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Summary

Metabolic syndrome (MetS), which is a spectrum of conditions including
abdominal obesity, dyslipidemia, hypertension, and insulin resistance are
increasing in prevalence globally and lead to an increased risk of cardiovascular
disease, Type 2 diabetes mellitus and cancer. The focus of this project was to seek
blood-based biomarkers for MetS, in the form of miRNAs, extracellular vesicles
and proteins (i.e. neuromedin U and interleukin 6). Additionally, triple negative
breast cancer (TNBC) risk has been epidemiologically linked to MetS and obesity.
This association was addressed by investigating the metabolic phenotype of two

TNBC cell line variants, by assessing their energy synthesising pathways.

Profiling of the miRNA content of plasma from obese and MetS participants
in an intervention study identified miR-758-3p as a potential diagnostic biomarker
for MetS independent of obesity. This miRNA was also shown to have potential
as a biomarker for response to dietary intervention with whey protein, as there
was a positive clinical outcome for participants randomised to the whey dietary
group following a high fat meal. Studies of extracellular vesicles (EV) secreted
from healthy control, obese and MetS participants revealed that EV quantities
may be used to diagnose MetS, independent of obesity, as EV quantities from
MetS participants were found to be significantly higher than the quantities of
healthy controls and obese participants. Global miRNA profiling of the EV
miRNA content identified miR-100-5p as a potential diagnostic biomarker for
MetS; interestingly, miR-758-3p was not found in the EVs from the same cohort
of participants. Finally, we investigated the metabolic phenotype of two TNBC
cell line variants and found there to be a significant decrease in the oxygen
consumption and a significant increase in the glycolysis of the aggressive TNBC
cell line variant compared to the less aggressive parent TNBC cell line variant.
The increased migration and invasion of these cells may be mediated, at least in

part, by altered oxygen consumption and glycolysis.

In conclusion, the research presented here has identified a potential diagnostic
biomarker for MetS (i.e. miR-758-3p) that distinguished MetS from obesity, a
central feature of MetS. This biomarker may also indicate response of an

individual to dietary intervention. EV quantities isolated from MetS participants



may be useful as a diagnostic tool to identify individuals with MetS; that may also
distinguish MetS from obesity. Not only do the EVs themselves have potential as
a diagnostic biomarker, their miRNA content also has potential, as we identified
one miRNA to be detected in the MetS cohort and undetected in the healthy
controls (i.e. miR-100-5p). The association between MetS, obesity and TNBC
may be metabolism. We have shown that the altered metabolic phenotype of the
more aggressive TNBC cell line variant may explain the increased aggressiveness

of these cells.



Abbreviations

AACE
ABCAl
ABCG2
AdipQ
AHA
ANOVA
ApoB
ATP
AUC
BAT
BCRP
BMI
BP
BSA
CAD
cDNA
CERP
CHD
M
CRP
Cr
CVD
DCA
dFBS
DNA
ECAR
EGIR
ELISA
ER+
EV

FA
FBS
FCCP
FdG

g
gDNA
GLP-1
GLUT
HEC
HCL
HDL
HER2+
HPT
IDF
IGF-1
IL-6
IL-6R
IPC

IR

American Association for Clinical Endocrinology
ATP-binding cassette transporter
ATP-binding cassette sub-family G member 2
Adiponectin

American Heart Association

Analysis of Variance

Apolipoprotein B

Adenosine Triphosphate

Area Under the Curve

Brown Adipose Tissue

Breast Cancer Resistance Protein

Body Mass Index

Blood Pressure

Bovine Serum Albumin

Coronary Artery Disease

Complementary DNA

Cholesterol efflux regulatory protein
Coronary Heart Disease

Conditioned Medium

C-reactive protein

Cycle Threshold

Cardiovascular Disease

Dichloroacetate

Depleted Fetal Bovine Serum
Deoxyribonucleic Acid

Extracellular Acidification Rate

European Group for the Study of Insulin Resistance
Enzyme-Linked Immunosorbent Assay
Estrogen Receptor +

Extracellular Vesicle

Fatty Acid

Fetal Bovine Serum

Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
Fluordeoxyglucose

Measurement of Relative Centrifugal Force
Genomic Deoxyribonucleic Acid
Glucagon-like Peptide-1

Glucose Transport Receptor

Hepatocellular carcinoma
Hypercholesteroleamia

High Density Lipoprotein

Human Epidermal Growth Factor Receptor Positive
Hypertension

International Diabetes Federation

Insulin-like Growth Factor Receptor-1
Interleukin 6

Interleukin 6 Receptor

Interplate Calibrator

Insulin Resistance

3



LDL

MetS

Mins

miRNA

NAO
NCEP:ATPIII

NEP
NHANES
NHLBI
NmU R1
NmU R2
NmU
NTA
OCR
OGTT
PBS

PD

PDK
PET
PR+
Pre-miRNA
PPAR-y
Pri-miRNA
PVDF
qPCR
RAAS
RNA
ROC
ROS
rRNA
RT

SDS
Secs
MC-SFA
SNP
T2DM
TEM
TNBC
tRNA
VDACI
vLDL
WC
WHO
WP

Yrs
mRNA
DMEM

Low Density Lipoprotein

Metabolic Syndrome

Minutes

Micro Ribonucelic Acid

10-N-Nonyl Acridine Orange

National Cholesterol Education Program-Third Adult
Treatment Panel

Neprilysin

National Health and Nutrition Examination Survey 111
National Heart, Lung, and Blood Institute
Neuromedin U Receptor 1

Neuromedin U Receptor 2

Neuromedin U

Nanoparticle Tracking Analysis

Oxygen Consumption Rate

Oral Glucose Tolerance Test

Phosphate Buffered Saline

Pyruvate Dehydrogenase

Pyruvate Dehydrogenase Kinase
Positron Electron Tomography
Progesterone Receptor Positive
Precursor miRNA

peroxisome proliferator-activator receptor gamma
Primary miRNA

Polyvinylidene difluoride

Quantitative Polymerase Chain Reaction
Rennin-angiotensin-aldosterone System
Ribonucleic Acid

Receiver Operating Characteristics
Reactive Oxygen Species

Ribosomal RNA

Reverse Transcription

Sodium Dodecyl Sulfate

Seconds

Medium Chain-Saturated Fatty Acids
Single Nucleotide Polymorphism

Type 2 Diabetes

Transmission Electron Microscopy
Triple Negative Breast Cancer

Transfer RNA

Voltage Dependent Anion Channel 1
Very Low Density Lipoprotein

Waist Circumference

World Health Organisation

Work Package

Years

Messenger RNA

Dulbecco’s Modified Eagles Medium



Chapter One: Introduction

Parts of this chapter are published in the following review articles:

Metabolic Syndrome: a closer look at the growing epidemic and its associated

pathologies.
Sadhbh O’Neill and Lorraine O’Driscoll Obesity Reviews (2015) Jan; 16(1):1-12.

Circulating miRNA Biomarkers for Metabolic Syndrome.

Sadhbh O’Neill, Mette Bohl Larsen, Soren Gregersen, Kjeld Hermansen and
Lorraine O’Driscoll Trends in Endocrinology and Metabolism (2016) 27(6): 363-
374.



1. Introduction

. Metabolic Syndrome

The term Metabolic Syndrome (MetS), first coined by Haller and Hanefeld
[1] in 1975 is characterised as a combination of underlying risk factors that when -
occurring together - culminate in adverse outcomes, including type 2 diabetes
mellitus (T2DM), cardiovascular disease (CVD) [2] and cancer [3] and thus an
approximately 1.6-fold increase in mortality [4]. The major risk factors for
developing MetS are physical inactivity and a diet high in both fats and
carbohydrates; contributing to the two central clinical features i.e. central obesity
and insulin resistance (IR). Obesity is fundamental to MetS as it appears to
precede the emergence of the other MetS risk factors [5]. The defining
components of MetS that cluster together are obesity/central obesity, IR,

hypertension and circulating hypertriglyceridemia (dyslipidemia) [6].

Although the increased consequential risk of T2DM and CVD is recognised
by many organisations including the World Health Organisation (WHO), the
European Group for the study of Insulin Resistance (EGIR), the National
Cholesterol Education Program-Third Adult Treatment Panel (NCEP:ATPIII), the
American Association for Clinical Endocrinology (AACE) and the International
Diabetes Federation (IDF), a single precise definition and the defined
contributions of the underlying components of MetS are of much debate. As
detailed in Table 1.1, each of these groups has developed their own (granted,
typically overlapping) criteria for defining MetS, with regard to thresholds for
each of the variables of MetS in order to accurately identify people at a higher
than average risk of developing T2DM, CVD and cancer. The first attempt to
define MetS was made by the WHO in 1998, which proposed IR as central to the
definition of MetS, along with at least 2 of raised blood pressure (BP),
hypertriglyceridemia and/or low HDL-cholesterol, obesity (waist circumference
(WC) or body mass index (BMI)) and microalbuminuria [7]. Shortly thereafter,
the EGIR excluded microalbuminuria as a component of MetS and required
impaired glucose tolerance to be present. Additionally, WC and not BMI was
regarded as the main indicator of obesity and new cut-off points for the other
parameters of MetS [8]. Subsequently, in 2001, the NCEP:ATPIII introduced a
new set of criteria in which WC, hypertriglyceridemia, BP and fasting glucose
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were included. Interestingly, IR was not integral to the definition of MetS, which
was integral to the WHO and EGIR definitions [9]. Finally, in 2005, the IDF
published criteria in an attempt to precisely define MetS, so it could be a better
predictor of CVD and T2DM. The IDF introduced abdominal obesity as a
prerequisite of MetS. They also included IR, hypertriglyceridemia and BP [10].

In 2009, however, a joint statement by the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood
Institute (NHLBI); American Heart Association (AHA); World Health Federation;
International Atherosclerosis Society; and International Association for the Study
of Obesity was published. This joint definition stated that obesity and IR are not
pre-requisites for MetS but that three of the five components (Table 1.2 A) would
suffice for a diagnosis of MetS, with the thresholds for measuring waist
circumference requiring ethnic and nation specificity, with a recommendation that
the IDF cut-off points be used for non-Europeans and either the IDF or
AHA/NHLBI cut-off points for Europeans (Table 1.2 B) [11].
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Table 1.2: Definition of MetS according to the Joint Scientific Statement.

Elevated WC Table 1.2 B

Elevated triglycerides (or drug treatment) >150 mg/dL

Reduced HDL-cholesterol (or drug treatment) | <40 mg/dL (males), <50 mg/dL (females)

Elevated BP (anti-hypertensive medication) > % mm Hg

Elevated fasting glusoce >100mg/dL
Europid (Caucasian) >102cm | >88cm
South Asian >90cm >80cm
Central & South America >90cm >80cm
Middle Eastern Mediterranean >94cm >80cm
Sub-Saharan Africa >94cm >80cm
Chinese >90cm >80cm
Japanese >90cm >80cm

A. Components of MetS required for a diagnosis of MetS and B. Ethnic specific WC cut-off
points.

Elevated triglyceride and HDL-cholesterol treatment are with fibrates and nicotinic acid. A patient
taking 1 of these is presumed to have high triglycerides and low HDL-cholesterol. High dose ®-3
fatty acid presumes high triglycerides. WC-waist circumference, HDL-high density lipoprotein,
BP-blood pressure

1.1.1 Prevalence

The most widely accepted and clinically used definitions for MetS are those
set out by the WHO, NCEP:ATPIII and IDF (Table 1.1) [12]. The existence of
these three somewhat varying definitions —even though they differ only in small
details and defining values- impedes the determination of the true prevalence of
MetS worldwide, as well as within specific countries, genders, and ethnicities.
Regardless of the details of each specific definition, however, it is generally
accepted by all groups that the prevalence of MetS is increasing, in accordance
with increasing BMI and age [13]. Kaur ef al. [14] reported that the world-wide
prevalence of MetS to be between 10% and 84%, depending on the ethnicity, age,
gender and race of the population; while the IDF estimates that one-quarter of the
world’s population has MetS. According to Pal and Ellis [15], 20% of adults in

the western world have MetS.



Despite ambiguity on the precise definition of MetS, a number of studies have
been undertaken to determine— as accurately as possible— the incidence of MetS
within specific countries, ethnic backgrounds and between genders. Although this
thesis cannot claim to be comprehensive for all countries and ethnicities, a number
of studies have been reviewed (as exemplified in Table 1.3) for Australia, China,
Denmark, India, Ireland, South Korea and the US. Evidently, MetS is a serious

global issue.

Table 1.3: Prevalence of MetS in a selection of countries worldwide
United States 33.7% Male 39.9% Male
32.4% Female 38.1% Female

21.8% Male 26.4% Male
21.5% Female 14% Female

9.8% Male
17.8% Female

5.2% Male
9.05% Female

Prevalence of MetS according to age, gender and NCEP ATPIII or IDF definitions. N/R = not
reported.
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1.1.1.1 Prevalence of MetS in the United States

In the US, data taken from the 2000 census estimated that 47 million of the US
adult population (accounting for 22.48% of the adult population) had MetS,
according to the NCEP:ATPIII definition [23]. This figure could be an
underestimation, as the IDF method is now proposed to be superior at diagnosing

MetS compared to the NCEP:ATPIII definition, as detailed below.

In 2011, Mozumdar ef al. [24] compared MetS prevalence between the
National Health and Nutrition Examination Survey (NHANES) III data (1988-
1994) (6423 participant’s > 20 years) and NHANES 1999-2006 data (6962
participant’s > 20 years), according to the NCEP:ATPIII definition. The data
showed that the prevalence of MetS had significantly increased between the time
of the first and the second surveys, considering both the unadjusted (27.9+1.1% to
34.1+0.8%) and age-adjusted (29.2+1.0% to 34.2+0.7%) data. The unadjusted
(p=0.012) and age-adjusted (0.046) prevalence of MetS in males had significantly
increased. For females, the unadjusted and age-adjusted (p<0.001) prevalence
were also significantly increased from the time of the first survey to the second
survey. From the NHANES 1999-2006 data, Mozumdar et al. [24] estimated that
approximately 68 million US adults had MetS (i.e. 32.4 million men; 35.3 million

women).

Ford [16] in 2005, identified a discrepancy between the NCEP:ATPIII and
IDF definitions for diagnosing MetS. A total of 3,601 men and women aged > 20
years were recruited from the NHANES 1999-2002 survey. In this cohort, the
NCEP:ATPIII definition identified 34.5+0.9% (33.7+1.6% men, 35.4+1.2%
female) of the cohort with MetS. In contrast, the IDF definition identified
39.0+1.1% (39.9+1.7% male, 38.1+1.2% female) of the same population to have
MetS.

In order to determine the prevalence of MetS by group, age, race and gender, a
US study similar to the one described above used data from the NHANES 2003-
2006 cohort for a total of 3,423 adults sub-divided into 3 cohorts based on age i.e.
aged 20-39 years, 40-59 years and >60 years. Here, the overall prevalence of
MetS was reported as 34% based on the NCEP:ATPIII definition. Specifically, for
the 20-39 years age group, 20% of males and 16% of females were identified as
having MetS. For the 40-59 years age group, 41% of males and 37% of females
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had MetS; and for the >60 years age group, 52% of males and 54% of females had
MetS. These results show that MetS prevalence increases with age, but with no
significant difference between genders. However, when the cohort was divided
into race and ethnicity i.e. non-Hispanic white, non-Hispanic black, and Mexican-
American, a difference in MetS prevalence was apparent. Specifically, 25% of
non-Hispanic black males were considered to have MetS compared to 37% of
non-Hispanic white males but no significant differences in MetS prevalence for
the female sub-groups were reported. Non-Hispanic black and Mexican-American
females were approximately 1.5 times more likely to have MetS than non-

Hispanic white females [13] .

1.1.1.2. Prevalence of MetS in Australia

An Australian population-based survey (n=11247; 5049 male and 6198
female), termed AusDiab, was conducted. Participants had anthropometry, blood
pressure and fasting glucose levels measured and subsequently their 10-year CVD
risk was calculated [25]. In 2005, Zimmet et al. [26] identified 29.1% of this
Australian population older than 24 years as having MetS according to the IDF
criteria and 19.3% of the same population when evaluated according to the

NCEP:ATPIII criteria.

Using the same AusDiab data, Cameron et al. [17] compared MetS
prevalence using four definitions, i.e. the IDF, NCEP:ATPIII, EGIR and WHO.
The NCEP:ATPIII definition identified 22.1%, the WHO definition identified
21.7%, the IDF definition identified 30.7% and the EGIR definition identified
13.4% of the cohort as having MetS. Regardless of the definition of MetS
considered, the prevalence of MetS increased with increasing age and was
significantly higher in men than women in all groups (p<0.001). It was also
determined that the WHO definition was associated with greater CVD risk [17]
(Table 1.3). Again, in both Australian studies, the IDF definition identified a
higher percentage of the population with MetS than the NCEP:ATPIII definition,
Furthermore, the IDF criteria identified an apparently higher prevalence of MetS
than the WHO and EGIR definitions.
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1.1.1.3 Prevalence of MetS in Europe — Ireland and Denmark

In 2009, Waterhouse et al. [18] compared the prevalence of MetS by the
NCEP:ATPII and IDF criteria in an Irish population. The study enrolled 1,716
participants aged 32-78 years. The IDF definition identified 21.4% (26.4% male,
14% female) of individuals as having MetS, while the NCEP:ATPIII comparative
figure was 13.2% (15.8% male, 9.3% female). The NCEP:ATPIII apparently did
not recognise 8.2% of MetS patients that the IDF definition identified (Table 1.3).

In a Danish study, termed Monitoring of Trends and Determinants in
Cardiovascular Disease (MONICA-1) health survey, 2493 participants of 41-72
years were asked to take part in the MetS study. MetS was, again, diagnosed
according to the IDF and NCEP:ATPIII definitions. The IDF definition identified
23.8% of males and 17.5% of females as having MetS, while the NCEP:ATPIII
definition identified 18.6% of males and 14.3% of females as having MetS [19]
(Table 1.3).

1.1.1.4. Prevalence of MetS in Asia — China, India, South Korea

Zhao et al. [27] aimed to determine the prevalence of MetS among North-
western, rural Chinese. A cohort of 2990 participants aged 18-80 years were
enrolled and MetS was identified according to the NCEP:ATPIII, IDF definitions,
and the NCEP:ATPIII modified for an Asian population. MetS was identified in
7.9% (male 5.4%, female 10.4%), 10.8% (male 8.1%, female 13.6%) and 15.1%
(male 12.8%, female 17.4%) according to each of the three definitions,
respectively. MetS had a higher prevalence in women than men, increasing with
age. In this study it was found that hypertension was the most common MetS
component in this population. In a separate study, Gu et al. [20] identified MetS
in a Chinese population according to the NCEP:ATPIII definition. Of the 15,540
participants, aged 35-74 years, the prevalence of MetS was determined to be 9.8%
in men and 17.8% in women (Table 1.3). The data illustrates that the percentage
of MetS individuals identified by the NCEP:ATPIII method were somewhat
different in both studies for the same ethnicity. This discrepancy may be due to
the differences in sample size for each study (i.e. 2990 for Zhao ef al. [27] and
15540 for Gu et al. [20]) or differences in age groups studied (i.e. 18-80 years for
Zhao et al. [27] and 35-74 years for Gu et al. [20]). Gu et al. [20] reported that the

prevalence of MetS was higher in Northern China compared to Southern China
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and was also higher in urban areas than rural areas. As Zhao et al. [27] studied a
Northwest, rural area, this may explain the differences in MetS prevalence
between the two studies, although both studies do show a trend that Chinese

women have a higher prevalence of MetS than Chinese men.

Sawant et al. [28] conducted a study in the urban city of Mumbai, India
using data from the CARDIAC evaluation camp on 548 individuals who are >20
years. MetS was identified in 19.52% (male 25.16%, female 12.6%) of the cohort
by the NCEP:ATPIII criteria. MetS was significantly (p=0.008) higher in males
than females. Interestingly in 95% of the cohort, at least one component of MetS
was identified according to the modified NCEP:ATPIII criteria. Considering
2,350 individuals aged > 20 years, Deepa ef al. [21] identified MetS in 23.2% of
the subjects according to the WHO definition, 18.3% according to the
NCEP:ATPIII definition and 25.8% by the IDF definition, again, as previously
observed in other cohorts e.g. in the US [16] the IDF criteria identified the highest
MetS prevalence (Table 1.3).

Lim et al. [29] compared the prevalence of MetS in a South Korean
population based on data from the Korean Health and Nutrition Examination
Surveys from 1998, 2001, 2005, and 2007 for a total of 6907, 4536, 5373, 2890
individuals > 20 years from each survey respectively. The age-adjusted prevalence
of MetS was 24.9% in 1998, 29.2% in 2001, 30.4% in 2005 and 31.3% in 2007,
according to the revised NCEP:ATPIII definition. Therefore, the prevalence of
MetS increased with time and LDL-cholesterol was the most common
abnormality, increasing by 13.8% in the 10-year period. This was followed by
obesity (8.7%) and hypertriglyceridemia (4.9%). In a study [22] of 40698 South
Korean participants, MetS was identified in 6.8% (5.2% male, 9.0% female) using
the NCEP:ATPIII definition, while the definition adjusted specifically for the
Asian population and WC identified 10.9% (9.8% male, 12.4% female), while the
same definition modified for BMI identified 13.1% (13.2% male, 13.1% female)
with MetS (Table 1.3). The discrepancies in the MetS prevalence figures between
the two Korean studies may be due to the huge difference in sample sizes (i.e.
2890-6970 for Lim et al. [29] and 40698 for Lee et al. [22]. Lee et al. [22] studied
a Korean population based in Seoul, while Lim ef al. [29] was a national survey,
again the different regions of study may explain the discrepancy in MetS

prevalence for the Korean population.
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Collating these many studies from around the world demonstrates that
MetS is a substantial international problem, regardless of the specific
criteria/definition selected to determine MetS. Differences in prevalence within a
given population are apparent, depending on which specific definition is used,
indicating a level of agreement but also that results from different studies should
be collated and compared with caution and in full knowledge of the definition that
was used. To truly determine the problem of MetS throughout the world, ideally

one international definition would be agreed upon and consistently used.

1.1.2. Pathophysiology

1.1.2.1. Obesity

Obesity is an excess of body fat and is measured by BMI or by WC. A
BMI >25kg/m”? and WC >94cm in men and >80cm in women is considered
overweight, while a BMI >30kg/m” and WC >102cm in men and WC >88cm in
women is considered obese [30]. Central obesity is considered the most common
manifestation of fundamental importance for the diagnosis of MetS (Figure 1.1)
[31]. The prevalence of obesity worldwide is reaching epidemic levels. In 2005,
the WHO estimated that 1 billion people world-wide had a BMI > 25kg/m? and
300 million had a BMI >30kg/m”. They also estimated that by 2015, 1.5 billion
people will have a BMI >25kg/m* [32]. By 2008, Finucane et al. [33] had
demonstrated that this figure of 1 billion had risen to an estimated total of 1.46
billion people world-wide with a BMI >25kg/m?; this correlated with 898 million
overweight individuals and 502 million obese individuals. A recent report from
the American Heart Association stated that 154-157 million adults in the US are
overweight or obese [34]. MetS is, therefore, of substantial concern to the medical

field and to society in general, due to the worldwide increase in obesity.

It should be noted that although obesity leads to an increased risk of
mortality, studies show that the risk of mortality is only slightly but not
significantly increased for an overweight person (BMI: 25-23). The risk of
mortality increases significantly for the moderately obese (BMI: 30-35),
increasing again for the severely obese (BMI: 35-40) and increasing again for the
very severely obese (BMI: >40) [35].
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Cardiovascular Disease

Type 2 Diabetes Mellitus

Some Cancers

Figure 1.1: Interplay between the risk factors for metabolic disease.

Overweight and obesity are central to the risk of MetS, both predisposing to IR, hypertension and
dyslipidemia, all of which are risk factors of MetS. Arrows indicate that physical inactivity and
excess food/fat intake lead to overweight and obesity, excess food/fat intake leads to
hypercholesterolemia and IR, overweight and obesity lead to IR, hypertension and

hypercholesterolemia.

1.1.2.2, Insulin Resistance

In 1988, Reaven proposed the notion of Syndrome X to describe the
clustering of components of MetS, with IR as the common denominator [36].
While obesity is the predominant risk factor for IR and T2DM, environmental and
genetic factors also contribute to the pathogenesis [37], contributing to 171
million people being diagnosed with diabetes in 2000 and projected to increase to
366 million by 2030 [38]. 30-40% of the population are reported to be IR [39]. In
addition to contributing to insulin resistance (by an, as of yet, unidentified
mechanism), elevated levels of fatty acids (FAs) impair B-cell function [38]. IR is
linked to hyper-triglyceridemia and is a driver of T2DM and also CVD [40]. IR is
related to several CVD risk factors, such as obesity, hyperglycaemia, hyper-
triglyceridemia, low HDL cholesterol and hypertension [39]. Therefore, as with
obesity, IR is also an important factor in MetS. IR is measured using the
homeostatic model assessment to quantifyinsulin resistance and beta-cell

function.
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1.1.2.3. Dyslipidemia

In addition to obesity and IR, dyslipidemia (an abnormal amount of lipids
e.g. cholesterol and/or fats in the blood) is a hallmark of MetS and includes the
flux of fatty acids, Apolipoprotein B (Apo B), high triglycerides, low HDL
cholesterol and high small dense-low density lipoprotein (LDL) [41]. An
association between obesity, hypertension and hyper-triglyceridemia was
proposed by Albrink ef al. [42] in the 1980s. From there, Albrink along with
others, such as Reaven, began to demonstrate a link between dyslipidemia and
MetS [40]. After several decades, the IR Atherosclerosis study illustrated a direct
link between IR and atherosclerosis. In addition to FAs playing a substantial role
in the onset of IR in obese individuals, it was established that such FAs also have
a role in the increase in triglyceride levels that lead to hyper-triglyceridemia [40].
In MetS patients, dyslipidemia may be caused by a combination of the over-
production of very low density lipoprotein (VLDL); over-production of
apolipoprotein B (ApoB); decreased breakdown of ApoB and increased
catabolism of HDL cholesterol. All of these may be a consequence of IR [41].
Overall, the three major components of dyslipidemia associated with MetS are
increased fasting and postprandial triglyceride-rich lipoproteins, decreased HDL,
and increased LDL (Figure 1.2) [43].

Figure 1.2: Process of progression from obesity and insulin resistance to dyslipidemia.

Arrows indicate that increased fatty acids lead to increased VLDL, which leads to increased
fasting and postprandial triglyceride-rich lipoproteins, which leads to both increased small, dense
LDL and decreased HDL. VLDL-very low density lipoprotein, LDL-low density lipoprotein,

HDL-high density lipoprotein.
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1.1.2.4. Hypertension

As illustrated in Figure 1.1 hypertension (abnormally high blood pressure
(BP)) is also a central component of MetS, with approximately 85% of MetS
patients suffering with this condition [44]. Hypertension is usually diagnosed at a
late stage in the disease, at which point consequential life-threating conditions,
such as kidney damage and heart failure may occur [45]. IR and obesity have been
recognised as the leading cause of hypertension [45]. 50% of hypertensive people
are IR [40]. Obesity and IR contribute to the development of hypertension, both
independently and collectively. Under normal, healthy -circumstances,
introduction of insulin into the bloodstream causes a release of nitric oxide and
subsequent vasodilation. This is not seen in obese, insulin-resistant individuals
[40]. Instead, IR and thus compensatory hyper-insulinemia activate the rennin-
angiotensin-aldosterone system (RAAS) with consequential vasoconstriction and

hypertension [44].

The NHANES 1999-2000 study in the US, including a total of 1677 US
adults aged >20 years, demonstrated that hypertension is the most common
component of MetS in men (41%), but was the third most common component in

women (37%; while 52% had high WC and 43% had low HDL levels) [46].

L1285, Low-Grade Inflammation

Another aspect of MetS and obesity which is not included in the
definitions for MetS is low-grade inflammation. A key determinant of low-grade
inflammation in obesity is enlargement of adipocytes. These enlarged adipocytes
release pro-inflammatory cytokines (i.e. tumour necrosis factor-alpha, IL-6,
monocyte chemoattractant protein-1 and interleukin-1 beta) into the circulation
[47]. This release of adipocytes attracts macrophages to the enlarged adipocyte,
resulting in increased cytokine release [48]. Adipose tissue macrophages are also
capable of secreting anti-inflammatory mediators (i.e. interleukin-10, adiponectin
and interleukin-1 receptor agonist) [48]; however, the secretion of these anti-
inflammatory mediators is disturbed by the enlargement of the adipocyte and
interestingly diet-induced obesity leads to a shift in the adipose tissue
macrophages to a more pro-inflammatory state [49]. This adipose tissue
inflammation contributes to IR [50], therefore, low-grade inflammation is thought

to link obesity to IR, hypertension, dyslipidemia and atherosclerosis [51].
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1.1.3. Consequential risks associated with Metabolic Syndrome

It has been established that those with MetS have a five times higher risk
of developing T2DM, a three times higher risk of developing CVD [2] and an
increased risk of developing cancer [52]. So far, however, our understanding is
only as an indicator of risk and it has not yet been possible to develop an
algorithm determining the personalised relative risk for a given individual

developing CVD and/or T2DM and/or cancer [53].

) O Cardiovascular Disease/ Chronic Heart Disease

One purpose of accurately diagnosing MetS is to at least get an indication
of the increased risk of CVD [54]. While the component factors of MetS that
cluster together increase an individual’s risk of CVD, it is apparent that each
individual component also increases this risk [55]. CVD is the leading cause of
death in the western world, accounting for 17 million deaths per year. In a Danish
study focused on MetS, IR and CVD and which included 2493 participants, 21%
were defined as having MetS according to the IDF criteria and 16% were reported
as having MetS according to the NCEP:ATPIII definition. After 9.4 years of
follow-up, 233 deaths from the original 2493 participants had resulted from
cardiovascular events (CV death, ischaemic heart disease and stroke). This
demonstrated that the incidence of CVD deaths was 14.6% according to IDF
criteria and 16.6% according to NCEP:ATPII criteria. These results taken together
showed that NCEP:ATPIII definition was a significant predictor of CVD and the
IDF definition was not when adjusted for IR. Also, IR was an independent risk
factor for CVD and MetS and IR were both significant predictors of CVD in the
non-diabetic population. The authors did not look at risk of CVD from each
component of MetS [19]. The authors indicate that the NCEP:ATPIII definition of
MetS has a higher predictive power for CVD than the IDF definition. However, in
a Greek study including 9669 individuals, focused on comparing the predictive
power of both definitions, MetS was defined at 43.4% and 24.5% according the
IDF and NCEP:ATPIII definitions, respectively. The NCEP:ATPIII definition
predicted a higher prevalence of CVD (23.3%) than did the IDF definition
(18.3%) [56].
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Population-based research studies have analysed the increased risk of
CVD among MetS patients, across ethnicities. A US study spanning 8 years and
involving 3323 middle-aged individuals of mainly Caucasian ethnicity
(participants were part of the Framingham offspring study, examination 4)
showed that the prevalence of MetS (by the NCEP:ATPIII definition), in both
men and women who did not have CVD or T2DM at baseline, increased over an 8
year period. This increase was from 21.4% to 33.9% in men and 12.5% to 23.6%
in women; an increase of approximately 50% for both genders. The risk of CVD
and T2DM increased in correlation with this increase in the prevalence of MetS.
After 8 years 174 individuals had CVD, 107 had chronic heart disease (CHD) and
178 individuals had T2DM [57]. The relative risk of CVD was 2.88 in men and

2.25 in women.

1.1.3.2. Type 2 Diabetes Mellitus

T2DM, like MetS, is a complex heterogeneous constellation of metabolic
disorders including IR, unique dyslipidemia (i.e. characterized by
hypertriglyceridemia; elevated blood levels of apolipoprotein B; small, dense
LDL-cholesterol; and low levels of HDL cholesterol), obesity and hyper-
glycaemia [58] with the most common etiological factor being obesity [59],
resulting in elevated blood glucose concentrations [6]. IR, dyslipidemia, obesity
and hyper-insulinemia all precede T2DM in 75-85% of patients [59]. There are
approximately 150 million people worldwide with the condition and this figure is
projected to double by 2020 [58]. In a US population of 20-74 year olds, a meta-
analysis incorporating studies from 1976-1980 and 1999-2000 showed an increase
in prevalence of total diabetes (i.e. both Type 1 and Type 2) from 5.3% to 8.2%
and the number diagnosed with diabetes between the two time periods increasing
from 41% to 83%. The increase in the prevalence of T2DM was reported to be
due to the rise in obesity. An increase in mean BMI from 25.4kg/m” to 26.7kg/m*
from 1980-1962 to 1999-2000 was also seen. This correlated with an increase in
mean obesity from 14.5% to 26.7% during the same periods and these increases

correlated with an increase in T2DM from 1.8% to 5.8% [60].

The pancreatic hormone glucagon is of interest in T2DM. Glucagon is

secreted by the alpha (a) cells of the pancreas and dysregulation of the a-cells is
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proposed to precede beta (B)-cell dysregulation in T2DM [61]. Glucagon
functions to increase glucose levels in the blood which in turn, is antagonistic to
insulin. Glucagon is deregulated in both Type 1 diabetes and T2DM, but the effect
is more subtle in T2DM. There is evidence of increased secretion and/ or
incomplete suppression of a-cells in the majority of T2DM patients. In T2DM, the
levels of glucagon are inappropriately high and appear to contribute to
hyperglycaemia and abnormal glucose regulation [62]. Appropriate studies
relating glucagon to MetS are lacking. However, of note is glucagon-like peptide-
1 (GLP-1). GLP-1 is an integrin produced in the intestines that regulates both
insulin and glucagon levels. In T2DM, GLP-1 is also increased in the serum of
patients. In a study of a Japanese population of n=60 (MetS) and n=37 (pre-MetS
[1-2 MetS components]), serum GLP-1 was measured. GLP-1 was significantly
(p<0.001) increased in the MetS group compared to the pre-MetS group. The
levels of GLP-1 correlated with the number of MetS components present. Of
further note, MetS patients with a high level of GLP-1 were at a higher risk for
CVD, independent of diabetes [63]

1538, Cancer as a co-morbidity

Over the last several years the prevalence of cancer and its association to
MetS has been documented. From studies that have been reported on so far, MetS
or its components may play a role in the etiology, progression or prognosis of
certain cancers. The American Cancer Society estimates that there are
approximately 1.5 million new cancer cases in the United States per year
accounting for 500,000 cancer deaths [64]. Overweight and obesity account for

approximately 20% of all cancer cases [65]

1.1.33.1. Cancer and obesity

Considering the components of MetS, obesity is reaching epidemic
proportions world-wide (Section 1.1.2.1) with 68% (72.3% male, 64.1% female)
of the US population being overweight or obese [66]. Obesity is associated with a
high incidence of cancer risk at multiple sites and is both a risk factor and poor
prognostic factor for many malignancies including renal, breast, ovarian,

pancreatic, endometrial, and oesophageal cancers [67, 68]. An association
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between obesity and cancer has been established, but the mechanism(s) for this
association has not been elucidated. It is known, however, that obesity contributes
to IR; this leads to increased insulin levels correlating with increased levels of the
growth factor insulin-like growth factor receptor (IGF-1) [68]. IR or oxidative

stress may, therefore, be a contributing mechanism.

A study performed in the US from 1982-1998 involving approximately
900,000 individuals (404,576 men, 495,477 women), who were free from cancer
at baseline, found that at the time of the 16-year follow-up 57,415 deaths had
occurred. The results of the study showed that men with a BMI > 40 had a 52%
higher death rate from all cancers and women with a BMI > 40 had a 62% higher
death rate from all cancers compared to men and women of normal weight,
respectively. From this data it was concluded that, in the US, 14% and 20% of all
cancer deaths in men and women respectively could be prevented if normal

weight was maintained [69].

Of note, brown adipocyte differentiation may play a key role in breast
cancer progression. In a study of 96 breast cancer patients and 96 age-and weight-
matched control female patients. Data on the distribution and intensity of active
brown adipose tissue (BAT) as determined by FDG PET/CT (see Section 1.3) was
evaluated by 2 nuclear medicine physicians. Results showed the prevalence of
BAT to be significantly higher in the breast cancer group compared to the control
group. Additionally, the frequency of BAT activity was 3-fold higher in breast
cancer patients as compared to controls [70]. Furthermore, the master regulator of
adipocyte differentiation, PRDM16, has been found to be expressed in a subset of

mammary cancer stem cells in xenographs from mice [71].

11332, Cancer and insulin resistance

There is growing epidemiological and clinical evidence implicating IR to
cancer risk, but the mechanism(s) by which IR increases cancer risk is yet to be
fully elucidated. However, many theories have been proposed, including genetic
and/or environmental factors that lead to IR, e.g. obesity and hyper-insulinemia.
Obesity leads to a number of pathophysiologies including an increase in FAs and
triglycerides in the blood resulting in IR. Once IR is established, hyper-

insulinemia, hyperglycaemia and increased gluconeogenesis result. A model for
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the role of IR in cancer progression has been proposed: in insulin-resistant
patients, hyper-insulinemia leads to mitosis of cancer cells; reactive oxygen
species (ROS) produced by hyperglycaemia and also increased FAs. ROS
overproduction results in DNA mutagenesis and carcinogenesis. Increased
gluconeogenesis results in hyperglycaemia, decreased sex hormone binding
globulin, increased IGF-1 that leads to increased IGF-1 feed-back loop and anti-
apoptosis of cancer cells, altogether resulting in tumour initiation. Hyper-
insulinemia and increased availability of IGF-1 in insulin resistant patients
apparently have a role in tumour initiation and progression. Specifically, they
stimulate ovarian synthesis of sex steroids and, in the breast and endometrium,
they promote cellular proliferation and inhibit apoptosis [72]. Although the exact
mechanisn linking cancer and IR is not known, hyperinsulinemia and increased
IGF-1 availability appear to play a role in tumour initiation and progression in

insulin resistant patients.

11333, Cancer and dyslipidemia

Dyslipidemia includes high levels of LDL-cholesterol and low levels of
HDL-cholesterol and has also been associated with increased cancer risk. During
the US Atherosclerosis Risk in communities (ARIC) study from 1987-2000, 259
of 14,547 individuals were diagnosed with lung cancer. The individuals diagnosed
with lung cancer were more likely than controls to have low levels of HDL-

cholesterol and to have a higher prevalence of CVD at baseline [73].

A one year study performed in the Edith Wolfson Medical Centre, Israel,
included 204 patients aged 66.6+18.9 years (107 male, 97 female) and divided
according to low and high HDL-cholesterol levels. Cohort 1 included n=108 with
HDL <20 mg/dl, while cohort 2 included n=96 individuals with HDL >65 mg/dl.
HDL levels in cohort 1 were found to inversely correlate with odds of death. Low
HDL was seen more so in men (67.7%) than women (36.5%). Of the 204
individuals, 50 had been previously diagnosed with a cancer malignancy which
correlated to 37% and 10.4% in cohort 1 and cohort 2, respectively. The
researchers deduced that an increase of 1mg/ml serum HDL correlated with a
2.3% decrease in cancer risk. In agreement with this notion, low HDL-cholesterol

has been demonstrated in colorectal, gastric, breast and prostate cancer [74], while
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a high LDL-cholesterol is associated with a 15-times increase in haematological

cancer risk [75].

1.1.4. Treatment of MetS

Currently there is no single therapy for directly treating MetS; instead
treatment of MetS requires the treatment of each individual component separately.
The primary treatment for MetS is lifestyle modification and increased physical
activity as these can target each component of MetS. The principle goal of most
MetS interventions is weight reduction. Unlike the definitions of MetS there is
complete agreement on the benefits of weight loss to the clinical abnormalities of
MetS. Weight loss has been shown to improve blood glucose, dyslipidaemia and
blood pressure [76], IR and adiposity [6]. Interestingly a modest reduction in
weight can improve the metabolic profile. A 2-year study of 14 obese individuals
who were assigned to a long-term diet and life-style modification regime
illustrated that 75% of individuals who achieved a weight loss of 10% or more
showed regression of the MetS phenotype. Reducing the caloric intake is the
leading method for weight loss, however bariatric surgery [77] and
pharmaceutical intervention e.g. orlistat [78] and sibutramine [79] may also be
considered, although sibutramine is no longer on the market. Although the
reduction of calories is vital to weight loss, the macronutrient intake is vital for
the health of MetS individuals [76] and certain milk proteins have been shown to
be beneficial for treating MetS [80] (Section 2.1). As MetS becomes better

understood a single therapy for its direct treatment may be developed.

1.2. Biomarkers

Blood-based biomarkers for MetS [81-83] could offer an improved
minimally-invasive diagnostic tool, a method for prognosing patients’ outcome, a
means for predicting response to therapeutic intervention, and, importantly, also
an opportunity for earlier intervention to avoid the development of more life-
threatening pathologies, such as T2DM, CVD, and cancer. An ideal biomarker for
MetS would be an entity that is consistently dysregulated in MetS compared to

healthy controls and would be quantifiable, quick to assess, specific and sensitive
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(Figure 1.3). Of course, many of the tests currently contributing to a MetS
diagnosis, regardless of the specific definition used (be it WHO, EGIR, NCEP-
ATPIII, AACE or IDF), are blood-based e.g. glucose tolerance. However,
additional tests are also required. As will be outlined in this section (Section 1.2)
increasing evidence suggests extracellular blood-based biomarkers such as,
nucleic acids and proteins isolated directly from plasma/serum, extracellular
vesicles (EVs) and EV-contained nucleic acids and proteins all have potential to

form useful biomarker panels for MetS.

Ideal

Biomarker

Screening
tool for
disease

Figure 1.3: Characteristics of an ideal biomarker for MetS

Ideal Characteristics of a biomarker

1.2.1. Extracellular Vesicles/Exosomes

Although it has long been known that eukaryotic cells release complex
vesicular structures into their environment, only in recent years has it been
established that these entities, namely exosomes, microvesicles/ ectosomes/
membrane vesicles/ microparticles (collectively termed EVs) are not merely junk
or debris, but tailor-made specialised mini-maps of their cell of origin. EVs were
described by two independent studies, in 1983 [84] and 1984 [85], when it was
observed that reticulocytes could discharge the transferrin receptor by its
incorporation into EVs that were then released by cells. These vesicles were

termed exosomes as they originated from the cells endosome/multivesicular
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bodies [86]. The term microvesicles/ectosomes is typically used if the vesicles
originate from pinching of the cell membrane [87]. The umbrella term EVs
includes exosomes and microvesicles/ectosomes that are often defined and sub-
grouped first-and-foremost on size and proposed origin (exosomes are ~30nm-
120nm and are of endosomal origin; microvesicles/ectosomes are >120-1000nm
and originate from pinching of the cell membrane) (Figure 1.4). However, there is
no reason to believe that microvesicles of smaller sizes cannot also exist, thus the
relevance of size per se is questionable. Furthermore, as unique markers for the
different vesicle types have not yet been fully defined, the origin of vesicles
released from cells cannot be identified retrospectively. For this reason, here we

use the collective term EVs [84-88].

Endocytosis

Name Size Origin

Microvesicle/ | 120-1000 nm Cell Membrane
Ectosomes

Figure 1.4: Biogenesis of extracellular vesicles and their classification.

A. Exosome formation starts at the cell membrane when the membrane is pinched inwards, this
creates an endosomal-like structure. Intraluminal-vesicles (ILV) develop capturing bioactive
molecules, such as proteins, lipids and nucleic acids. The ILV matures to form multi-vesicular
bodies (MLV). The MLV then takes one of two paths i.e. they are transported to the: 1. lysosome
for degradation, or 2. cell membrane, fuse to this and, subsequently, release the ILVs into the
extracellular space. Released ILVs are termed exosomes. Alternatively, budding at the cell
membrane, capturing cytosolic fragments, results in the formation of microvesicles (MV); also
known as ectosomes/ membrane vesicles/microparticles. These vesicles have been reported to
contain DNA, RNAs and proteins, although the mechanism by which DNA could get incorporated
into exosomes is as of yet unknown. B. Some characteristics of EVs as exosomes and

microvesicles/ectosomes based on size and origin
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Studies of circulating EVs as biomarkers for MetS are still in their infancy.
Trends are pointing towards a relationship between the quantities of blood-based
EVs and MetS. When plasma specimens from individuals (Table 1.4 A) with
MetS were compared to those from healthy controls, a significant (p<0.001)
increase in quantities of EVs (as determined by flow cytometry following
labelling of EVs with antibodies against surface antigens) was observed with
MetS [89]. A follow up study (Table 1.4 B) confirmed these results and found
circulating quantities of plasma EVs (as determined by flow cytometry) to be
significantly (p<0.05) higher in MetS compared to healthy individuals [90]. Thus,
these studies support the hypothesis that basic quantification of circulating EVs
may offer potential as diagnostic biomarkers for MetS. Although further
appropriately designed studies are required, this would suggest that EV quantities
may prove to have benefit for screening those at increased risk of developing
MetS.

Table 1.4: Details of studies investigating blood-based biomarkers for MetS

MetS, n=43 NCEP:ATPIII n=37 52.7£1.7
M-74%, F-26% M-57%,
F-43%
MetS, n=21 56+2 NCEP:ATPIII n=17 54+£2 [90]
M-81%, F-19% M-71%,
F-29%

M-male, F-female, n=number of individuals, NCEP:ATPIII-National cholesterol education

program third adult treatment panel

Freely circulating miRNAs (see also Section 1.2.4) and those carried in
EVs are also under investigation as biomarkers for MetS [91-93]. A particular
interest in miRNAs has emerged from the fact that they appear to be causally and
mechanistically involved in events that contribute to MetS. Regulation of
miRNAs is tightly controlled and each miRNA may, in turn, target multiple
mRNAs. This is necessary for regulating and fine-tuning different aspects of
metabolism. However, when miRNAs become disrupted, pathology may follow,
as can be seen in the case of metabolic diseases [92]. Changes in miRNA

expression have now been directly associated with many components of MetS.

21



For example, cholesterol is regulated at the cellular level by both classical
transcription factors and also by miRNAs. With regards to their relevance as
blood-based biomarkers for MetS, Karolina et al. [94] investigated both total
miRNAs isolated from whole blood and EV-contained miRNAs isolated from
plasma of individuals with MetS, T2DM, hypercholesterolemia, hypertension and
healthy controls (Table 1.5). Five miRNAs were identified to be present in EVs
from all groups. From those, four (miR-17, miR-197, miR-509-5p, miR-92a) were
found to be at higher quantities in the MetS and hypercholesterolemic groups and
lower in the T2DM and hypertensive groups. miR-320a was increased in the MetS
and T2DM groups and decreased in the hypercholesterolemic and hypertensive
groups. In this study, the detection patterns of these miRNAs was reported to be

similar in EVs and in whole blood.

28



6¢

BIUIBA[0IA)SA[0YdIadAY - TOH ‘uorsuopadAy — 1 JH

“erwopLa0A|3y ur suoneorjdunr 1o8uons aAey Aew e(Zg-yYIW "S2)oqeIp pajsajiuew A[jny ur suonesrjdur 1o3uons aaey Ajqissod

SYNY 1w 9soyy 3unsaf3ns 1104od S9N 23 03 paredwrod dnoid AQZ.L Y3 Ul PASBIIAP 9q 0} UMOYS U33q SBY Z6-YIW pue dg-60s-yIW ‘L6 [-yI “/ [-yiw

I'8F¢Ey 91 T# Hoyop
[TF1 y1 :1#3104o)
L'TIFL'OY 8Y ‘T# HOYoD
9F6¢ Iy :1# HOYoD

(P10F-91°0FS€E'T)
pasealda
(PIOF-ST°OFLL'T)
paseaouy
(P10¥}-17°0F$8°1)
vowmeuoen—
(PIO¥F-€TOFPI'T)
pasearou]
(PIO¥-€T°0F€9°1)
pasearnag

(PIOF-€1°0F91°1)
pasearda(]
(PIO¥-#0°0FE9° 1)
vowwouoon—
(P193-90°0F99°1)
paseasou]
(P19J-ST1°0F29° 1)
vamo.nocm
(P10¥-80°0FCZL'1)
pasealou]

(PIO¥-1T°OFIH'T)
pasealouy
(PIOJ-TT'0FLY' 1)
vummouovh—
(P10J-ST0F6€'1)
vowwouooﬂ
(P193-60"0F6'1)
paseaoaq
(P10J-L0°0FSS'T)
pasea1ds(q

PIOJ-€£2°0F9S°1)
paseaIou]

V' 8FC VY 6C -T# M1oYyon

1T 1# 104o)

(PIOJ-€1°0FTS'1)
pasealou]
(PIO¥F-€£2°0F96°1)
pasealouy

ETIFL'SY
1°'8F6¢

62 :T# HOYOD
L1 :T# HOYoD

(PI0¥-8TO0FLL'T)
pasearouy
(P19¥-61°0F€6'1) C1IFL'SY
pasea1ou] ['8FLE

62 :T# HOYOD
81 :1# HOYOD

Apmys yery) Jo synsax payresdp pue Apnys [p6] 7v 12 BUIOIE] Y} 03 PINNIIII S[ENPIAIPUI JO ST :S'| AQEL



Whether or not extracellular miRNAs are predominant in EVs is still
under debate and is very likely to differ with different miRNAs and different
cellular/clinical conditions. For example, it has been reported that in serum and
saliva, the majority of miRNAs are concentrated in the exosomes rather than
freely-circulating [95] while a study of plasma miRNAs found them to be mainly
concentrated in microvesicles [96]. Conversely, an analysis of three miRNAs in
plasma found them to be predominantly (>97%) exosome-free [97]. Furthermore,
Arroyo et al. [98] claimed that 90% of miRNAs in the circulation are not present
in a membrane-bound form. However, regardless of whether or not miRNAs are
contained within EVs, it is apparent that blood-based miRNAs have promise as
biomarkers for full-blown MetS and for many of its contributing components (See

Section 1.2.4).

1.2.2. Circulating Protein Biomarkers for MetS

Adiponectin is an anti-atherogenic, anti-diabetic [99] and anti-
hyperlipidemic adipokine and its low circulating levels (<4 pg/mL) are associated
with MetS. Plasma adiponectin levels were found to be significantly (<0.0001)
decreased in obese (3.74+3.2 mg/mL) compared to non-obese (8.9+5.4 mg/mL)
individuals [100]. A strong inverse correlation was also found between plasma
adiponectin protein concentration and BMI for both men and women [100].
Plasma adiponectin protein concentrations were also reported to be lower in
individuals with hypertension compared to normotensive individuals [101]. Thus,
the association of low adiponectin protein levels with MetS was subsequently
investigated in a cohort of individuals with T2DM compared to healthy controls;
with and without MetS (Table 1.6 A). This study found that serum adiponectin
protein levels were significantly lower (p=0.001) in the T2DM cohort. Of the
individuals with MetS, adiponectin protein was decreased in both males and
females, when compared to individuals without MetS, inversely correlating with
MetS. Interestingly, adiponectin protein was found to decrease progressively with
increasing number of MetS components present. Furthermore, for those
individuals with diabetes and MetS, compared to individuals with only MetS, the

plasma concentration of adiponectin was again much lower [102].
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A study of Japanese men and women (Table 1.6 B) showed plasma levels
of adiponectin in both men and women to inversely correlate with BMI, WC,
visceral fat, triglycerides and positively correlated with HDL levels [103]. Studies
of each component of MetS independently showed that an adiponectin
concentration of <4ug/ml of plasma correlated with a higher prevalence of each of
the MetS components, when compared to adiponectin protein levels for healthy
individuals. For example, a concentration of <4pug/ml was observed in a higher
percentage of obese compared to non-obese males and females. Furthermore,
MetS had a significantly higher prevalence in both males (p<0.001) and female
(p<0.01) who had adiponectin plasma concentrations <4pg/ml compared to those
who had higher circulating levels. [103]. While more extensive double-blinded
studies are warranted, data produced to date suggests that low level circulating
adiponectin protein (i.e. below a 4ug/ml threshold) has potential as a biomarker
that could contribute to a biomarker panel for MetS diagnosis. In fact, based on its
associated activities in the body (anti-atherogenic, anti-diabetic and anti-
hyperlipidemic), it could be cautiously extrapolated that introducing adiponectin
may have therapeutic benefit. However, this would have to be thoroughly

investigated, initially in pre-clinical models.

Interestingly, lipid-lowering agents affect the bioavailability of
adiponectin. Specifically, statins exert variable effects and this is influenced by
patient characteristics such as diabetes status or IR. Statins affect adiponectin
levels by enhancing the peroxisome proliferator-activator receptor (PPAR)-y
activation and they also exhibit antioxidant and anti-inflammatory potential.
Fibrates such as niacin can increase adiponectin levels. Niacin, along with plant
sterols, w-3 fish oils and bezafibrate increase PPAR-y activity, possibly by
reducing oxidative stress or inflammation [104]. Additionally, anti-hypertensive
drugs ramipril, valsartan, doxazosin and amlodipine have been shown to increase
plasma adiponectin levels significantly in individuals previously untreated for
hypertension. The Ramipril and valsartan are both RAAS inhibitors and they
increased plasma adiponectin levels better than doxazosin and amlodipine.
Metoprolol had no effect on plasma adiponectin levels [105].Leptin, a satiety
hormone [106], also has potential as a blood-based biomarker for MetS. This is
supported by a study from the Iranian Third National Surveillance of Risk Factors
of Non-Communicable Diseases (SURFNCD) involving 3045 participants (Table
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1.6 C) where MetS was diagnosed according to the IDF definition. Individuals
with MetS had higher serum level of leptin compared to non-MetS individuals.
Leptin levels were independent of overall obesity or abdominal/central obesity
and indicated an independent role in the development of MetS [107]. In parallel, a
study including 367 Mexican-American individuals from the Cameron County
Hispanic Cohort (CCHC) (Table 1.6 D) showed that both decreased adiponectin
protein and increased leptin protein correlated with MetS [108]. Again, this data
suggests that more extensive analysis of leptin protein, e.g. via a double-blinded
study, would help to confirm its relevance as a biomarker. It would make sense to
study adiponectin and leptin -and indeed any other entities holding promise as
biomarkers- in the same blood (plasma/serum) specimens. Of course to be useful
as a biomarker, a robust threshold for leptin assessment would also need to be

established.

Neuromedin U (NmU) is a neuropeptide involved in the gut-brain axis.
NmU is just one of a number of neuromedin peptides, including neuromedin B, C,
K, L, N, S and U. These neuropeptides have been found in a number of tissues
and have a plethora of functions, including appetite regulation and tumour
promotion. NmU is present in many species as 8 or 25 amino acids in length
(NmU-8 and NmU-25), however other forms do exist [109]. NmU is of interest in
the field of obesity research as the prevalence of obesity is increasing globally and
the link between obesity and cancer is starting to be investigated, therefore
resulting in the growing interest in understanding the molecular basis of energy
homeostasis. Many neuropeptides involved in energy expenditure and feeding
behaviour have been identified. Among these is NmU [110], which has been
shown to have potent effects on feeding behaviour, body weight and metabolic
activity in mice. Transgenic mice with a knockout of both NmU genes (NmU™")
exhibit hyperplasia (larger and more fat cells), reduced energy expenditure,
increased feeding and they eventually become obese. Intracerebroventricular
administration of NmU to these mice resulted in decreased feeding, increased
metabolic rate and weight loss in a dose-dependent manner [111]. However,
intracerebroventricular administration of NmU to mice lacking the NmU receptor

2 (NmU R2) does not have an effect on the obese phenotype in these mice.

In a study of obese Czech children and obese Danish adults (Table 1.6 E)

children had a mean Z-BMI 4.3i1.7kg/m2, while adults had a mean BMI
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36+5kg/m®. This study investigated the NmU position on chromosome 14 as a
biological candidate gene in the pathogenesis of human obesity. The researchers
identified a novel Alal9Glu polymorphism that, in its homozygous form,
associates with the combined phenotypes of overweight, obesity and WC in
middle-aged white people. Also, increased BMI and increased WC in men were
associated with this gene variant in its homozygous form. Of note there was also a
hereditary polymorphism identified in a Czech family — Argl65Trp — which
segregated with childhood obesity. Data suggests the Trp165 allele disrupts the

anorexic function of NmU [110].

Recently, our laboratory proposed NmU as a biomarker for HER2-
overexpressing breast cancer [112]. Here, NmU was investigated as a potential
extracellular biomarker for HER2-overexpressing cancer cells resistant to HER-
targeting drugs (lapatinib, trastuzumab, neratinib). NmU mRNA levels and
protein levels were significantly higher intracellularly and extracellularly in cell
lines resistant to HER-targeting drugs when compared to age-matched control
cells. Interestingly, levels of NmU were dose-dependent on the resistance of the
cell line to the HER-targeting drugs. They also found, through mining of
publically-available datasets, representing a total of approximately 3500 tumours,
that NmU expression was associated with a poor outcome in breast cancer
patients, this particularly associated with a poor outcome in HER-overexpressing
tumours. Also of note, increased NmU expression through direct transfection of
the HER2-overexpressing cell lines, SKBR3 and HCC1954 parent cells resulted
in a significantly compromised anti-proliferative effect of the HER-targeted drugs
compared to mock transfected cells. Furthermore, knock down of NmU in drug-
resistant cell lines resulted in an increase in the anti-proliferative effects of the
drugs. This suggests that NmU is a potential biomarker for prognosing drug
resistance in HER2-overexpresing breast cancer patients and determining patient
outcome [112]. However, despite the association of obesity and breast cancer and
the apparent role of NmU in controlling obesity and cancer plasma or serum NmU
protein levels, to the best of our knowledge, have never been investigated in obese

individuals or in the NmU”" mice.

Our group has also demonstrated that NmU-overexpressing cells (SKBR3
and HCC1954) release more interleukin 6 (IL-6) into their conditioned media than

their mock transfected counterparts. Also, short term treatment of these cells with
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NmU-25 peptide induced IL-6 secretion into the extracellular medium.
Interestingly, the HER-targeted resistant HCC1954 cells which have higher levels
of NmU than their drug sensitive parental cell line also showed increased IL-6
secretion. These results suggest that increased secretion of IL-6 in these drug
resistance HER2-overexpressing cells is mediated by NmU (Martinez et al,
Submitted).

IL-6 is a cytokine with a plethora of functions inside and outside the
immune system. It functions like a hormone with both pro- and anti-inflammatory
functions [113]. IL-6 has been linked to both obesity and cancer. In obesity, IL-6
is one of the most abundant cytokines. A hallmark of obesity and MetS is a
chronic, low grade inflammatory state. As obesity progresses so too does the
adipose tissue mass, there is also a concomitant increase in IL-6 production [114].
In clinical studies IL-6 has been shown to trigger c-reactive protein (CRP) (an
inflammatory biomarker linked to IR, obesity and MetS [115]) and thus correlates
with the development of T2DM [114]. Specifically, in a study of 27628 women
188 women developed T2DM over a four year period and were considered the
case subjects. These case subjects were then age-matched to 362 control
individuals. In the case subjects compared to controls IL-6 (p<0.001) and CRP
(p<0.001) were both elevated significantly and it was concluded IL-6 and CRP
could predict T2DM [116]. In another study of MetS (Table 1.6 F), CRP
(p<0.0001) and IL-6 (p<0.0001) were significantly associated with MetS,
however adjustment for each component of MetS eliminated this association, the
authors concluded that the components of MetS highly contribute to the
inflammation associated with MetS [117] . Conversely, others have proposed IL-6
to have a beneficial role in obesity [118, 119]. IL-6 is also one of the most
abundant cytokines in cancer, it is associated with tumour growth, progression
and relapse, and has been associated with many cancers [114]. Park et al [120],
investigated the implications of obesity on hepatocellular carcinoma (HCC)
development in mice, either with dietary (mice fed high fat diet) or genetic obesity
(leptin deficient mice). They found dietary obese mice developed HCC tumours
that were larger in size and had a higher incidence of HCC, the genetic obesity
mice also had an increased development of HCC. The authors found circulating
IL-6 to be significantly (p<0.05) elevated in the obese mice. Interestingly, the
authors subjected IL-6 knockout mice to a high fat diet and found that there was
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no difference in the HCC tumour multiplicity, size or incidence compared to IL-6
knockout mice on a normal chow diet. These results concluded that obesity-
induced expression of IL-6 is an important contributing factor to HCC. IL-6 has
been shown to be required for TNBC cell growth. Hartman ef a/ [121] found that
in TNBC IL-6 is both highly expressed and secreted from analysis of 12 TNBC
cell lines (BT20, BT549, HCC1143, HCC1806, HCC1937, HCC70,HCC38,
Hs578T, MDA-MB-231, MDA-MB-436, MDA-MB-468, SUM159) compared to
ER+/luminal breast cancers (MCF7, MDA-MB-175-VII, MDA-MB-361, MDA-
MB-451,T470, zR-75-1). They also found that IL-6 release is required for

autocrine signalling.

1.2.3. Circulating DNA Biomarkers for MetS

A genomic DNA (gDNA) polymorphism in the adiponectin (AdipoQ)
gene is also a potential biomarker for MetS. Genome-wide scan studies have
identified a susceptibility locus for obesity, T2DM and CHD in the same
chromosomal region as AdipoQ (i.e. 3q27). Forty-two single nucleotide
polymorphisms (SNPs) in the linkage disequilibrium blocks of the adiponectin
gene were found to exist and these SNPs confer a risk of obesity, T2DM and
diabetic nephropathy [122]. Therefore, not only do the protein levels of
adiponectin show potential as a biomarker, the gDNA polymorphisms in the
AdipoQ gene could also be of relevance. A study that recruited 936 Chinese
adolescents diagnosed MetS based on the IDF definition (Table 1.6 G) extracted
gDNA from peripheral blood and found that the frequency of a SNP in the
adiponectin gene at position 45 with 2 G-alleles (i.e. SNP+45 GG) was
significantly increased in the MetS cohort compared to the frequency of the same
SNP at position 45 but with either two T-alleles (i.e. SNP +45 TT) or with T- and
G-alleles (i.e. SNP+45 TG). It was also determined that the risk of MetS was
significantly higher in subjects with the SNP+45 GG genotype compared to those
with the SNP+45 TT or TT +TG genotypes [123], suggesting that the SNP+45
GG genotype is a biomarker/risk factor for MetS. However, SNP+45 GG
genotype had no effect on phenotype ie. on serum adiponectin protein
concentrations [123]. Ohashi er al. [124] also genotyped gDNA isolated from
whole blood specimens procured from 383 coronary artery disease (CAD)
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individuals and 368 controls (Table 1.6 H). MetS was diagnosed if total
cholesterol ~ >5.6mmol/L, triglycerides >1.69mmol/L, HDL-cholesterol
<1.03mmol/L and blood pressure of systolic >140mmHg and diastolic >90mmHg
were present. The presence of SNP-276, SNP-94 and missense mutation 1164T in
AdipoQ were assessed. The frequency of the 1164T mutation compared to wild
type was significantly higher (p<0.001) in individuals with three abnormalities
(MetS, T2DM, CAD). Furthermore, the prevalence of MetS was significantly
higher in CAD individuals with the 1164T mutation than in CAD individuals
without this mutation. Therefore, this study suggests that the 1164T mutation in
the AdiopQ gene is associated with MetS-related CAD. This emerging data,
although limited so far, suggests that assessing DNA mutations could add further
value to forming a panel of biomarkers for MetS diagnosis, rather than assessing

proteins alone.

1.2.4. Circulating miRNA Biomarkers for MetS

Micro-RNAs (miRNAs) are small endogenous ~20-23 nucleotide long non-coding
RNAs that are widely distributed throughout all eukaryotic organisms [91].
miRNAs are encoded in the genome [125] and their biogenesis involves two
processes that lead to the formation of mature miRNAs. The first step involves the
transcription of the miRNA gene in the nucleus to form a primary transcript (pri-
miRNA) from intergenic, intronic or polycistronic loci by RNA polymerase II
[92]. This pri-miRNA forms the stem-loop structure that is subsequently
processed by the enzyme DROSHA into precursor miRNA (pre-miRNA). Pre-
miRNA is exported to the cytoplasm by exportin-5. In the cytoplasm Dicer
removes the stem-loop and separates the double helix. One strand enters the RISC
complex and binds in an anti-sense manner to the complementary mRNA. If
perfect complementarity results the mRNA is repressed from being translated into
a protein (Figure 1.5). miRNAs function to regulate gene expression post-
transcriptionally and participate in a diverse collection of regulatory events via
their association with target sites on mRNAs and association with effector

complexes [126].
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Figure 1.5: miRNA biogenesis

The stepwise biogenesis of miRNAs from the intronic, intergenic and polycistronic loci in the
nucleus. miRNAs are usually transcribed by Polymerase II to from a stem-loop structure, this is
processed by Drosha to produce Pre-miRNA, which is exported into the cytoplasm by Exportin 5.
Once in the cytoplasm, the stem-loop structure is processed by Dicer and helicase to produce
single stranded miRNA that enters the RISC complex and binds to complimentary mRNA in an

antisense manner to cleave the mRNA or repress translation.

A number of miRNAs have been identified that regulate components of
MetS (

Table 1.7 1.7), cholesterol and FA metabolism. These include miR-122 and
let-7g that were found elevated in the serum of an Asian cohort with MetS (Table
1.6 I) [94]. Levels of both miRNAs increased in parallel with increasing number
of MetS components presented. For individuals presenting with 4-5 components
of MetS, let-7g and miR-122 were both significantly increased. Moreover, the
elevation of serum let-7g was significantly associated with a low level of HDL
cholesterol and high blood pressure [94]. miR-122 has been shown to regulate FA
metabolism, cholesterol synthesis and cholesterol levels [125]. As outlined above,
Karolina et al. [94] conducted a profiling study including 265 individuals
comprised of five sub-groups (i.e. MetS, T2DM, HCL, HPT, and controls) and
found three miRNAs to be increased in MetS (miR-197, miR-23a, miR-509-5p) as
potential contributors of dyslipidaemia in MetS, correlating with BMI. From this

study, miR-130a and miR-195 were proposed as potential contributors of
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hypertension in MetS, correlating with blood pressure. A plausible association
between miR-27a and miR-320a with MetS and T2DM were proposed, as both
miRNAs were altered in these conditions. miR-370 is another miRNA associated
with MetS [127]. To the best of our knowledge, data on circulating miR-370 in
individuals with full-blown MetS has not been reported. However, circulating
levels of miR-370 and miR-122 have been reported for individuals with
hyperlipidaemia, a risk factor for MetS [127]. Gao et al. [128] reported that in a
cohort of 255 hyperlipidaemia individuals presenting with or without CAD in
comparison with 100 healthy controls (Table 1.6 J), plasma levels of four lipid
metabolism-associated miRNAs (miR-122, miR-370, miR-33a and miR-33b)
were investigated. Here, miR-122 and miR-370 were both found to be
significantly increased in the plasma from hyperlipidaemia individuals compared
to that of healthy controls, while miR-33a and miR-33b were undetected.
Interestingly both miR-122 and miR-370 correlated positively with levels of total
cholesterol, triglyceride, and LDL-cholesterol in the plasma of both patient and
control cohorts. Of note, miR-122 and miR-370 were both found to be decreased
with statin treatment [128], suggesting that these miRNAs have potential as both
diagnostic biomarkers for hyperlipidaemia and predictive biomarkers for response
to statins. As management of MetS in practice involves treatment of each
component individually and so many individuals diagnosed with MetS are on
statins, this highlights the potential importance of miR-122 as a biomarker for
MetS and supports an investigation of miR-370.

Additionally, miRNAs expression can be altered by medications. For example
many MetS patients are treated with statins. Statins have been shown to
significantly alter the expression of miRNAs [129]. Furthermore, miR-126 has
been identified as a potential biomarker for endothelial dysfunction in T2DM and
CAD however; de Boer et al [130] have shown that aspirin administration to

T2DM patients results in decreased miR-126 levels.
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Table 1.6: Details of studies investigating blood-based biomarkers for MetS

Diabetic, n=100 M—48+12 NCEP:AT | Non-diabetic, | M—47+11
MetS, n=88 F—48+10 PIII n=100 F—45+12
M-50%, F-50% (modified | MetS,
for Asians) | n=18
M-50%
F-50%

MetS — 1215 M- M-41+£12
M-561 47.19£10.95 F-40=11
F-654 F—48.2+10.3

n=367, MetS IDF: IDF +
M-127,F-52 NCEP:AT
MetS NCEP:ATPII: PIII
M-121, F-41

n=939 IDF 23] |
M-53.5%, F-46.7%

M-55+8 NCEP:AT | n=71 M-56+9 | [131]
F-58+9 PIII M-36, F-35 F-55+6
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Table 1.7: miRNAs associated with components of MetS

miR-122
miR-33a, miR-33b

miR-758

miR-106b

miR-143

miR-204
miR-200

miR-17/92 cluster

miR-130

are ACI i h man h

Targets ALDOA and CS in primary mouse
hepatocytes

Targets ABCAI in liver cells and
macrophages

Targets ABCA1 in human and mouse
macrophages

Increased during adipocyte differentiation
and targets ERKS

Increased in hADSCs during adipogenesis
in concert with C/EBPa, PPARa, FABP4
and targets DVL3

Expression is up in mouse ST
mesenchymal stem cells during adipocyte
differentiation and targets Wnt signaling
Cluster shown to target Rb2 and p130 in
3t3 L1 cells during differentiation. miR-
92a was found to be higher in MetS and
hypercholesteraemic individuals compared
to controls

Expressed in human adipose tissue. Down-
regulated in adipose tissue of obese
women, targeting PPARa

[137]

[138]

[138]

[139]

ABCAI, cholesterol efflux regulatory protein;

ALDOA, aldolase A; AMPKal, anti-AMP activated
protein kinase alpha 1; CAV1, caveolin 1; C/EBPa, enhancer binding protein; CS, citrate synthase;

DVL3, dishevelled segment polarity protein 3; ERKS, extracellular-signal-regulated kinase S5;
FABP4, fatty acid-binding protein 4; GLUT 4, glucose transported type 4; hADSCs, human
adipose-derived stem cells; /GFIR, Insulin-like growth factor receptor 1; /NSR, insulin receptor;
IRS1 and 2, insulin receptor 1 and 2; MCT1, monocarboxylate transporter 1; PPARa, peroxisome-

proliferator-activated receptor alpha; Rb2, retinoblastoma-like protein 2; SIRT, Sirtuin 1; SIRT6,

Sirtuin 6
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1.2.5. Circulating messenger RNA (mRNA)

mRNAs represent a class of RNAs that could be used as minimally-invasive
tools for the diagnosis and monitoring of MetS [140]. As previously explained
(see Sections 1.2.2 and 1.2.3), adiponectin gDNA and protein both have potential
as biomarkers for MetS. Although it seems that adiponectin mRNA levels have
only been studied in adipose tissue thus far, the results warrant investigation of
adiponectin mRNA in the circulation of MetS individuals. Specifically, Lihn et al.
[141] recruited 13 obese female (37.8+2.8 yrs) and 30 healthy control females
(46.3+0.4 yrs) and collected visceral and subcutaneous abdominal adipose tissue
biopsies. mRNA analysis revealed a 6-fold decrease in adiponectin mRNA levels
in the obese cohort compared to the healthy controls. Additionally, adiponectin
mRNA levels were 33% lower in visceral adipose tissue compared to
subcutaneous adipose tissue. This result is of interest as visceral fat is a substantial

player in MetS.

In a similar study, Neprilysin (NEP), a zinc metallo-endopeptidase was
investigated. NEP is expressed by adipocytes [142], plays a role in inhibiting
peptide signalling events and is involved in the metabolism of a number of
regulatory proteins [143]. This study showed that the circulating levels of NEP
mRNA in a mouse model of obesity were higher after 15 weeks on a high-fat diet,
with a progressive increase from week 7 to week 15 [142]. This suggests a
potential of adipose tissue-derived NEP mRNA in the plasma as a biomarker for

MetS.

1.3. Metabolism of Cancer Cells

MetS and obesity are the result of disruptions to the metabolic homeostasis
of an individual. Not only does altered metabolism result in disorders such as
MetS, cancer cells also undergo metabolic changes in order to proliferate and
expand throughout the body [144]. Carcinogenesis is a complex disease
culminating from the ability of the cancer cell to overcome normal cellular
barriers, such as evading growth suppressors, resisting cell death, activating
invasion and metastasis, enabling replicative immortality, inducing angiogenesis
and sustaining proliferative signalling, which together have been termed

hallmarks of cancer [145]. Interestingly, re-programming of energy metabolism
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has also been established as an emerging hallmark of cancer [145]. Cancer cells
adjust their metabolism in order to fuel growth and division. Under normal
cellular conditions when oxygen is available, cells convert glucose to pyruvate in
the cytosol. Pyruvate enters the Krebs cycle in the mitochondria to produce
adenosine triphosphate (ATP) energy in a process known as oxidative
phosphorylation. Under anaerobic conditions, glycolysis takes place forming
lactic acid and ATP but at a rate 18 times less than oxidative phosphorylation

[146] (Figure 1.6 A).

Alteration of cancer cell metabolism was first identified in 1924 by Otto
Warburg, when he reported that cancer cells re-programme their metabolism to
glycolysis even in the presence of oxygen (Figure 1.6 B). It was proposed that
cancer cells do this so to increase the uptake and incorporation of nutrients to
increase growth rates (see Section 4.1). This results in an increase in the
consumption of glucose, which can now be visualised by positron electron

tomography (PET) [147].
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Figure 1.6: Cellular respiration of normal cells and cancer cells

A. Normal cells, in oxygen rich environments process glucose by oxidative phosphorylation to
meet the energy demands of the cell and generate ATP energy. When oxygen is not available, cells
switch to glycolysis to generate ATP. B. Cancer cells in oxygen rich environments process glucose
at a high level by glycolysis to produce ATP energy but this is inefficient compared to oxidative

phosphorylation.
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The PET technique involves the use of the glucose analogue tracer
fluorodeoxyglucose (FdG). This type of imaging, used for thousands of cancer
patients has shown that most primary and metastatic lesions have substantially
increased glucose consumption [147]. The specificity of FdG PET as an identifier
for both primary and metastatic lesions is almost 90% for many cancers.
However, the sensitivity of this method is lowered in lesions less than 0.8cm?, and
by the trapping of FAG in other tissues. This indicates that the altered glucose
metabolism of cancer cells has been used as a biomarker for cancer. For example,
the non-invasive breast cancer cell line MCF-7 has much lower aerobic glucose
consumption compared with highly invasive MDA-MB-231 cell line which shows

much higher rates of aerobic glucose consumption [147].

One of the main processes undergoing alterations in the switch of a normal
cell to a cancer cell is cellular energy metabolism [144]. Many hypotheses for this

switch have been postulated:

1. Solid tumours have a significantly decreased oxygenation compared to
normal non-ischemic tissues. This decreased oxygen availability to tumours
results in hypoxia. Hypoxia is a negative prognostic and predictive factor, this
is due to its role in chemoresistance, angiogenesis, vasculogenesis, invasion,
metastasis, resistance to cell death [148] and importantly here altered
metabolism [147]. Although the switch from oxidative phosphorylation to
glycolysis precedes the emergence of hypoxia in cancer cells, the hypoxia
microenviroment in pre-malignant tumours favours a switch to anaerobic
metabolism [147]. Analysis of hypoxia in rat mammary adenocarcinomas
using recessed-tip oxygen microelectrodes[149] and in mice fibrosarcomas
using T2*-weighted gradient-echo magnetic resonance imaging [150] has
shown that oxygen levels in tumours fluctuate[147]. Therefore it has been
postulated that the glycolytic phenotype of cancer cells initially arises as an
adaptation to local hypoxia, persistent or fluctuating hypoxia lead to
upregulation of glycolysis [147]. Interestingly, analysis of MCF-7 and MDA -
MB-231 cells under normoxic and hypoxic conditions found both cell lines to
have higher glucose metabolism under hypoxic conditions [147].

2. Proliferating mammalian cells are exposed to a continual supply of glucose

and nutrients in the circulation; therefore the inefficient production of ATP
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via glycolysis is not an issue for these cells. There is evidence that in
proliferating cells ATP is never limiting [146].

3. In order to proliferate a normal cell must receive signals, known as growth
factors, in order to uptake nutrients for cell division and proliferation. Cancer
cells have overcome this requirement through genetic alterations that alter
their growth factor receptors, this allows for the constant uptake of nutrients
for cell growth and proliferation [146]. This evasion of growth factor

signalling is considered a hallmark of cancer [145].

In triple negative breast cancer (TNBC) especially, there is an urgent
requirement for the development of effective therapies as TNBCs are not
responsive to hormonal therapies or other targeted therapies [151]. Dissection and
understanding the metabolic phenotypes of TNBC cells may aid in the
development of effective therapies. An interesting study investigated the
metabolic phenotypes of a number of breast cancer cell lines, including receptor
positive (e.g. BT474 [ER+, PR+, HER2+], MCF-7 [ER+, PR+], T470 [ER+,
PR+], ZR751 [ER+]), HER2-overexpressing (e.g. SKBR3) and TNBC (e.g. BT20,
MDA-MB-231, MDA-MB-436, MDA-MB-468). This study found that the rate of
aerobic glycolysis was higher in the TNBC cell lines compared to the receptor
positive cell lines and the HER2-overexpressing cell line SKBR3 showed a
similar trend as the TNBC cell lines [151]. This is an interesting result as SKBR3
and MDA-MB-468 have been shown to be more invasive in vitro than the BT474
cell line [152]. Of note, the TNBC cell lines investigated required glucose for
their proliferation as culturing of all breast cancer cell lines in high glucose, low
glucose and galactose (this requires functional mitochondria for ATP production)
showed TNBC cell lines to rapidly proliferate in high glucose. The rate of
proliferation was reduced in low glucose conditions and the cells failed to
proliferate, even showing decreased proliferation in the presence of galactose
without glucose. Conversely, the receptor positive cell lines continued
proliferating in low glucose and galactose. Importantly, analysis of ATP levels in
all cell lines showed a similar level in all, this indicates that the glycolysis of
TNBC cell lines are undergoing produces enough ATP to compensate for the lack

of oxidative phosphorylation in these cells [151].

Obesity triggers systemic and metabolic alterations that can influence

carcinogenesis and tumorigenesis [52]. Recently, obesity was shown to promote
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the glycolysis of prostate cancer cells. In this study prostate cancer cells (LNCaP)
were cultured with serum procured from obese mice and pyruvate kinase activity
was measured [153]. They found pyruvate kinase activity to be increased in the
LNCaP cells cultured with serum from obese mice compared to those cultured
with serum from lean mice. Obesity is associated with IR and thus a pre-diabetic
state. IR is characterised by altered glucose metabolism which may aid cancer
cells and provide the glucose required for glycolysis [154] and increased glucose
has been observed in TNBC [151]. Most cancer cells including TNBC cells alter
their metabolic phenotype in order to proliferate when oxygen is present or not.

Obesity may contribute to this altered metabolic phenotype [52]
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1.4.

Project Aims

The primary aim of this PhD research project was to investigate if

minimally-invasive freely-circulating biomarkers exist for MetS that may have

potential to distinguishing MetS from obesity. The objective of identifying this

biomarker or panel of biomarkers is to aid in the diagnosis of MetS in a clinical

setting, thus, to reduce the incidence of subsequent T2DM, CVD and cancer. The

secondary aim was to identify mRNA targets for any miRNA(s) identified as

potential MetS biomarkers using in vitro cell culture techniques.

. In relation to freely-circulating biomarkers for MetS, the initial aim was to

seek miRNA biomarkers in the plasma of participants with MetS (as defined
by the IDF definition) that could distinguish MetS from obesity.

>

Secondly, to identify a biomarker for MetS suitable for monitoring
response of participants to dietary intervention.

Thirdly, to determine the effect of 4 dietary interventions on miRNA
levels in the plasma of obese and MetS participants.

Finally, to analyse miRNA levels in the plasma of obese and MetS
participants’ pre- and post- 12-week diets following a high fat meal

test to determine the postprandial effect on miRNA levels.
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