipocytes.
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Figure 5.2.12.1: E↵ect of GPR120 agonism on oxygen consumption. (a)
SGBS adipocytes and primary adipocytes from (b) lean and (c) obese patients (n=3)
were treated with either vehicle or TUG-891 (10 µg) and OCR was measured every
7min. FCCP was then injected and OCR was measured for a further 21min.
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Figure 5.2.12.2: E↵ect of GPR120 agonism on extracellular acidification
rate. (a) SGBS adipocytes and primary adipocytes from (b) lean and (c) obese
patients (n=3) were treated with either vehicle or TUG-891 (10 µg) and OCR was
measured every 7min. FCCP was then injected and ECAR was measured for a
further 21min.
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5.2.13 E↵ect of GPR120 stimulation by TUG-891 on mitochondrial

membrane potential

Mitochondrial membrane potential is a key indicator of mitochondrial function and

cell health. Accordingly, mitochondrial membrane potential was monitored before

and after the activation of GPR120 by TUG-891 in SGBS adipocytes dyed with

MitoTracker Green and MitoTracker Red. The fluorescent intensity ratio of polarity-

insensitive MitoTracker Green to a polarity sensitive MitoTracker Red, as measured

by confocal microscopy, equates to the cell’s mitochondrial membrane potential.

There was a small drop in mitochondrial membrane potential following the

addition of TUG-891, however a t test comparison showed no indication of a sig-

nificant di↵erence between membrane potential pre-treatment (basal level) and 10

minutes post-treatment (Figure 5.2.13.1). These findings indicate that GPR120

activation did not appear to modulate any substantial changes in mitochondrial

membrane potential. DMSO (control), the carrier of TUG-891, alone also had no

e↵ect on membrane potential (Figure 5.2.13.1c).

These results were unsurprising given the lack of gene induction or changes

to mitochondrial respiration. Contrarily, in the literature several cell types have

had responses in terms of mitochondrial membrane potential to GPR120 activation,

though none were white adipocytes. Specifically, a reduction in mitochondrial mem-

brane potential was observed in RAW264.7 macrophages treated with grifolic acid,

a selective partial agonist of GPR120, and in murine brown adipocytes activated

with TUG-891 [329, 422].

Overall, these experiments argue against the notion that GPR120 stimu-

lation by TUG-891 improves mitochondrial function via changes in mitochondrial

membrane potential.
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Figure 5.2.13.1: E↵ect of TUG-891 on mitochondrial membrane poten-
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at baseline and after 10min of fluorescence imaging, and intensities were plotted
relative to baseline. Scale bars, 50 µm.
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5.2.14 E↵ect of GPR120 stimulation by TUG-891 on mitochondrial

network

Lastly, time-lapse confocal imaging was used to assess the e↵ect of GPR120 activa-

tion by TUG-891 on mitochondrial networks in human adipocytes. SGBS cells were

stained with MitoTracker Green FM and imaged using a confocal microscope. After

basal images were taken at time zero, TUG-891 or DMSO (control) was added to the

media and subsequent images were taken. It is evident from Figures 5.2.14.1c and

d that in comparison to basal levels (0 minutes), TUG-891 treatment for 10 min-

utes did not induce any changes in the mitochondrial network of SGBS adipocytes.

This is most obvious in the highest magnification images where mitochondria have

changed very little (i.e. no obvious fragmentation or elongation). If there had been

any alterations to the mitochondrial network it should have been visible within this

10 minute treatment period as mitochondrial fragmentation is a fast response and

thus evident within minutes [251, 329, 409].

As a control SGBS adipocytes were also subjected to DMSO for 10min to

investigate whether the vehicle in itself a↵ects mitochondrial dynamics. Similarly

to TUG-891, DMSO had no e↵ect on the mitochondrial network as demonstrated

in Figures 5.2.14.1a and b.

Taking into consideration these results and those of gene induction,

mitochondrial respiration and mitochondrial membrane potential, it appears

that GPR120 activation in human white adipocytes does not have an e↵ect on

mitochondrial function.
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Figure 5.2.14.1: E↵ect of GPR120 stimulation on mitochondrial net-
work. Representative time-lapse images of MitoTracker Green FM stained SGBS
adipocytes treated with DMSO at (a) baseline (0min) and (b) 10min after treat-
ment, taken with a confocal microscope at 40x magnification. Pictures are repre-
sentative of 5 images.
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Figure 5.2.14.1: Continued. E↵ect of GPR120 stimulation on mitochon-
drial network. Representative time-lapse images of MitoTracker Green FM stained
SGBS adipocytes treated with TUG-891 (10 µmol) at (c) baseline (0min) and (d)
10min after treatment, taken with a confocal microscope at 40x magnification. Pic-
tures are representative of 5 images.
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5.3 Discussion

This chapter investigated the therapeutic potential of GPR120 agonism on mito-

chondrial function as a mechanism to improve metabolic health. With a focus on

white adipose tissue, this study demonstrated that GPR120 gene expression was

upregulated with adiposity in human white adipose tissue, and this correlated with

a range of mitochondrial genes. In addition, TUG-891, a potent GPR120 ago-

nist, elicited both intracellular kinase phosphorylation and mild internalisation of

GPR120 in human adipocytes. However, there were no perceivable changes on mito-

chondrial gene expression, membrane potential, mitochondrial networks or oxygen

consumption. Thus, despite extensive analysis of mitochondrial function, there was

no evidence to support the notion that mitochondria are potential drivers for im-

proved metabolic health in response to GPR120 activation in white adipose tissue.

To better understand GPR120 in white adipose tissue, the various splice vari-

ants were explored. Currently, it is well recognised that GPR120 exists in two splice

variants, short and long isoforms [164]. These isoforms are di↵erentially expressed

according to species and tissue type; the short form has been predominately detected

in rodents, cynomolgus monkeys [253], human colon [118] and human brown fat (un-

published data from our laboratory), while both sequences have been reported in

human taste bud cells [118]. However, no data exists regarding the expression of

GPR120 in human white adipose tissue. This study revealed that the short isoform

homolog is the most dominant form of GPR120 in human white adipose tissue,

while the long form is not expressed or in very low quantities. This knowledge is

important because, as mentioned in the results section, the di↵erence between the

two is intracellular calcium mobilisation, which the longer intracellular loop of the

long isoform prevents. Several studies have shown that calcium plays a vital role in

adipogenesis, specifically in the later maturation stage of adipogenesis maturation

[263, 344]. As such, the short isoform found in human adipose tissue can mobilise

calcium leading to improved adipogenesis, which is related to the development and

metabolism of white adipose tissue.

The mRNA expression of GPR120-S was revealed to be upregulated with in-

creased adiposity in both the subcutaneous and omental depots, which is in line with

a previous report, admittedly using a much smaller cohort, reporting that GPR120

was more highly expressed in obese individuals that lean [191]. Additionally, this

work found that bariatric surgery, which lead to significant weight loss (presumably

through reduce calorie intake), revealed significantly reduced GPR120 mRNA levels

six months after surgery; which would seem to reinforce the results from the adi-
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posity study. To strengthen these results, protein expression of GPR120 should be

measured in the future, as mRNA is not always reflective of protein levels. Experi-

ments in mice also showed a similar pattern to this study, revealing higher GPR120

expression in subcutaneous, perinephric, epididymis and mesenteric tissue following

a high-fat diet [125]. A number of factors and cell types may contribute to this.

ATM levels are known to increase with obesity, and are highly express GPR120

[210]. ATMs are highly involved in the inflammatory pathways in adipose tissue, as

they are responsible for the expression of IL-6 and TNF↵ [412]. In the context of

GPR120, the mechanism of the anti-inflammatory role was elucidated in RAW 264.7

cells: ligand-activated GPR120 binds to �-arrestin2, which interacts with TAB1, in

turn blocking pro-inflammatory signalling molecules such as JNK and NFB, thus

inhibiting inflammation [164]. Genes related to inflammation in adipose tissue have

previously been shown to be enhanced in high fat diet-fed GPR120-deficient mice,

suggesting that while GPR120 is increased in AT from obese patients the recep-

tors may be dysfunctional leading to increased inflammation [191]. GPR120 is also

known to be highly expressed in white adipocytes, where it upregulates adipogenesis

and glucose uptake [125, 164]. In high fed fat-induced obesity, GPR120 activation

by GW9508 and n-3 PUFAs, insulin sensitivity is improved and glucose tolerance is

strongly alleviated [164]. In 3T3-L1 adipocytes, GPR120 activated the PI3K/Akt

pathway, this triggers GLUT4 translocation which increases glucose uptake. Ad-

ditionally, in GPR120-deficient mice on a high fat diet, the mice are more prone

to obesity and lipid accumulation in the liver, but surprisingly they have decreased

levels of adipogenesis [191]. This suggests that GPR120-deficient mice have an ab-

normal adipogenesis process. The adipocytes are hence not able to store excess

nutrients su�ciently, resulting in ectopic lipid accumulation in the liver, and thus

leading to worse insulin resistance [81, 164]. Given this, activating GPR120 could

improve adipogenesis, which has a direct e↵ect on ectopic lipid deposition and over-

all metabolic health. In addition, while obese and morbidly obese patients have

higher levels of GPR120, the receptors may be dysfunctional. This was revealed by

Koshimizu et al. who found that obese individuals are prone to carry a GPR120

loss-of-function mutation which renders a number of their receptors inactive, pre-

disposing these individuals to obesity [191]. In the absence of functional GPR120,

a high fat meal may therefore worsen ectopic lipid deposition, inflammation and

insulin resistance. If this is the case, activating the remaining functional GPR120

receptors in obesity with synthetic ligands could facilitate anti-inflammatory e↵ects

and improve insulin sensitivity, thus improving the metabolic status of adipose tis-

sue.

180



A multitude of murine studies have demonstrated improvements in metabolic

health by GPR120 activation [97, 152, 164, 189, 199, 272, 354]. More recently it

was demonstrated that this may be in part through improved mitochondrial func-

tion [329]. In brown adipocytes GPR120 agonism increased oxygen consumption,

decreased mitochondrial membrane potential and resulted in mitochondrial fragmen-

tation, which the authors concluded aided in improving metabolic health in brown

adipose tissue [329]. Murine white adipocytes also revealed increased oxygen con-

sumption following TUG-891 treatment (unpublished data by the Mark Christian

lab) and n-3 PUFA treatment in murine white adipose tissue resulted in increased

�-oxidation and mitochondrial biogenesis [109]. As such GPR120 agonism is an in-

teresting target to improve mitochondrial function in human white adipocytes. As

previously discussed, it is well recognised that mitochondrial dysfunction in adipose

tissue is a major component of obesity and has been implicated in the development of

insulin resistance. Indeed, obesity has been associated with defective mitochondria

manifested by impaired oxidative phosphorylation, low mitochondrial gene expres-

sion (as shown in Chapter 4), altered mitochondrial dynamics and reduced ATP

production [57, 251, 286, 399, 405]. Therefore, pharmaceutical interventions that

could improve mitochondrial health, like GPR120 agonists, may be a potential ther-

apeutic solution to reduce the pathogenesis of obesity. Given this, the associations

between the expression patterns of mitochondrial genes and GPR120 (short form)

were analysed in white adipose tissue. GPR120 was correlated with mitochondrial

genes related to oxidative phosphorylation, mitochondrial dynamics, electron trans-

port chain and antioxidant action. These findings could be seen to further establish

a relationship between GPR120 and mitochondria. However, as GPR120 function-

ality is dependent on ligand stimulation, it was important to study the e↵ect of

GPR120 agonism on mitochondria in vitro. Moreover, these results have all been

from white adipose tissue which is a highly heterogeneous population, thus using

isolated primary pre-adipocytes from the stromal vascular fraction or a pure pre-

adipocyte cell line is required to isolate the e↵ects of adipocytes from the other cells

types in adipose tissue.

To elucidate the influence of GPR120 activation on mitochondrial function,

GPR120 expression was first probed in primary human adipocytes and two human

adipocyte cell lines to identify a representative adipocyte model with high GPR120

expression. GPR120 was predominantly expressed in SGBS cells and primary hu-

man adipocytes, and as such, these adipocytes were used for concurrent experi-

ments to investigate GPR120 signalling. Specific synthetic ligands are essential for

dissecting the specific contributions of GPR120 signalling on intracellular function.
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However, the generation of highly selective potent ligands for GPR120, that mimic

the beneficial e↵ects of dietary fatty acids, has been di�cult [244]. In recent years,

a number of synthetic ligands have been developed which do show promise [46, 158],

of these the potency of TUG-891, TUG-1096, TUG-1197, GSK137647 and GW9508

were investigated in SGBS adipocytes. As is well known, with the activation of

a ligand, the GPCR couples with associated G proteins to transduce signals via a

downstream pathway, regulating physiological events. In the case of GPR120, inter-

action with the G↵q family of G protein activates the MAPK/ERK cascade [354].

ERK signalling can therefore be used as a measure of GPR120 activation. Given

this, ERK phosphorylation was assessed following ligand stimulation and all five

compounds initiated a potent GPR120 response. Similarly, all compounds induced

mild internalisation of GPR120; a secondary measure of GPR120 activation. Mod-

erate TUG-891 mediated-GPR120 internalisation has previously been observed in

GPR120 transfected HEK293 cells following five minutes of stimulation, by forty-five

minutes there was almost not GPR120 observed on the cell surface. Internalisation

is an adaptive response that allows the cells to control the duration and magni-

tude of GPR120 signalling, thereby protecting against an exaggerated response.

Nonetheless, GW9508 was not chosen as a good candidate for GPR120 agonism as

it is selective for both GPR120 and GPR40 [159], and it is therefore not possible to

distinguish between GPR120-induced and GPR40-induced ERK activation. While

is could be a positive characteristic of this ligand, as GPR40 activation is able to

regulate insulin secretion, in this study we wanted to activate GPR120 exclusively.

In addition, TUG-891 was selected to be investigated preferentially to TUG-1197,

as TUG-891 has been researched the most extensively and has shown to induce

metabolic improvements in a multitude of studies [158, 329, 354].

To gain additional insight into the most suitable therapeutic ligand among

TUG-891, TUG-1096 and GSK137647 to promote metabolic health, a clearer pic-

ture of GPR120 signalling was attained by using a phosphokinase array. These three

distinct ligands have the potential to reveal distinct and novel pathways of GPR120

signalling in white adipocytes. In fact, pharmacological and crystallographic studies

have suggested that individual GPCRs exist in various confirmations that activate

di↵erent signalling pathways [124]. This type of GPCR signalling is knowns as bias

agonism, meaning that some ligands are able to activate some but not all available

pathways [346]. As all three ligands produced di↵erent signalling response, thus

they could all be biased compounds. Given this, these ligands could be used in

future studies as tools to understand the multiple conformations of active GPR120.

In terms of signalling, these analyses uncovered the ability of TUG-891 to activate
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two catalytic subunits of AMPK (AMPK↵1 and AMPK↵2) in adipocytes. As pre-

viously mentioned, AMPK plays a major role in cellular energy homeostasis; regu-

lating glucose and lipid metabolism, and controlling weight [112, 237]. For instance,

previous activation of GPR120 by docosahexaenoic acid in skeletal muscles stimu-

lated glucose uptake in an AMPK-dependent manner, resulting in improve insulin

sensitivity [183]. Furthermore, mice expressing a gain-of-function AMPK mutation

have an increase in energy expenditure due to increased oxygen consumption rate as

a result of high mitochondrial numbers [288]. In addition, TUG-891 also activated

Akt and PRAS40, a substrate of Akt. Akt phosphorylates PRAS40, which binds

to mTORC1, mediating Akt signalling to the mTOR complex. This pathway has

many functions, including cell growth, di↵erentiation and insulin signalling [240].

Aberrant Akt and PRAS40 signalling is therefore involved in various diseases and is

a characteristic feature of T2DM [157]. Knockdown of PRAS40 in human skeletal

cells mediates the degradation of insulin receptor substrates-1 (IRS1), inhibiting in-

sulin action [407]. Thus, the activation of Akt and PRAS40 are potential strategies

to ameliorate insulin resistance. Taken together, these studies indicate the potential

beneficial metabolic role of TUG-891 and the results identify TUG-891 as a po-

tent agonist of GPR120 activation in human adipocytes, as confirmed by GPR120

internalisation and ERK activation. TUG-891 was thus selected for further analysis.

Next, the functional consequences of TUG-891 induced-GPR120 activation

on mitochondrial form and function were explored in vitro. Expression of mitochon-

drial genes was unaltered by TUG-891 treatment in SGBS adipocytes, as was the

case in adipocytes isolated from lean or obese subjects. While GPR120 activation

did not appear to a↵ect mitochondrial gene expression, functional changes were in-

vestigated. Assessment of mitochondrial respiration was undertaken by real-time

measurement of oxygen consumption in SGBS adipocytes and primary adipocytes

from lean and obese donors. Oxygen consumption was not altered by TUG-891 in-

duced GPR120 activation, in line with this, the oxidative capacity (FCCP response)

was equal in DMSO and TUG-891 treated adipocytes. These results are in conflict

with previous results in murine white and brown adipocytes, as GPR120 activation

by TUG-891 has previously been shown to increase the oxygen consumption rate

of brown adipocytes [329] and white adipocytes from mice (unpublished data). Al-

though the previous results appear to negate the initial hypothesis that GPR120

activation improves mitochondrial health in human adipocytes, it was important to

also investigate the e↵ects of TUG-891 on mitochondrial dynamics. Mitochondria

are highly dynamic organelles undergoing coordinated cycles of fission and fusion;

these rapid morphological changes are crucial for various cellular processes such
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as apoptosis [251], cell cycle [51], and mitochondrial quality control [212]. As a

result, the consequence of GPR120 activation by TUG-891 on the mitochondrial

network was assessed in SGBS adipocytes by means of time-lapse imaging. TUG-

891 did not initiate a mitochondrial response, as evidenced by the mitochondrial

network which appeared una↵ected. In accordance with this, mitochondrial mem-

brane potential measured in SGBS cells was also unchanged by TUG-891 treatment,

providing further evidence that TUG-891 induced-GPR120 activation does not al-

ter mitochondrial function in white adipocytes. Interestingly, contrary to what was

observed in SGBS adipocytes, an earlier study in brown adipocytes reported that

TUG-891 stimulated mitochondrial depolarisation and mitochondrial fission [329],

whereas in liver and skeletal muscle, !3-FA uptake is associated with a shift towards

a mitochondrial fusion phenotype [292]. Brown adipose tissue has a much higher

population of mitochondria which may help to explain these di↵erences. It is possi-

ble that GPR120 activation of mitochondrial function in brown adipocytes is due to

the direct activation of UCP1 by TUG-891 [329]. If this is a major contributor to

the action of TUG-891 induced mitochondrial improvements, it would explain why

SGBS cells which have relatively low levels of UCP1 are largely unresponsive, par-

ticularly for oxygen consumption. However, TUG-891 is not an uncoupler, instead

it relieves the natural inhibition of UCP1 by GDP, much like oleate and other long

chain fatty acids, thus resulting in higher UCP1 activity and uncoupled respiration

[102, 235, 336]. The metabolic e↵ects of TUG-891 are also largely abolished in

GPR120 KO mice, and thus the role of TUG-891 in increasing UCP1 activity is not

very e↵ective, so it is more likely that the majority of e↵ects are GPR120 signalling

dependent [329].

These studies highlight the complexity of GPR120 activation, and the po-

tential variation between species and cell type. Taken together the findings in this

chapter strongly argue against functional consequences of GPR120 signalling on mi-

tochondria in these human adipocytes. There are several explanations for this. The

first is that TUG-891 did not activate GPR120 signalling in the human adipocytes

used in this study, and hence could not stimulate mitochondrial function, however

the confirmation of ERK and kinase phosphorylation following TUG-891 treatment,

as well as internalisation of GPR120, shows this to be an unlikely explanation for

these results. The second is that the results may be singular occurrences, however

as each experiment (apart from gene expression analysis) was carried out multi-

ple times on separate occasions this is again improbable. Thirdly, GPR120 may

have high constitutive activity (ligand independent activity of receptor), and thus

the activation of GPR120 in the human white adipocytes used in this study was
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already maxed out. One potential way to investigate this in the future is a cal-

cium mobilisation assay, as GPR120 signalling is known to result in intracellular

calcium [138]. This would involve incubating the adipocytes without TUG-891 with

the calcium-sensitive dye Fluo-4-AM, followed by live cell imaging with a confocal

laser scanning microscope, peaks in fluorescence could suggest constitutive activity.

This would also allow for single cell imaging. The final explanation is naturally

that in the adipocyte cell models (SGBS cells and select primary adipocytes) used

here, GPR120 activation by TUG-891 did not have an e↵ect on the mitochondrial

parameters investigated in this experiment. Given this, the underlying mechanism

for improved metabolic health through GPR120 signalling as previous studies have

shown can therefore not be explained by this study. This of course does not com-

pletely negate the possible existence of mitochondrial improvement through GPR120

activation in white adipose tissue, future investigations using additional cell systems

would thus be worthwhile.

Collectively, the present data indicate that GPR120 does not play a major

role in the regulation of mitochondrial function from white adipocytes in humans.

Thereby, the hunt for a dedicated pharmacological approach towards targeting mi-

tochondrial dysfunction in adipose tissue continues. However, it is reasonable to

assume that GPR120 modulates adipose tissue health in other ways and this merits

continued further investigation. The identification of TUG-891 as a potent agonist

in human adipocytes will be particularly valuable in these future studies.

Various alternative future strategies are available as potential treatments to

ameliorate mitochondrial dysfunction in obesity. The three main approaches that

should be considered are: (1) using antioxidant compounds (i.e. CoQ10, vitamin

E, resveratrol, apigenin) to reduce the toxic ROS that mitochondria produce un-

der stress, this is especially vital during obesity as these reactive molecules are not

neutralised due to a weakened antioxidant system [32, 57]; (2) boosting the ener-

getic e�ciency of mitochondria by targeting gene expression regulators including

AMPK and PPAR - for example AMPK is a key co-ordinator of cellular response

and metabolic activities, including its substrate the master regulator of mitochon-

dria, PGC1↵ [396]; or (3) targeting the innate mitochondrial quality control system

to maintain a healthy pool of mitochondria, embodied by elimination of defective

mitochondria by mitophagy, biogenesis and dynamic morphological changes [396].
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Chapter 6

Conclusion
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Current lifestyle trends in our modern society, characterised by reduced phys-

ical activity, caloric abundance, and increased longevity, have rapidly driven the

incidence of obesity to pandemic proportions, including its emergence in previously

una↵ected populations such as children and in developing nations [22, 239, 248, 289].

This alarming rise in the global incidence of overweight and obesity is also associ-

ated with various metabolic pathologies, including T2DM, cancer and cardiovascular

disease [31, 332]. These disorders have promoted intense research e↵orts into un-

derstanding the complex mechanisms of obesity. While the outcomes of such e↵orts

have resulted in greater insight into the biology of obesity and have led to the de-

velopment of new treatment strategies, these conditions remain among the leading

causes of worldwide morbidity and mortality emphasising the desperate need for

e↵ective preventive measures and therapeutic interventions. Current trends pre-

dict that obesity is only going to grow, in both developed and developing countries

[239]. A number of contributing factors have been identified in the recent years,

including biological, dietary, environmental, and genetic factors. However, much of

this research it’s still in its infancy, and the mechanisms by which excess adiposity

ultimately results in metabolic disease is still being elucidated.

An important factor in the development of metabolic disease is the inability

of adipose tissue to cope with chronic over-nutrition in obesity, leading to adipose

tissue dysfunction and lipid overflow [50, 56, 73, 281, 332]. While adipose tissue

has a built-in storage function allowing it to sequester excess fuel, converting sur-

plus energy into fat, adipocytes also have their limits. Beyond a certain threshold,

adipocytes begin to show signs of stress, including hypertrophy (adipocyte expan-

sion), hypoxia, inflammation, increased fatty acid release, ER stress, disrupted mi-

tochondrial function, and ROS overproduction [13, 55, 56, 119, 187, 356]. Many of

these processes are highly interlinked and are able to influence each other. However,

given the central role of mitochondria in energy homoeostasis and adipocyte biology

[197], the aim of this thesis was to explore their function in human adipose tissue

and adipocytes.

Previous studies have revealed high levels of mitochondrial dysfunction in

obesity, however many of these studies were carried out in rodents and in muscle

tissue, and thus the evidence for mitochondrial dysfunction in human adipose tis-

sue is still somewhat limited [137, 203, 296, 298, 315, 347, 355]. In addition, many

of these studies were limited in number and looked at mixed gender populations.

The first stage of this thesis was thus to build on our current knowledge and fur-

ther characterise the extent of mitochondrial dysfunction in obesity, and during its

development. As such, the regulation of mitochondrial function in obesity was as-
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sessed by evaluating expression levels of genes encoding mitochondrial fission and

fusion, antioxidants defences, mitochondrial biogenesis, and the electron transport

chain. This approach o↵ers the ability to explore whether a single or multiple mi-

tochondrial genes were altered by adiposity. As the cohort consisted of overweight

and obese subjects, it also allowed for the characterisation of mitochondrial gene

changes during the development of obesity. The data provides evidence for changes

in mitochondria genes involved in all mitochondrial parameters mentioned previ-

ously, except mitochondrial biogenesis, in obese subjects. Future investigations into

the assessment of bioenergetic capacity, ROS production and characterisation of

morphology in adipose tissue on an individual basis, would allow us to examine how

closely the gene expression analyses reflects mitochondrial function. Although not

available at the University of Warwick, an OROBOROS O2k-Fluorometer would

allow for the simultaneous determination of mitochondrial oxygen and H2O2 fluxes

[226]. Though it must be taken into consideration that this technique generally

requires fresh tissue. Additionally, electron microscopy has previously been used to

successfully image mitochondrial morphology in adipose tissue and thus would be a

viable approach to visualise the integrity of mitochondrial networks [59]. The data

also demonstrated that mitochondrial dysfunction is not limited to obesity but is

also present in overweight subjects. This gives an insight into how early mitochon-

drial dysfunction may be evident in the stages of weight gain. Future longitudinal

studies are needed to address this relationship further. A study observing subjects

over an extended period of time, from lean to obesity, would clarify if mitochon-

drial dysfunction precedes weight gain and promotes a propensity for weight gain,

or if it is a symptom of overnutrition. Nonetheless, given the instrumental role

of mitochondria in adipose tissue and metabolic homoeostasis, the consequences of

mitochondrial dysfunction are severe, being linked with various metabolic disease,

in particular T2DM [57, 285, 317, 424]. It was therefore imperative to uncover

potential propagators of mitochondrial dysfunction.

In this thesis, it was hypothesised that ER stress is a key component in

the progression of mitochondrial dysfunction during obesity. Recent studies have

provided direct evidence that compromised ER function, much like mitochondria,

is a significant pathogenic component of obesity and associated metabolic diseases

[55, 135, 178, 278, 280, 341]. For instance, obesity-induced endoplasmic reticulum

stress induced through high-fat diets in mice, caused insulin resistance and chronic

inflammation in adipose tissue [280]. Whereas bariatric surgery procedures atten-

uate an array of increased ER stress markers in skeletal muscle and adipose tissue

[128]. The involvement of perturbed ER and mitochondrial function in obesity and
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T2DM, suggests an intimate functional relationship between these organelles [308].

In addition, ER and mitochondria are functionally and physically linked via MAMs,

and work together to bu↵er calcium, control ROS signalling, exchange lipids and co-

ordinate pathways involved in cell life and death [15, 234, 308, 318]. However, while

the e↵ects of ER stress on mitochondrial function have been studied in various

non-adipocyte cell types including HeLa and HEK-293 cells [317], the relationship

in adipocytes has up until now remained largely unknown. Chapter four of this

thesis therefore focused on the intriguing metabolic and morphological events that

occur in adipose mitochondria during the early adaptive phase of the ER stress

and following the onset of obesity. Here, this study shows for the first time, that

in human adipocytes, ER stress plays a pivotal role in contributing to disturbed

mitochondrial function in adipocytes. In terms of mitochondrial respiration, mito-

chondria initially have the ability to compensate for ER stress, however this ability

is lost with chronic ER stress, which is particularly evident in primary adipocytes

from obese individuals. Additionally, ER stress results in mitochondrial fragmen-

tation via the phosphorylation of Drp1. Notably this leads to the production of

increased ROS while antioxidant function is downregulated further. Certainly, from

these findings it is evident that heightened stress of the ER induces a succession of

adaptive compensatory mechanisms over a short time frame, which are abrogated

with chronic ER stress resulting in dysfunctional mitochondria. Adipocyte cellu-

lar homeostasis therefore relies on the functional relationship between mitochondria

and the ER, which appears to become dysregulated with obesity and likely disturbs

metabolic balance. This study and other research e↵orts into mitochondria-ER

crosstalk bring up exciting questions about this relationship that will further help

to define the molecular mechanism behind metabolic disease. For example, is there

one specific arm of the ER that when disrupted influences mitochondrial function

the most? This would be a worthy area of future study and would involve knocking

out individuals arms of the ER UPR (PERK, ATF6 or eIF2↵), followed by an eval-

uation of mitochondrial parameters of health. Another question which has arisen

from these studies is: is there therapeutic opportunity to attenuate the mitochon-

drial dysfunction induced by ER stress in obesity, thus leading to improved cellular

and overall health?

With the emergence of obesity showing no signs of slowing it has never been

more crucial that e�cacious therapeutic options are explored [27]. Unfortunately,

lifestyle changes that promote weight-loss and -maintenance, namely limiting food

intake and sedentary behaviour, represent a poor option for many a↵ected people

[115, 171, 222, 287, 389]. Pharmaceutical interventions that induce weight loss and

189



reduce obesity’s comorbidities have therefore been studied extensively (although

with limited success) [49, 67, 129, 181, 328, 375]. Specifically, the penultimate

chapter of this thesis therefore sought to examine specific pharmaceutical agents to

ameliorate mitochondrial function which may provide substantial tangible clinical

benefits. Recent evidence from rodent studies has implicated agonism of the free

fatty acid receptor GPR120 in improved metabolic health outcomes through weight

loss, improved glucose tolerance and decreased inflammation. GPR120 knockout

mice on a high-fat diet develop obesity, glucose intolerance and fatty liver, as well

as decreased adipocyte di↵erentiation and lipogenesis, and enhanced hepatic lipo-

genesis [191]. Insulin resistance in these mice is associated with reduced insulin

signalling and enhanced inflammation in adipose tissue. Moreover, direct activa-

tion of GPR120 has been demonstrated to promote metabolic health by increasing

mitochondrial function [329]. In our human white adipose tissue samples, GPR120

expression was significantly higher in overweight and obese subjects than in lean con-

trols. In addition, GPR120 was downregulated following weight loss surgery. This

is most likely a compensatory mechanism in a bid to improve metabolic homoeosta-

sis. Given these studies, the e↵ect of GPR120 agonism on improving mitochondrial

function was explored in adipocytes. Following the successful identification of a

potent GPR120 ligand (TUG-891), mitochondrial health was analysed in human

adipocytes upon GPR120 activation. A number of mitochondrial functions were

analysed by measuring a range of mitochondrial genes, respiration, membrane po-

tential and dynamics. These results demonstrated that in human white adipocytes

GPR120 agonism with TUG-891 is unable to improve mitochondrial function. Given

that there was no e↵ect on GPR120 activation on mitochondrial health, there was

therefore no sense in examining its e↵ects on improving mitochondrial dysfunction

induced by ER stress. Other avenues to rectify mitochondrial dysfunction in obesity

thus need to be explored and warrant future investigation.

One possible avenue to aid in future obesity and T2DM research and study

adipocyte biology is through the use of three-dimensional (3D) adipocyte cell culture

systems. Representative two-dimensional (2D) in vitro models of human adipocytes,

as have been used in this thesis and by a plethora of other researchers, are central

to metabolic research. They are undeniably useful for a wide range of di↵erent

applications, from basic research to drug development. Classically, adipocytes are

cultured in a monolayer, and while this approach is fast and simple, it yields multi-

locular adipocytes. By comparison, mature white adipose tissue consists primarily

of unilocular adipocytes and thus studying adipocytes in their physiological state

would be beneficial in further elucidating the mechanisms of metabolic disease [363].
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Animal models can however also be problematic as they are time consuming, expen-

sive, ethically concerning and they do not always mirror human physiology [377]. To

this end, techniques to culture 3D spheroids have emerged. Of interest, Klingelhutz

and colleagues developed a simple sca↵old-free method (also known as the hang-

ing drop method) to generate 3D adipose spheroids from mouse adipocytes [186].

Using a methylcellulose gel, cells have been shown to be able to self-assemble into

aggregates and di↵erentiate into mature adipocytes.

To date, this method has not been attempted in SGBS adipocytes, a key

cell model of human white adipocytes. The hanging drop technique was therefore

optimised for SGBS adipocytes for the first time in this thesis. SGBS adipocytes

were cultured in hanging drops causing them to self-organise into spheroids. The

spheroids were then exposed to di↵erentiation cues for 14 days. The spheroids ex-

panded over time, as is expected from adipose tissue that accumulates lipids during

the shift from pre-adipocytes to mature adipocytes (Figure 6.0.0.1e). Mature SGBS

spheroids, formed as a result of di↵erentiation cues, also exhibited other morpho-

logical features mirroring in vivo adipose tissue: histology revealed the formation of

large unilocular lipid droplets by day 14, which is in line with findings by Klingelhutz

and colleagues [186]. The unilocular lipid droplets were apparent as indicated in Fig-

ure 6.0.0.1a by white circles. In addition, mature SGBS spheroids had high levels of

classical di↵erentiation markers. RNA was extracted from SGBS spheroids before

induction of di↵erentiation (day 0) and, 4, 10 and 14 days post-induction. mRNA

expression levels of the di↵erentiation markers aP2 and CIDEC increased signif-

icantly over time, as did GPR120 (Figure 6.0.0.1b-d). Thus, the SGBS spheroid

system provides an e↵ective in vitro model of human pre-adipocyte maturation and

adipocyte expansion, one which more closely resembles the complexity of fat tissue

than 2D culture. The shift from 2D to 3D cell culture models is an interesting re-

search direction, which would benefit future studies for T2DM and obesity research,

and will open novel avenues of research for drug development.

In summary, this thesis was carried out to gain a better understanding of

mitochondrial adaptations in obesity, with a focus on adipocytes and adipose tissue,

with the hope that deeper knowledge of its functionality has the potential to reduce

the medical and socio-economic burden of obesity and its complications. Alterations

in mitochondrial genes was revealed to develop as early as overweight, deteriorating

with the onset of obesity. This may in part be through perturbed ER stress which

severely disrupts mitochondrial function. GPR120 was investigated as a promising

new avenue for improving mitochondrial function in human adipocytes, although

with no success. Finally, this thesis brings some understanding to the use of 3D
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Figure 6.0.0.1: Time course of SGBS spheroid di↵erentiation. SGBS
adipocytes were grown as spheroids using the hanging-drop method and treated
with di↵erentiation medium. (a) Cells were fixed, stained and sectioned from day 0
to day 14. mRNA content of classic adipogenic markers (b) aP2 and (c) CIDEC, and
(d) GPR120-S (n=4) were quantified by qPCR on days 0, 5 10 and 14 following dif-
ferentiation induction. (e) Spheroid area over the di↵erentiation time course (n=6).
Examples of unilocular lipid droplets are circled in white. Scale bars, 0.1mm. D0
vs D5, D10 and D14: ⇤p < 0.05, ⇤⇤ p < 0.01 and ⇤⇤⇤p < 0.001.
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adipocyte models in culturing unilocular adipocytes for future metabolism research.

These can be applied to subsequent investigations of alternative therapeutics for

ameliorating adipose mitochondrial dysfunction.
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Appendix

6.1 Adipogenic di↵erences of cell lines and primary cells

a

b

c

Figure 6.1.0.2: Adipocyte di↵erentiation of cell lines and primary cells.
(a) Chub-S7 cells, (b) primary cells, and (c) SGBS cells were di↵erentiated for 14
days and then stained with ORO. Scale bars, 100 µm.
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6.2 Transfection e�ciency in HEK293 cells

a

b

Figure 6.2.0.3: Transfection e�ciency in HEK293 cells. HEK293 cells
were tranfected with GFP using FuGene HD reagent. Cells were visualised 48 h
post-transfection under fluorescence microscope. (a) X10 magnification; scale bar:
2000 µm. (b) X20 magnification; scale bar: 400 µm.

195



6.3 Mycoplasm testing in SGBS cells

a

500 bp

SGBS cells Negative Ctrl Distilled water

1 2 3 4 5 6

Figure 6.3.0.4: Mycoplasm testing in SGBS cells. SYBR green Safe DNA
stained gel showing the results of PCR amplification of cytoplasmas in SGBS cells
using a mix of Myco 8 and Myco 5 primers. Lanes 1-2: media from confluent SGBS
cells (negative for mycoplasm); lanes 3-4: media from endometrial stromal cells
(negative for mycoplasm); lanes 5-6: distilled water.
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