INSIGHTS INTO OBESITY FROM
BARIATRIC SURGERY & GENETICS

AHMED YOUSSEIF
A thesis submitted to University College London for the Doctorate of Philosophy
Degree

SUPERVISORS:
PROFESSOR RACHEL BATTERHAM
Centre for Obesity Research
UCL Division of Medicine
PROFESSOR MARGARET ASHCROFT
Centre for Cell Signalling
UCL Division of Medicine

DECLARATION OF WORK
‘I, Ahmed Yousseif, confirm that the work presented in this thesis is my own. Where
information has been derived from other sources, I confirm that this has been
indicated in the thesis’.

CONTRIBUTIONS
Professor Rachel Batterham supervised all the work.
The UCLH Bariatric Surgical & Medical Teams, Mr Majid Hashemi, Mr Marco
Adamo, Mr Mohammed Elkalaaway, Mr Andrew Jenkinson, Mr Alberic Fiennes
Professor Rachel Batterham and Professor Nicholas Finer, provided clinical care to
the patients included in the studies.

Test-meal studies (Chapters 3, 4 and 5): Ethical permission was undertaken for
these studies by the UCL/UCLH (University College London/University College
London Hospital) research ethics committee. These studies were undertaken under the
ethics entitled: i)“Evaluation of the impact of carrier status of obesity linked genetic
variations on the outcome of medical weight-loss treatments and Bariatric surgery”,
Ethics REC Reference: 09/H0175/65, authored by myself and Professor Batterham,
and ii) “Investigation of the effects of bariatric surgery on appetite and gut hormones:
a pilot study”, Ethics REC Reference: 07/0151, authored by Professor Batterham.
Subject recruitment and meal studies were undertaken by myself and Dr Julian
Emmanuel, previous PhD student in Professor Batterham’s laboratory and MRC
Clinical Research Fellow. In addition technical assistance with the undertaking of
meal studies and sample handling/processing was provided by Dr Karra, previous PhD
student in Professor Batterham’s laboratory and Wellcome Trust Clinical Fellow; Dr
Keval Chandarana, previous MBPhD student in Professor Batterham’s laboratory;
Miss Megan Drew, previous technician in Professor Batterham’s laboratory; Dr
Andrea Pucci, visiting fellow in Professor Batterham’s laboratory from the University
of Pisa, Italy; and Miss Queensta Millet, previous technician in Professor Batterham’s
2

laboratory. Assays for acyl-ghrelin, PYY3-36, active GLP-1 and insulin were
undertaken by myself, Dr Julian Emmanuel, Professor Rachel Batterham, Miss
Queesta Millet and Miss Jenny Jones, visiting scientist in Professor Batterham’s
laboratory. Glucose oxidase assays were undertaken by Dr Karra and myself. Glucose
measurement by YSI (yellow spring instrument) was undertaken by Dr Karra and
Miss Jenny Jones in Professor Stephanie Amiel’s laboratory at King’s College
London. Glucagon assays were undertaken by myself with assistance by Dr Karra.
Total GIP assays were undertaken by myself. Intact GIP assays were undertaken by
Professor Jens Holst’s team by collaboration. Raw assay data were data reduced and
analysed by myself and reviewed by Professor Rachel Batterham. All data analyses
and data interpretation were undertaken by myself. I authored the manuscript entitled
“Differential effects of laparoscopic sleeve gastrectomy and laparoscopic gastric
bypass on appetite, circulating acyl-ghrelin, peptide YY3-36 and active GLP-1 levels
in non-diabetic humans”, which pertains to the study detailed in Chapter 3. The
manuscript was critically reviewed and edited by Professor Rachel Batterham,
whereas all co-authors reviewed the manuscript and were given the opportunity to
comment and all authors agreed to the final version of the manuscript.

Establishment of a Database of obese patients from the UCLH Outpatient
Bariatric department (Chapter 6): Ethical permission was undertaken for these
studies by the UCL/UCLH research ethics committee. I authored the ethics proposal
entitled “Evaluation of the impact of carrier status of obesity linked genetic variations
on the outcome of medical weight-loss treatments and Bariatric surgery”, under the
supervision and guidance of Professor Batterham; Ethics REC Reference:
09/H0175/65. The 625 participants recruited to the project were recruited by myself
(n=595), and Dr Karra (n=30). The majority of DNA extractions and quantification
were undertaken by myself (n=550/625) with the remaining undertaken by Dr Karra;
Miss Queensta Millet Millet and Dr Andrea Pucci. FTO genotyping by allelic
discrimination was undertaken by myself (n=575), and Dr Karra (n=50). Dr Jutta
Palmen, Senior Research Fellow at the UCL Centre of Cardiovascular Genetics,
taught me how to undertake allelic discrimination assays and provided support and
guidance for the interpretation of complex allelic discrimination data. Clinical data,
3

temporal weight, biochemical data, and behavioural data were collated by myself. All
data was analysed and interpreted by myself.

My contribution to other work in the laboratory in the context of my PhD
studentship, which is not contained in this thesis, is as follow:
1. I contributed to the work detailed in Dr Karra’s thesis, and the relevant manuscript
entitled “A link between FTO, ghrelin and impaired food cue responsivity”, which
I co-authored (second author, fourth name in order/triple joints first authorship by
Dr Karra, Dr O’Daly and Dr Choudhury; manuscript included in Appendix).
Within this body of work I contributed to: i) subject recruitment for the database
of healthy volunteers, ii) the recruitment of subjects to the fMRI study, iii) subject
recruitment to the peripheral blood cell studies, iv) the obtaining of images for the
functional Magnetic Resonance Imaging (fMRI) paradigm, v) the undertaking of
the majority of the out-of scanner test-meal studies and all study days of the fMRI
studies, vi) the undertaking of ghrelin and insulin assays in these studies, vii) DNA
extraction from human blood and allelic discrimination human genotyping, viii)
RNA extraction from mouse tissues.
2. I contributed to the undertaking of animal studies the results of which have been
included in Dr Sofia Rahman’s thesis, supervised by Professor Batterham and
entitled “Investigating the role of gut hormones in energy and glucose
homeostasis”. My contribution to these studies pertains to assistance with mouse
cull days, and blood and tissue sample collection.
3. Finally, I regularly contributed to animal husbandry and genotyping work for the
several animal colonies in Professor Batterham’s laboratory.

4

ACKNOWLEDGEMENTS
I would like to thank the following:
•

My Principal Supervisor, Professor Rachel Batterham, for giving me the
opportunity to undertake research in her laboratory, to register for a PhD
degree and for her supervision and guidance.

•

My Secondary Supervisor, Professor Margaret Ashcroft, for support and
guidance.

•

My colleagues from the Centre of Obesity Research Miss Queensta Millet, Dr
Sofia Rahman, Dr Efthimia Karra, Dr Julian Emmanuel, Dr Andrea Pucci, Dr
Keval Chandarana, Miss Megan Drew and Miss Jenny Jones for their help and
contribution with the undertaking of these studies.

•

The UCL Comprehensive Biomedical Research Centre who funded my post
and these studies via funds allocated to the Professor Batterham

•

My colleagues from the UCLH Bariatric Team, Mr Majid Hashemi, Mr Marco
Adamo, Mr Mohammed Elkalaawy, Mr Andrew Jenkinson, Professor Nicolas
Finer, Miss Caroline, Ms Alice Gazet for their support and help and for all I
learned while working with them.

•

The patients, without whom these studies would not have been possible.

•

Finally, I would like to thank my family and friends, in particular my mother
Bouthina and my late father Kamal for all their efforts and sacrifices towards
my education; and my wife Effie, my brother Hatem and my sister-in-law
Gabriella for their never ending support.

5

ABSTRACT
Bariatric surgery is the most effective treatment for the management of severe obesity.
In Chapters 3 & 4 of this thesis, in two prospective parallel-group studies we
compared the effects of the ‘gold-standard’ operation Roux-en-Y gastric bypass
(RYGBP) vs. the newer, increasingly performed procedure, sleeve gastrectomy (SG).
We showed that in adiposity-matched patients RYGB and SG resulted in comparable
reductions in circulating leptin levels at 6 and 12 weeks post-surgery. However,
RYGB and SG had differential effects on circulating gut hormones levels. Plasma
acyl-ghrelin levels declined post-surgery, with superior decreases observed post-SG
vs. post-RYGBP. Markedly increased meal-stimulated circulating levels of peptide
YY3-36 (PYY3-36), active glucagon-like peptitde-1 (GLP-1) and glucagon were
observed following RYGB and SG. However, these changes were significantly greater
after RYGB compared to after SG. Both operations comparably enhanced circulating
glucose-dependent insulinotropic peptide (GIP) early post-meal. Whereas late postmeal, GIP levels declined post-RYGBP, but were unchanged post-SG. Glucose,
insulin and homeostasis model assessment for insulin resistance (HOMA-IR) changes
were comparable following RYGBP and SG.
Polymorphisms within the fat mass and obesity-associated gene (FTO) associate with
adiposity. We have recently shown that normal-weight subjects homozygous for the
rs9939609 FTO obesity-risk variant (A) display increased post-prandial appetite and
attenuated reduction in plasma acyl-ghrelin levels. In Chapter 5 we extended this work
to humans with severe obesity. We found no differences in acyl-ghrelin between
obese AA and TT subjects (T being the protective allele of FTO rs9939609).
Furthermore, in Chapter 6 we report that AA, AT and TT subjects exhibited
comparable weight-loss post-RYGBP, with comparable weight-loss outcomes across
the three genotypes seen post-SG. However, comparison of RYGBP vs. SG revealed
superior weight-loss outcomes post-RYGBP in TT and AT subjects vs. SG, but
comparable weight-loss post-RYGBP and post-SG in AA subjects.
In Chapter 6 we report that overall RYGBP resulted in superior weight-loss vs. SG.
Patients with type 2 diabetes (T2DM) exhibited comparable weight-loss vs. adipositymatched normoglycaemic patients following RYGBP. However, following SG
weight-loss was greater in normoglycaemic patients compared to adiposity-matched
T2DM patients. In addition, we report the prevalence of 32 common obesityassociated SNPs (single nucleotide polymorphisms) in our patient cohort, and show
that FTO rs9939609 had the strongest effect on BMI.
Collectively, this work further adds to the rapidly expanding field of bariatric
research. Future research endeavors will bring us closer to developing less invasive
surgical procedures and novel pharmacotherapies for the medical management of
diabetes and obesity.
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Part A: Obesity: epidemiology, definition and aetiology
1.A.1 Definition of obesity and the global obesity crisis
The World Health Organisation (WHO) defines obesity as abnormal or excessive fat
accumulation that can impair health (WHO, 2006). According to this definition
women and men are classified as obese when their total body fat percentage reaches
or exceeds 30% and 25% respectively. Though there are ways to quantify body fat by
for example, Dual-energy X-ray absorptiometry (DEXA) or magnetic resonance
imaging (MRI), these methods are not widely available and are not cost-effective for
routine use in clinical practice. So, in the clinical setting the adiposity surrogate body
mass index (BMI) is used for the evaluation of bodyweight normality and the
estimation of the degree of obesity. BMI is calculated using a simple equation, in
which a person’s bodyweight in kg is divided by the square of their height in metres.
Thus, BMI represents a height-normalised bodyweight measurement. The 2006
WHO obesity classification defines overweight as a BMI ≥ 25 kg/m2, and obesity as
a BMI ≥ 30 kg/m2 (WHO, 2006).
Currently obesity is expanding epidemically worldwide. The simultaneous increases
in the prevalence of obesity in almost all countries appear to be mostly driven by
changes in the global food system, which is producing processed, affordable, energyrich, and effectively marketed foods more than ever before. At the same time the
rapid shifts in eating and drinking patterns and the passive overconsumption of
energy, are accompanied by significant reductions in our daily physical activity. The
latter is due to technological advancements that have simplified our lives, making
things possible with minimum physical efforts (i.e. use of household devices etc.),
wide availability in means of transport, more sedentary jobs and less physical ways
of entertainment (Swinburn et al., 2011, Kopelman, 2000). Currently, it is estimated
that worldwide 1.9 billion adults are overweight and 600 million are obese (WHO,
2014). Even more worryingly these lifestyle changes have reflected in substantial
increases in the prevalence of childhood obesity and adolescence obesity (Efrat et al.,
2013). Moreover, obesity and overweight are causally associated with a number of
significant comorbidities, including metabolic abnormalities such as hypertension,
dyslipidaemia, type 2 diabetes mellitus (T2DM), cardiovascular disease, obstructive
1. 28

sleep apnoea (OSA), musculoskeletal disorders and certain forms of cancer e.g.
colorectal cancer (Pi-Sunyer, 1993). Therefore, a diagnosis of obesity is associated
with significant comorbidity, and results in mounting healthcare costs spent towards
treating obesity and the obesity-associated diseases (Swinburn et al., 2011). Thus,
there is a pressing and growing need for the development of effective preventative
and treatment strategies to successfully combat the obesity crisis.

1.A.2 Aetiology of obesity
On the basis of its aetiology, obesity can be classified as primary or secondary.
Primary obesity refers to cases where no clear underlying aetiology exists, whereas
in secondary obesity underlying pathology can be identified. Causes of secondary
obesity include: i) iatrogenic obesity due to drugs, such antipsychotics,
antidepressants, some antiepileptic agents, and steroid-based therapies, ii) endocrine
disorders, such as hypothalamic-pituitary pathologies (tumour, post-injury, postsurgery), hypothyroidism, polycystic ovarian syndrome, Cushing's syndrome, and
growth hormone deficiency (Yousseif A, 2013) (Table 1.1).
Twin and adoption studies have shown a heritable component for BMI (Table 1.1).
Genetic obesity can occur in the context of syndromes featuring obesity, or result
from monogenic causes of obesity, or can be contributed by common genetic
polymorphisms (Yousseif A, 2013). Although monogenic forms of obesity are very
rare (e.g. leptin deficiency), studies of individuals with monogenic obesity have
revealed significant knowledge into important pathways involved in the regulation of
energy homeostasis (Farooqi et al., 1998). On the other hand, common genetic
polymorphisms occur by far more frequently than monogenic obesity cases, but such
polymorphisms have a much smaller effect size on BMI. The most well studied such
variant, is variation within the fat mass and obesity-associated (FTO) gene, with FTO
polymorphisms conferring the greater genetic risk for common obesity (Frayling et
al., 2007, Fawcett and Barroso, 2010).
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Social, behavioural and dietary factors

Genetic forms of obesity
Genetic syndromes that feature obesity

Ethnicity
Socioeconomic stratus
Psychological factors
Sedentary lifestyle
Calorie-dense western diet

Prader-Willi syndrome

Restrained eaters

Albright hereditary dystrophy

Down's Syndrome
Bardet-Biedl
Biemond syndrome II
Alstrom syndrome
Fragile X syndrome

Iatrogenic

Germinal cell aplasia Sertoli cell-only syndrome

Drugs that cause weight gain

Simpson dysmorphia

Hypothalamic surgery

Monogenic causes of obesity

Neuroendocrine obesity

Leptin deficiency
Leptin receptor deficiency

Hypothalamic obesity
Cushing’s syndrome
Polycystic ovarian syndrome
Hypogonadism

Pro-opiomelanocortin deficiency

Growth hormone deficiency

Polymorphisms linked to obesity

Hypothyroidism

Fat mass and obesity-associated (FTO) gene

Pseudohypoparathyroidism

MC4R gene

Melanocortin-4 receptor (MC4R) deficiency
Prohormone covertase-1 deficiency
Neurotrophin receptor TrkB

Table 1.1: The aetiology of overweight and obesity. Adapted form (Yousseif A, 2013).

1.A.3 Classification of obesity
Obesity is classified by BMI intervals, and these according to the National Institute
of Health (NIH) and WHO are:
•
•
•
•

Underweight:
Normal weight:
Overweight:
Obesity:

BMI < 18. 5 kg/m2
BMI ≥ 18.5 to 24.9 kg/m2
BMI ≥ 25 to 29.9 kg/m2
BMI ≥ 30 kg/m2

Then, obesity is further sub-categorised according to its severity as:
•
•
•

Obesity class I:
BMI of 30 to 34.9 kg/m2
Obesity class II:
BMI of 35 to 39.9 kg/m2
Obesity class III:
BMI ≥ 40 kg/m2. This type of obesity is also referred
to as severe, extreme, or morbid obesity.

The risk-stratification on the basis of BMI allows identification of the degree of
severity of obesity, and can aid to stratify treatment approach. However, one of the
common caveats of BMI is the fact that the widely used BMI cut-offs have been
derived from data collected in Whites, but the definition of overweight and obesity
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varies from race-to-race. For example in South Asians, the level of risk is reached at
a much lower BMI, whereas the opposite applies in Blacks (Deurenberg et al., 1998,
Razak et al., 2007). In a study that compared South Asian and European subjects, the
mean BMI associated with the development of an adverse metabolic profile
(glycaemia indices and lipids) was 21 and 30 kg/m2 for South Asians and Europeans
respectively (Razak et al., 2007). Therefore, the WHO/NIH (National Institute of
Health) obesity BMI classification cut-offs underestimate the risk and the degree of
obesity in Asians and South Asians. Thus, the use of these cut-offs should be applied
to Whites, Hispanics, and Blacks, whereas for Asians, a diagnosis of overweight
should be made for BMI between 23 and 24.9 kg/m2, and a diagnosis of obesity for a
BMI >25 kg/m2 (Consultation, 2004). Another important limitation of BMI is its
inability to discriminate between fat mass and lean mass, and thus may over-estimate
the degree of obesity in very muscular individuals.
An additional important factor to be accounted for is the pattern of distribution of
adiposity. Central adiposity is associated with an increased morbidity and mortality
risk, including increased risks for heart disease, T2DM, hypertension, and
dyslipidaemia (Janssen et al., 2002). Therefore, in addition to BMI, ideally
measurement of visceral fat by i.e. Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI), or for practical reasons by estimation of the visceral
adiposity surrogate, waist circumference should be undertaken. A waist
circumference greater than 102 cm for men and 88 cm for women is associated with
increased cardiovascular risk (Janssen et al., 2002). However, like with BMI,
ethnicity needs to be accounted for and in Asians waist circumference cut-offs are
lower (females > 80 cm, males > 90 cm) (Gallagher et al., 2000, Deurenberg et al.,
1998).

1.A.4 Diabetes mellitus
Diabetes mellitus (DM) is a complex metabolic disorder. The main underlying
pathophysiological event in DM is reduced insulin signaling, resulting from
insufficient insulin release and/or resistance to insulin action. The net outcome of
insulin deficiency is chronic hyperglycaemia. Two major classes of DM have been
described; type 1 (T1DM) and type 2 (T2DM). T1DM results from autoimmune
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destruction of the insulin-producing β-cells of the pancreatic islets of Langerhans,
resulting in a state of absolute insulin deficiency. T1DM is not typically associated
with obesity. T2DM, the most common form of diabetes, is characterized by insulin
resistance at a fist stage, with hyperinsulinaemia following this as the naturally
occurring effect in a homeostatic attempt to achieve steady state/physiological
euglycaemic state (Nolan et al., 2011). The chronic strain on the β-cells results in βcell exhaustion, dysfunction and death with associated insulin deficiency (Nolan et
al., 2011). Several causes of T2DM have been identified, including genetic defects in
β-cell development, β-cell function, dysfunctional insulin action at target sites, and
infections. However, 55% of T2DM results from obesity-associated insulin
resistance in the context of the obesity pandemic (WHO, 2008, Nolan et al., 2011).
The WHO definition of T2DM is fasting plasma glucose ≥ 7 mmol/L, and/or a 2hr
plasma glucose ≥ 11.1 mmol/L following a 75gr oral glucose tolerance test (OGTT).
Hyperglycaemia results in excessive accumulation of glycation of body molecules,
and the end-products of this process have been implicated in β-cell damage,
cardiovascular complications, such as ischaemic heart disease, central nervous
system (CNS) damage including cerebrovascular disease and Alzheimer’s disease,
retinopathy, nerve demyelination with neuropathies, and nephropathy resulting in
kidney failure (Nolan et al., 2011). Therefore, T2DM associates with significant
morbidity, multisystem pathology and mortality, and consequential financial strain
for healthcare resources. A number of oral agents such as metformin, sulphonylureas,
glitazones, dipeptidyl-peptidase-4 (DPP-4) inhibitors, sodium glucose transporter
inhibitors 2 (SGLT2), insulin, and in the last few years glucagon-like peptide-1
(GLP-1) analogues are used for the treatment of T2DM.
Bariatric or “metabolic” surgery induces dramatic improvements in glucose
homeostasis, with in an impressive 40-90% complete resolution of T2DM postoperatively [reviewed by (Karra et al., 2010 Scott and Batterham, 2011, Stefater et
al., 2012)]. Given these observations, bariatric surgery is currently recommended by
National Institute for Health and Care Excellence (NICE) for the treatment of T2DM
in adults with BMI ≥ 35 kg/m2. The effects of bariatric surgery on glycaemia seem to
be weight-loss independent, occurring as early as postoperative day two, before any
significant weight-loss occurs [reviewed by (Karra et al., 2010 Scott and Batterham,
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2011, Stefater et al., 2012, Stefater et al., 2012, Pories et al., 1995, Wickremesekera
et al., 2005)]. Post-operative changes in fasting and meal-stimulated gut hormone
profiles are thought to contribute to these effects of bariatric surgery on glucose
homeostasis [reviewed by (Karra et al., 2010, Stefater et al., 2012)]. A better
understanding of how bariatric surgery induces such substantial changes in
glycaemia may lead to the development of new therapies for the management, or
even if possible the cure of T2DM.

Part B: The regulation of energy homeostasis; the roles of leptin, insulin and the
gut hormones
1.B.1 The peripheral and central mechanisms involved in the control of energy
homeostasis
Energy homeostasis refers to complex coordinated processes and equilibrium
adjustments aimed at maintaining stable energy balance. The regulation of energy
homeostasis has two elements: the regulation of energy intake and energy
expenditure.
Under stable conditions energy intake and expenditure are closely matched, and
bodyweight remains stable (Zheng and Berthoud, 2007). A minimal, but cumulative
mismatch between energy intake and energy expenditure could be sufficiently
excessive to change bodyweight. For example, excess in energy intake of only 100
kcal on a daily basis would result in 5kg weight gain over a year. Similarly a
marginal decrease in expended energy by only 1% would result in approximately 1kg
weight gain in a year, or more than 50kg weight gain over the average human
lifespan (Zheng and Berthoud, 2007). However, most of us preserve our bodyweight
relatively stable, despite large fluctuations in our daily caloric intakes and physical
activities (Zheng and Berthoud, 2007). This observation points towards a robust
system tightly regulating energy homeostasis (Zheng and Berthoud, 2007, Yousseif
A, 2013).
The gut, the adipose tissue, the viscera and the brain are key players in the regulation
of energy homeostasis. Peripheral signals convey information to the brain on energy
availability, both acute energy intake fluxes and energy depots. Such signals are
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either neural, such as the vagal afferents, or humoral signals, such as the gut
hormones, the adipose-derived hormone leptin and the pancreatic hormone insulin.
The vagal afferents are activated by chemo- and baro-receptors of the gut and the
viscera, and relay information to the brainstem, a key-integrating site for neural
visceral inputs. The humoral signal leptin is released in proportion to the fat mass,
and together with insulin convey information to the brain on energy stored in the
adipose tissue. Gut peptides, such as ghrelin, peptide YY (PYY), oxyntomodulin,
GLP-1, change in response to acute nutrient-intake and act centrally to relay
information on acute energy availability [reviewed by (Neary and Batterham, 2009)].
A key central site for humoral signals is the hypothalamus (Speakman et al., 2002).
The hypothalamus has several interconnected nuclei: the arcuate nucleus (ARC), the
periventricular nucleus (PeVN), the lateral hypothalamic area (LHA), ventromedial
nucleus (VMN), and the dorsomedial nucleus (DMN) (Figure 1.1). The ARC is
adjacent to the median eminence, a circumventricular structure with a defective
blood-brain barrier (BBB), which makes the ARC accessible to gut hormones and
circulating nutrients, without these having to cross the BBB. In addition, the ARC
surrounds the third cerebral ventricle, and hormones and nutrients in the
cerebrospinal fluid can diffuse into the extracellular fluids of the ARC. The ARC is
thought to be the primary hypothalamic area sensing metabolic signals (Yu and Kim,
2012).
In the ARC, there are two distinct neuronal populations: i) neurons that co-express
the orexigenic neuropeptides, neuropeptide Y (NPY), and agouti-related peptide
(AgRP), and ii) neurons expressing anorexigenic neuropeptides, including proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript
(CART). These neurons serve as the first port of call for gut hormones and peripheral
metabolic signals. Once peripheral signals have been relayed to the ARC, the ARC
passes information via axonal projections to the second order neurons within the rest
of the interconnected hypothalamic nuclei, including the VMN, LHA, PeVN and
DMN. Moreover, these areas send sympathetic outflow to peripheral metabolic
organs, including the liver and adipose tissue, regulating fatty acid oxidation and
lipolysis (Yu and Kim, 2012). Furthermore, the hypothalamic nuclei are connected
with the brainstem, another key homeostatic brain region, in particular the nucleus
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tractus solitarius (NTS) at the area postrema (AP) brainstem sites. This is also
accessible to circulating hormonal and metabolic signals due to an incomplete BBB.
Moreover, the NTS is the region where neural afferents from the periphery are
relayed via the vagus nerve (Grill, 2006). The brainstem integrates this information
to the hypothalamus. The brainstem, and in particular the NTS, are the primary
integration centres of meal-related sensory inputs; based on their anatomical site,
their relation with the vagus nerve and the well-established connections with the
hypothalamus and other brain regions implicated in the control of energy balance
(Berthoud, 2002).
The regulation of energy homeostasis is further contributed by other factors,
including circadian rhythms, emotions, cognition, environmental cues, memories,
genetic factors and rewarding aspects of feeding (Berthoud, 2002, Zheng and
Berthoud, 2007). In particular, in our society with the high abundance and wide
availability of high-calorie, rewarding foods rewarding aspects of food play an
important role in feeding behaviour. Consequently over-indulgence in hedonic foods
in metabolically replete states and a parallel significant reduction in physical activity
are the central reasons for the global obesity crisis.

1.B.2 The regulation of glucose homeostasis
Glucose homeostasis is a tightly regulated process. It includes the regulation of
glucose utilization from the liver, muscles, adipose tissue and the brain, and the
regulation of glucose production. Under normal conditions blood glucose levels are
maintained between 4-7 mmol/L. This regulation of glucose levels is the result of the
coordinated action of two “key players”: insulin and glucagon. Insulin is released by
the β-pancreatic islets of Langerhans, and glucagon from the α-pancreatic islet cells
(Del Prato and Marchetti, 2004). The glucose transporter-2 (GLUT-2) receptor on the
surface of the β-islet cells rapidly equilibrates glucose gradient concentrations
eliciting appropriate insulin and glucagon-release responses. The α- and β-islet cells
respond to changes in blood glucose concentrations in an opposite manner. Elevation
of blood glucose results in release of insulin form the β-cells, while a drop in glucose
inhibits insulin release and stimulates release of glucagon form the α-cells (Del Prato
and Marchetti, 2004).
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Insulin is an anabolic hormone that induces storage of fat and glycogen by increasing
glucose uptake by the tissues, by stimulating glycogenesis in the liver and peripheral
tissues, and by inhibiting gluconeogenesis and glycogenolysis in the liver.
Glucagon is a catabolic hormone, released in hypoglycaemic states. Glucagon
stimulates glycogenolysis and gluconeogenesis, and triggers lipolysis (Nolan et al.,
2011).
The incretin hormones GLP-1 and glucose-dependent insulinotropic peptide (GIP)
play an additional role in glucose regulation. The incretin effect is defined by a
significantly greater insulin stimulatory effect after an oral glucose load vs. the
insulin stimulatory effect resulting from an equivalent intravenous glucose infusion
(Nauck et al., 1986). GLP-1 and GIP together account for 50-70% of insulin release
following oral glucose intake (Todd and Bloom, 2007). A CNS element underlying
the regulation of blood glucose is discussed in section 1.4.1.2.

Figure 1.1: Anatomical localization of the arcuate nucleus and the surrounding hypothalamic
nuclei in a coronal (left) and sagittal (right) section of the human brain. Abbreviations: ARC,
arcuate nucleus, DHA, dorsal hypothalamic area, DMN, dorsomedial nucleus, LHA, lateral
hypothalamic area, PeVN, periventricular nucleus), PFA, parafornicular nucleus, PVN,
paraventricular nucleus, VMN, ventromedial nucleus, SO, supraoptic nucleus, SC, surprachiasmatic
nucleus; III, third ventricle. Adapted from http://www.netterimages.com and Peyron C et al., figure 2.
Nat Med 2000;6:991-997 (Peyron et al., 2000).
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1.B.3 Leptin, insulin, PYY, incretins and ghrelin
In this section, we discuss the role of gut hormones in appetite regulation. The main
focus is on evidence derived from human studies. Reference to animal studies is
made where mechanistic data have been drawn from animal studies, due to limiting
ethical and practical issues with undertaking such studies in humans.

1.B.3.1 Leptin
Leptin is a 16-kDa protein encoded by the Ob (Lep) gene (Ob for obese, Lep for
leptin) located in human chromosome 7. The main source of leptin is the white
adipose tissue, but it is also produced to a lesser extent by brown adipose tissue,
placenta, ovaries, skeletal muscle, stomach, mammary epithelial cells, bone, pituitary
glands and bone marrow (Margetic et al., 2002). Circulating leptin is proportional to
the fat mass, and positively correlates with adiposity in rodents and humans (Maffei
et al., 1995, Rosenbaum et al., 2008). Leptin reduces appetite when administered
acutely (Ahima et al., 1996), and decreases adiposity due to reductions in food intake
when given chronically (Halaas et al., 1995). Leptin administration to humans with
monogenic obesity due to defects in the Ob gene results in decreases in bodyweight
(Farooqi et al., 1999). Obese individuals have high circulating leptin levels
(Considine et al., 1996), but obesity is characterised by leptin resistance. This is
evident by the lack of any effect on food intake from peripheral leptin administration
to rodents with diet-induced obesity (DIO) (Van Heek et al., 1997), and the lack of
any effect on bodyweight in response to peripheral leptin administration to obese
humans with no mutations in the Ob gene (Heymsfield et al., 2003). However, when
leptin is administered centrally to obese rodents it decreases food intake and
bodyweight (Van Heek et al., 1997). Together, these observations indicate the
existence of resistance to peripherally, but not centrally administered leptin in obese
states.
Moreover, leptin mediates its central effects in via hypothalamus and the brainstem.
In the hypothalamic ARC, leptin inhibits neuronal activity within the orexigenic
neurons and activates the anorexigenic neurons (Schwartz et al., 2000), while
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peripheral administration of leptin results in neuronal activation in the NTS
(Elmquist et al., 1997, Elmquist et al., 1998).
Leptin receptors are also expressed in extra-hypothalamic sites including the ventral
tegmental area (VTA), and leptin has been shown to play critical role in modulating
the function of neurotransmitter systems and neuronal activity that mediate food
reward behaviour (Fulton et al., 2000, Fulton et al., 2006, Figlewicz and Benoit,
2009).

1.B.3.2 Insulin
Insulin is mainly produced by the pancreatic β-cells of the islets of Langerhans, but
has also been localised in the CNS (Schwartz et al., 1992). The main stimulus for
insulin release is elevated glucose levels in the blood stream. However, circulating
amino acids, parasympathetic nerve stimulation and gut hormones can also stimulate
insulin secretion.
In the β-islet cells, glucose entrance is mediated by the GLUT2. Once within the βcell cytoplasm, glucose undergoes glycolysis with production of multiple adenosine
triphosphate (ATP) molecules by oxidation during the respiratory cycle. This
increase in ATP levels activates the ATP-dependant potassium channels (KATP
channels) with cell membrane depolarization, influx of calcium within the cytoplasm
and subsequent insulin exocytosis from the insulin vesicles.
The actions of insulin include: i) stimulation of glycogen synthesis in the liver and
skeletal muscle, ii) stimulation of lipid synthesis, with increased uptake of lipids
from the blood stream by adipocytes, iii) inhibition of proteolysis and lipolysis, iv)
inhibition of gluconeogenesis in the liver, the process by which glucose is produced
from non-sugar substrates, v) inhibition of cell uptake of circulating amino acids, vi)
increase cellular uptake of potassium, vii) increase in the secretion of hydrochloric
acid by parietal cells in the stomach, viii) decrease in renal sodium excretion.
Insulin also contributes to the regulation of appetite and energy homeostasis.
Peripheral insulin administration controlled for hypoglycaemia reduces food intake
(Woods et al., 1984, Nicolaidis and Rowland, 1976), and oral insulin mimetics also
induce decreases in weight gain during HFD (Air et al., 2002). Moreover, intranasal
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insulin administration has been reported to enhance the acute thermoregulatory and
glucoregulatory responses to food intake (Benedict et al., 2011).
Insulin receptors are widely expressed in the brain and central insulin administration
also reduces food intake, weight gain and bodyweight (Woods et al., 1979, Ikeda et
al., 1986, Wynne et al., 2005). This suggests a role for brain insulin signalling in the
regulation of energy homeostasis. The central actions of insulin also impact on the
regulation of glucose homeostasis, with sharp declines in hepatic glucose production
during infusion of insulin or small-molecule insulin mimetics into the third cerebral
ventricle (Obici et al., 2002). Moreover, infusion into the third ventricle of insulinspecific antibodies or antisense oligonucleotides directed against the insulin receptor
reduces hepatic sensitivity to circulating insulin and increases hepatic glucose
production. These effects further indicate that central insulin action in the brain is a
physiological determinant of liver glucose metabolism (Obici et al., 2002). Finally,
the central effects of insulin have been shown by Bruening et al., who reported that
neuron-specific insulin receptor knockout (KO) mice (NIRKO) exhibit diet sensitive
obesity,

hyperleptinaemia,

insulin

resistance,

hypersinulinaemia

and

hypertriglyceridemia (Bruning et al., 2000).

1.B.3.3 PYY
PYY, a key satiety peptide, belongs to the NPY family, together with (neuropeptide
Y) and pancreatic polypeptide (PP). These three peptides have common structural
motifs and share the G-coupled receptors Y1, Y2, Y4, Y5 and Y6. However, each of
the peptides has differential receptor affinity, and in the case of PYY3-36, the
anorectic form of PYY, the primary receptor mediating its effects is the Y2 receptor
(Manning and Batterham, 2013).
PYY is synthesized and released from specialized enteroendocrine cells, the L-cells,
predominantly found in the distal gut, in particular the ileum. PYY circulates either
in the full-length form, PYY1-36, or in the truncated form PYY3-36. PYY3-36 is
produced from PYY1-36 following cleavage of the N-terminal Tyr-Pro residues
mediated by the widely expressed enzyme DPP-4 (Mentlein et al., 1993). As
expected given its satiety properties, PYY concentrations are low pre-meal and
increase post-prandially in proportion to the caloric load, but macronutrient
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composition of the meal has also been shown to have a role (Batterham et al., 2006,
Chandarana et al., 2009). Direct stimulation of the L-cells is not the only mechanism
that can induce PYY release; a fact supported by the early PYY rises post-meal, just
within 15 min, before the nutrients reach the L-cells. This implicates an underlying
neural or humoral feed-forward mechanism to the initial release of PYY. Then, PYY
levels peak at 1–2 hrs post-meal, plateau for several hrs and start to fall towards
baseline, pre-meal levels (Adrian et al., 1985).
The anorexigenic effects of PYY3-36 were first reported in 2002 by Batterham et al.,
who showed that acute peripheral administration of PYY3-36 results in marked
reduction in food intake in rodents, normal-weight and obese humans, and that
chronic peripheral administration of PYY3-36 to rodents results in decreased energy
intake and bodyweight (Batterham et al., 2002, Batterham et al., 2003). In this series
of studies Batterham et al., showed that a single peripheral PYY3-36 injection
increased expression of c-fos, a marker of neuronal activation, within the ARC, and
that direct injection of PYY3-36 into the ARC inhibited food intake (Batterham et al.,
2002), implicating the ARC to the central actions of PYY3-36. Additionally Y2
agonist injection in the ARC inhibited food intake, while the anorectic effects of
PYY3-36 were not present in the Y2 receptor KO mice (Batterham et al., 2002);
suggesting that the Y2 receptor mediates the effects of PYY3-36 in the hypothalamus.
Furthermore, peripheral administration of PYY3-36 reduced hypothalamic Npy gene
expression, and incubation of hypothalamic explants with PYY3-36 ex vivo reduced
NPY release, but increased release of a-MSH (Batterham et al., 2002). Finally,
electrophysiological studies showed that POMC neurons were disinhibited when
exposed to PYY3-36 (Batterham et al., 2002). These findings suggested that PYY3-36
inhibits the orexigenic NPY ARC neurons and stimulates the anorectic POMC/ α MSH (alpha-melanocyte-stimulating hormone) neurons.
Another brain region that has also been implicated to the central effects of PYY3-36 is
the brainstem. Peripheral injection of PYY3-36 induces c-fos expression in the AP and
NTS, whereas the vagus and vagal-brainstem-hypothalamic interactions have also
been implicated (Blevins et al., 2008, Koda et al., 2005). Cortical and reward regions
also mediate the central effects of PYY3-36. Using fMRI in 2007 Batterham et al.,
demonstrated that peripheral PYY3-36 infusion to humans modulates neuronal activity
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within cortical and subcortical reward regions, including the orbitofrontal cortex
(OFC), ventral tegmental area (VTA), insula, and globus pallidus (Batterham et al.,
2007).
Despite initial controversy on the anorectic actions of PYY, several studies have now
confirmed the anorexigenic and bodyweight reducing effects of PYY3-36 [reviewed
by (Manning and Batterham, 2013)]. The role of the full-length peptide PYY1-36 on
feeding remains less clear. Central administration of PYY1-36 to rodents increases
food intake (Batterham and Bloom, 2003), whereas peripheral PYY1-36
administration (pulmonary and intravenous) has been reported to induce equipotent
or weaker anorexigenic effects than PYY3-36 (Nadkarni et al., 2011, Chelikani et al.,
2005). However, there is no evidence that systemic administration of PYY1-36 has
any effects on appetite and feeding in humans (Sloth et al., 2007a). Additionally, the
anorexigenic effects of peripherally infused PYY1-36 are not present in DPP-4
deficient rats (Unniappan et al., 2006), suggesting that the anorectic actions of PYY136 result

from its conversion to the truncated PYY3-36 form.

Human obesity is associated with lower circulating levels of PYY than lean controls,
and an attenuated meal-stimulated PYY response (Batterham et al., 2003, Batterham
et al., 2006b, Alvarez Bartolome et al., 2002, Guo et al., 2006). Similarly, obesityprone mice fed HFD have lower circulating PYY levels than obesity-resistant mice
(Batterham et al., 2006, Yang et al., 2005, Rahardjo et al., 2007).
Despite phenotypic variations between different rodent transgenic models of Pyy
gain or loss of function (probably due differences in gene targeting strategies used
and their residual effects), overall findings from these rodent models support a role
for Pyy in the regulation of feeding and bodyweight. PyyKO mice generated by
Batterham et al., exhibited hyperphagia when freely fed and when exposed to a fast
re-feeding paradigm. Moreover, these PyyKO mice were significantly heavier with
greater subcutaneous and visceral fat mass vs. wild-type littermates. These
hyperphagic and adipose phenotypes in PyyKO mice were abrogated by exogenous
administration/replacement of PYY3-36 (Batterham et al., 2006). Boey et al., also
generated Pyy-null mice. Female mice exhibited significant increases in bodyweight
and fat mass on standard chow diet, while male mice were resistant to obesity on
standard chow, but became significantly more obese on HFD (Boey et al., 2006b). In
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a third Pyy deficient mouse model, Wortley et al., observed no body-weight- or
adiposity-related phenotype on standard chow diet, but their Pyy-deficient female
mice exhibited greater propensity towards weight and adiposity gain when fed HFD
(Wortley et al., 2007). Boey et al., generated mice that overexpress Pyy resulting in
moderately increased circulating PYY concentrations (Boey et al., 2008). These Pyy
transgenic mice were protected against DIO and showed increased basal temperature,
indicating increased thermogenesis. Moreover, crossing the Pyy overexpressing mice
on genetically obese ob/ob background resulted in decreased weight and adiposity,
reduced triglycerides and improved glucose homeostasis (Boey et al., 2008).
In addition to the increased thermogenesis observed in the Pyy overexpressor mouse
model by Boey et al., (Boey et al., 2008), other studies have also suggested that PYY
has a regulatory role on energy expenditure. PYY levels negatively correlate with
indices of energy expenditure, including 15hr resting metabolic rate and 24hr
respiratory quotient (Guo et al., 2006). Moreover, PYY concentrations post-meal
positively correlate with prandial energy expenditure and the thermic effects of food
(Doucet et al., 2008).
Finally, PYY has a regulatory role in glucose homeostasis. Though PYY does not
appear to have an effect on fasting glucose, insulin and glucagon levels, it inhibits
glucose-mediated insulin release in a dose-dependent fashion, improves insulin
sensitivity and glucose disposal and inhibits carbachol- and arginine-challenged
glucagon release (Kirchner et al., 2010). Chronic administration of PYY3-36 in
animals improves glucose tolerance (Vrang et al., 2006, van den Hoek et al., 2004,
Pittner et al., 2004), however this also results in weight reductions; thus these effects
at least in part may be due to decreases in bodyweight. Boey et al., reported that
deletion of Pyy results in hyperinsulinemia (Boey et al., 2006b). Van den Hoek et al.,
showed that in rodents PYY3–36 administration enhances insulin-induced glucose
disposal independently of food intake and bodyweight (van den Hoek et al., 2004).
Moreover, fasting serum total PYY levels positively correlate with insulin
sensitivity, and circulating total PYY levels are reduced in relatives of patients with
T2DM (Boey et al., 2006a). In 2013 Chandarana et al., reported that PYY1-36 ex vivo
inhibits insulin secretion in isolated islets, but systemically administered PYY1-36 had
no effects on glucose homeostasis (Chandarana et al., 2013). These findings suggest
1. 42

that intra-islet, but not systemic PYY1-36 impacts on glycaemia. They also reported
enhanced insulin secretion following peripherally administered PYY3-36 in the fed
state, or when PYY3-36 was co-administered with glucose, an effect that was absent in
the fasted state (Chandarana et al., 2013). These findings suggest that the effects of
PYY3-36 on glucose homeostasis are nutrient-dependent, and explain the failure to
detect any effects of PYY3-36 on glucose homeostasis in human studies which were
conducted in the fasted state in humans (Batterham et al., 2002, Batterham et al.,
2003, Sloth et al., 2007). Finally, Chandarana et al., observed enhanced nutrientstimulated active GLP-1 levels in the portal vein following peripheral administration
of PYY3-36, and implicated these portal venous GLP-1 increases to the
glucoregulatory effects of PYY3-36 (Chandarana et al., 2013).
Though PYY-based therapies represent an attractive pharmacological target for
obesity and T2DM, their use is limited by pharmacokinetic and pharmacodynamic
challenges mainly related to side-effects/tolerance (primarily nausea) (De Silva and
Bloom, 2012).

1.B.3.4 GLP-1
GLP-1 is one of the products of post-translational processing of proglucagon in the
gut (Figure 1.2), and exists as either a 36 or 37 amino acid residue (Holst, 2007)
(Figure 1.2). These full-length peptides (1-36 & 1-37) do not have significant
biological activity. However, further truncation of GLP-1 results to the production of
the two traditional GLP-1 derived biologically active peptides, GLP-1 (7-37) and
GLP-1 (7-36) peptides (Mojsov et al., 1986).
Like PYY, GLP-1 is secreted by the enteroendocrine L-cells of the distal gut. GLP-1
release in response to nutrient-intake is proportional to the caloric load. Direct
stimulation of the distal gut L-cells by nutrients in the enteric lumen results in GLP-1
release (Eissele et al., 1992), but, similar to PYY, circulating GLP-1 rises early postprandially, within ten min post-feeding (Vilsboll et al., 2003), before the lapse of
sufficient time for the nutrients to reach the distal gut L-cells. The presence of
nutrients in the proximal gut stimulates GLP-1 release (Roberge and Brubaker,
1991), but this effect is abolished post-vagotomy. These observations suggest that a
neural mechanism is responsible for this early post-meal GLP-1 release (Rocca and
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Brubaker, 1999). GLP-1 is rapidly degraded by the widely expressed aminopeptidase DPP-4, which is expressed in endothelial and epithelial tissues and also
present in the circulation. DPP-4 cleaves the N terminal site of GLP-1, resulting in
production of the originally considered inactive metabolites GLP-1(9-37) or GLP1(9-36amide) (Deacon, 2005).
The most important physiological role of GLP-1 is that of an incretin hormone
mediating glucose-dependent insulin release (Holst et al., 1987, Kreymann et al.,
1987). Peripheral GLP-1 administration improves glucose homeostasis, whereas,
peripheral administration of the GLP-1 receptor (GLP-1R) antagonist, exendin 9-39,
significantly impairs glucose tolerance (Kreymann et al., 1987, Wang et al., 1995).
Moreover, global Glp-1r KO mice exhibit impaired glucose tolerance (Scrocchi et al.,
1996).

Figure 1.2: The structure of proglucagon and the proglucagon-derived peptides. The
numbers refer to the amino acid position within proglucagon, starting at the N-terminal
amino acid. Differences between the numerals in the top and bottom rows reflect processing
and removal of spacer amino acids between the peptides. GLP, glucagon-like peptide;
GRPP, glicentin-related pancreatic polypeptide; IP, intervening peptide; MPGF, major
proglucagon fragment; PC, prohormone convertase. Adapted from Daniel Drucker (Drucker,
2005).

GLP-1R is a G-protein coupled receptor, widely expressed in the pancreatic islets,
the brain and the hypothalamic ARC, the heart, the kidneys and throughout the gut
(Bullock et al., 1996). The glucoregulatory effects of GLP-1 are mediated via a
number of distinct mechanisms. For example, GLP-1 enhances all steps of insulin
biosynthesis (Strader et al., 2005), and also has glucoregulatory effects due to effects
on delaying gastric emptying, inhibiting glucagon secretion in a glucose-dependent
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manner, stimulating pancreatic β-cell precursors, and effects on differentiation of the
islet progenitors and islet neogenesis in rodents (Drucker, 2003). GLP-1 also has
effects on insulin resistance/sensitivity. Firstly, over-expressing GLP-1 in rodents
increases insulin sensitivity and up-regulates the expression of the receptors for the
insulin receptor protein substrates (Lee et al., 2007). Secondly, peripheral delivery of
GLP-1 in humans suppresses hepatic glucose production (Prigeon et al., 2003).
Thirdly, GLP-1 has been shown to enhance hepatic insulin sensitivity in rodents via
actions in the hypothalamus (Sandoval et al., 2008).
In lean and obese humans, peripherally administered GLP-1 reduces appetite
(Naslund et al., 1999, Gutzwiller et al., 1999). In part these anorexigenic effects of
GLP-1 are due to GLP-1 induced reductions in gastric emptying and a suppression of
gastric acid secretion (Verdich et al., 2001a). Both centrally- and peripherallyadministered GLP-1 or GLP-1R agonists increase satiety, reduce food intake, and
promote weight-loss in rodents and humans (Turton et al., 1996, Tourrel et al., 2001,
Vilsboll et al., 2007). Obese individuals have reduced basal and meal-stimulated
GLP-1 concentrations (Verdich et al., 2001b, Holst et al., 1983, Ranganath et al.,
1996). Similarly rodents exposed to a HFD have reduced circulating active GLP-1
levels (Anini and Brubaker, 2003). Humans with T2DM display significantly
reduced incretin effect in comparison to weight-matched controls (Nauck et al.,
1986), but patients with T2DM retain responsiveness to GLP-1 and exhibit dosedependent responses to exogenous GLP-1 administration (Kjems et al., 2003).
Therefore,

naturally,

GLP-1

based

therapies

represented

an

attractive

pharmacological target for T2DM and obesity. The main hurdle in the path of
developing GLP-1 based therapies was the rapid inactivation of the peptide by DPP4 and its short half-life of 5 min.
To overcome this hurdle DDP-4 inhibitors were first introduced in clinical practice
for the management of T2DM. Non-peptide or DPP-4 resistant GLP-1R agonists
have also been developed as T2DM therapies, and appear to be more promising as
pharmacological targets for the treatment of obesity vs. DPP-4 inhibitors. The GLP-1
analogue, exendin-4, from there venom of the Gila monster, Helodermasuspectum,
and its highly homologous, long half-life GLP-1 analogue, liraglutide, are also used
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as treatments for T2DM, whereas longer-acting weekly administered GLP-1 based
therapies are already in use in clinical practice.

1.B.3.5 GIP
GIP is a 42 amino acid peptide hormone, released form specialised eneteroendocrine
cells, the K-cells (Paschetta et al., 2011). The K-cells are mostly located in the small
intestine, with the highest density in the duodenum and upper jejunum (Paschetta et
al., 2011). Meal-ingestion results in 10-20 fold rise in circulating GIP (Paschetta et
al., 2011). Both meal size and macronutrient composition impact on GIP secretion,
and GIP levels peak 30-60 min post-meal. All three, carbohydrate, fat, and protein
stimulate GIP secretion. Protein induces an earlier and greater GIP release compared
to carbohydrates, while GIP levels are higher following fat ingestion in comparison
to a glucose load in normal glucose tolerance subjects (Ahren et al., 2003).
GIP is encoded by the GIP gene and is produced as a 153 amino acid precursor, preproGIP. GIP is then truncated to mature GIP. This truncation is mediated by the
enzyme prohormone convertase 1/3 (Paschetta et al., 2011).
GIP is degraded by the DPP-4 enzyme, but is less susceptible to DPP-4 degradation
than GLP-1, with a half-life for intact GIP approximately 5-times longer than that of
GLP-1. In contrast to GLP-1, where only 10% of active GLP-1 reaches the systemic
circulation, about 35% of the secreted GIP circulates in the intact form and can act
directly on the pancreatic cells (Deacon et al., 1995, Vilsboll et al., 2006).
GIP has diverse, biological functions. GIP decreases gastric acid secretion, which is
why it was originally known as gastric inhibitory peptide (Paschetta et al., 2011)
Moreover, GIP increases colonic cell proliferation. In the bones, GIP increases
collagen expression and alkaline phosphatase activity (Paschetta et al., 2011). The
main biological functions of GIP, however, pertain to diabetes and obesity, due to the
effects of GIP in the pancreatic islets, the adipose tissue and the brain. GIP is an
incretin hormone, mediating glucose-dependent insulin secretion (Paschetta et al.,
2011). GIP stimulates pro-insulin gene transcription and translation (Wang et al.,
1996), induces β-cell neogenesis, proliferation and differentiation (Herbach et al.,
2005), and enhances the functional differentiation of mouse embryonic stem cells
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into cells expressing islet-specific genes and hormones (Marenah et al., 2006). Extrapancreatic glucose lowering effects of GIP include inhibition of hepatic glucose
production, promotion of glucose uptake in isolated muscle and reduction of hepatic
insulin extractions (Gault et al., 2003). In the adipose tissue GIP increases fatty acid
and glucose uptake, stimulates lipoprotein lipase, enhances insulin-induced fatty acid
synthesis and fatty acid incorporation into adipose tissue and inhibits glucagon- and
adrenergic receptor-stimulated lipolysis.
In normal glucose tolerance subjects GIP contributes to the incretin effect equally to
GLP-1. However, in T2DM patients the incretin effects of GLP-1 are preserved,
whereas the incretin response to GIP is blunted (Nauck et al., 1993). Hyperglycaemia
on its own seems to induce GIP resistance, as in ex vivo cultures of rat and human
islets GIP-induced cyclic AMP (cAMP) production is decreased during exposure of
the islets to glucose levels at diabetic range. Moreover, hyperglycaemia results in
reduced expression of the GIP-R protein and this GIP-R down-regulation offers an
explanation for the decreased incretin effects of GIP in the context of T2DM.
Though GIP has been shown in some hyperglycaemic clamp studies to have no effect
on glucagon levels in T2DM, Chia et al., demonstrated that exogenous GIP
administration in patients with T2DM increases insulin levels, but also increases
post-prandial glucose levels due to a concomitant increase in glucagon. The α-islet
cells express GIP-R and thus, a glucagonotropic effect of GIP was proposed as an
explanation for the blunted glucose lowering effects of GIP in the context of T2DM
(Chia et al., 2009). These findings of an inability of GIP to reduce post-prandial
glucose levels in T2DM are in accordance with those of Vilsboll et al., who reported
defective amplification of the late phase insulin response to glucose by exogenous
GIP in obese T2DM patients (Vilsboll et al., 2002).
In another study subjects with normal glucose tolerance and patients with glucose
intolerance and T2DM were subjected to an oral glucose tolerance test (OGTT). In
the impaired glucose tolerance group hyperinsulinaemia correlated with elevated GIP
levels, while in T2DM patients (established β-islet cell failure), a failure to secrete
adequate amounts of GIP and insulin was found. Given these findings the authors
speculated that a common pathway of resistance to insulin and GIP with subsequent

1. 47

dual β- and K-cell exhaustion and failure underlies the pathogenesis of T2DM
(Theodorakis et al., 2004).
Finally, polymorphisms in the human GIP-R gene associate with reduction of GIPsensitivity, attenuation of insulin secretion and elevated 2hr glucose levels postOGTT (Kubota et al., 1996). Sauber et al., reported an association between elevated
homeostasis model assessment for insulin resistance (HOMA-IR) and two single
nucleotide polymorphisms (SNPs) in the GIP-R gene (Sauber et al., 2010). Studies in
first degree relatives of patients with T2DM reported reduced insulinotropic effects
of GIP (Meier et al., 2001). Moreover, genetic studies have shown that TCF7L2 gene
(transcription factor 7L2) polymorphisms (rs7903146) strongly associate with
T2DM, and impaired GIP secretion (Faerch et al., 2013).
Studies evaluating the effects of GIP on appetite have reported contradictory results.
Daousi et al., reported that exogenous GIP administration reduced energy
expenditure and increased hunger in healthy humans, but not in patients with DM
(Daousi et al., 2009). However, Asmar et al., found no significant effects on either
appetite or energy expenditure following GIP infusion in healthy humans (Asmar et
al., 2010). Obesity is associated with elevated GIP levels. Gniuli et al., reported that
Wistar rats when fed HFD exhibited K-cell hyperplasia, increased intestinal GIP
expression and elevated circulating GIP (Gniuli et al., 2010).
Miyawaki et al., reported that mice lacking the GIP receptor (Gipr-/-), when fed on a
HFD were protected from obesity and insulin resistance, had a lower respiratory
quotient and used fat as the preferred energy substrate. Moreover, doublehomozygous KO mice for Gipr and leptin [Gipr-/-, ob/ob] gained less weight and
displayed lower adiposity vs. ob/ob mice. Therefore, these findings suggest that
disruption of GIP signalling protects from obesity, or vice versa that GIP is an
adipogenic factor (Miyawaki et al., 2002). Following-up these findings, Zhou et al.,
reported that double KO mice for Irs-1(-/-),Gipr(-/-) [(IRS)-1- insulin receptor
substrate] exhibited reduced adiposity and ameliorated insulin resistance as a result
of their lower respiratory quotient and higher fat oxidation in the light phase.
Furthermore, these mice had increased gene expression of CD36 and UCP2
(mitochondrial uncoupling protein 2) in the liver, and increased expression and
enzyme activity of 3-hydroxyacyl-CoA dehydrogenase in skeletal muscle. These
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findings suggested that GIP plays a role in switching from fat oxidation to fat
accumulation in the context of diminished insulin (Zhou et al., 2005). Furthermore,
in a human study, GIP responses to meal-ingestion were examined in healthy and
obese humans. GIP secretion was found to be lower after meal-ingestion and after an
oral glucose load; whereas GIP, but not GLP-1 metabolism, was increased after
meal-ingestion (Zhou et al., 2005). In the genome-wide association study era
(GWAS), Vogel et al., reported a potential role for polymorphisms within the coding
area near the GIP-R gene for obesity predisposition (Vogel et al., 2009).

1.B.3.6 Ghrelin
Ghrelin, “the hunger hormone” was discovered in 1999 by reverse pharmacology as
the endogenous ligand for the previous ligand-orphan receptor GHSR (growth
hormone secretagogue receptor) (Kojima et al., 1999). Since then, research studies
have revealed a very high complexity and diversity for the ghrelin system (Gahete et
al., 2014). The ghrelin gene is located in chromosome 3 and was originally thought
to have four exons. More recent work has revealed the existence of alternative exons
upstream the exon 1 of the gene. These additional exons can initiate transcription,
therefore creating a variety of ghrelin gene products at messenger ribonucleic acid
(mRNA) level (Gahete et al., 2014). Further complexity for the ghrelin gene products
exists at protein level. Specifically, ghrelin mRNA gives rise to the pre-proghrelin
peptide, which is then converted by proteolytic cleavage to proghrelin and
subsequently mature ghrelin (Gahete et al., 2014). The mature ghrelin peptide then
undergoes a unique post-translational modification, during which the serine-3 residue
is covalently linked to octanoic acid (Kojima et al., 1999). The enzyme mediating
this effect has been characterised and identified as ghrelin-O-acyl transferase
(GOAT) (Yang et al., 2008). Addition of this acyl-group to ghrelin generates the
orexigenic form of ghrelin, acyl-ghrelin. This post-translational acylation is
necessary for ghrelin to cross the BBB and exert its central effects (Kojima and
Kangawa, 2005, Nishi et al., 2005). In the plasma, esterases, including
butyrylcholinesterase rapidly convert acyl-ghrelin to des-acyl-ghrelin (De Vriese et
al., 2004). 90% of circulating ghrelin is found in the unacylated form and to date it is
uncertain how much of the unacylated ghrelin results from ineffective acylation of
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the nascent mature ghrelin peptide and to what extent it arises from des-acylation of
acyl-ghrelin (Gahete et al., 2014).
The main source of ghrelin is a population of specialised enteroendocrine cells, the
Gr-cells that are mostly located within the gastric oxyntic mucosa. Following
gastrectomy total ghrelin levels fall by 76%, however with time, considerable ghrelin
increases are noted (though levels of ghrelin do not reach pre-operative levels). This
may be due to up-regulation of ghrelin-producing cells located elsewhere [reviewed
by (Castaneda et al., 2010)]. Other than the stomach, ghrelin-producing cells can also
be found to a lesser extent across the small intestine, pituitary, immune cells, lung,
testis, ovaries, placenta, hypothalamus and cerebral cortex (Date et al.,
2000). Despite the stomach being the main source for circulating ghrelin, it does not
appear to contain feedback signals for ghrelin secretion, as stomach nutrient-sensing
and gastric distension are not sufficient to suppress ghrelin levels. In contrast, it
appears that signals that mediate the post-prandial suppression of ghrelin come from
somewhere more distally in the small intestine (Williams et al., 2003a, Cummings et
al., 2005).
Ghrelin the hunger hormone induces a positive energy balance by increasing appetite
and decreasing energy expenditure. In accordance with the hunger promoting
properties of ghrelin, ghrelin levels are high in the fasted state and between meals,
and fall in the post-prandial state (Cummings et al., 2001). Exogenous ghrelin
administration to experimental animals (peripheral and central), and peripheral
ghrelin infusion to healthy humans have been shown to increase food intake (Tschop
et al., 2000, Wren et al., 2001a, Nakazato et al., 2001, Cummings et al.,
2001). Chronic administration of ghrelin increases food consumption and promotes
adiposity (Tschop et al., 2000, Wren et al., 2001b). Genetic ablation of ghrelin
(Ghrl−/−), or its receptor produce resistance to DIO (Zigman et al., 2005, Wortley et
al., 2005). Furthermore, circulating ghrelin levels in humans decrease following
weight gain and increase post weight-loss, and ghrelin levels negatively correlate
with adiposity (Otto et al., 2001, Tschop et al., 2001). Of note despite the orexigenic
effects of acyl-ghrelin, des-acyl ghrelin has been shown to have the exact opposite
effects on appetite as its administration results in food intake suppression (Asakawa
et al., 2005). Furthermore, the effects of obestatin, the third peptide ghrelin gene
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product remain controversial (Gahete et al., 2014). Thus, the production of peptides
with opposing effects on food intake from the ghrelin gene indicates a potential role
for the ghrelin system as a regulator for nutrient sensing and energy homeostasis
control.
Acyl-ghrelin exerts its effects by binding to its receptor, GHSR. GHSR is highly
expressed within the hypothalamus and pituitary [reviewed by (Castaneda et al.,
2010)]. The ARC plays a key role in mediating the orexigenic effects of ghrelin, and
hypothalamic nuclei co-expressing NPY/AgRP have been implicated in the central
appetite regulating effects of ghrelin [reviewed by (Castaneda et al., 2010)]. The
orexigenic effects of ghrelin are abolished following chemical ablation of the ARC
with monosodium glutamate and following administration of NPY/AgRP antagonists
(Nakazato et al., 2001, Tamura et al., 2002). The brainstem and vagus nerve are also
important in mediating ghrelin’s orexigenic effects (Williams et al., 2003b). Direct
administration of ghrelin to the hindbrain induces hyperphagia and c-fos expression
within the NTS, but not in the hypothalamus (Faulconbridge et al., 2008). Using
fMRI Malik et al., identified changes in brain activation during ghrelin
administration in homeostatic, and non-homeostatic regions of the brain which are
implicated in reward processing, such as the OFC, VTA, insula and amygdala (Malik
et al., 2008). These modulatory effects of ghrelin within reward centres implicate
ghrelin in reward behaviour, which is also supported by extensive evidence in
rodents (Perello and Zigman, 2012).
Ghrelin also exerts pro-diabetic properties. Ghrelin and GHSR are expressed within
the pancreas. In vitro, ghrelin has been shown to exert anti-incretin effects, and dosedependently reduces glucose-dependent insulin release from β-cell lines, pancreas
and isolated islets [reviewed by (Pradhan et al., 2013, Castaneda et al., 2010)]. In
addition, exogenous and endogenous ghrelin has been shown to decrease glucosedependent insulin release in vivo [reviewed by (Pradhan et al., 2013, Castaneda et al.,
2010)].

In particular, in vivo exogenous administration of ghrelin differentially

affects hepatic and peripheral insulin sensitivity in mice by hampering insulin’s
ability to suppress endogenous glucose production in the liver; while the absence of
ghrelin enhances insulin-mediated glucose disposal, thereby inducing insulin
resistance in the muscle [reviewed by (Pradhan et al., 2013, Castaneda et al., 2010)].
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Part C: The genetics of obesity
1.C.1 Background and GWAS studies
Obesity is widely recognised to be a heritable trait (Bell et al., 2005, Stunkard et al.,
1986). A series of GWAS have identified several genetic loci associated with BMI
and adiposity with genome wide significance near or within the FTO, MCR4,
transmembrane protein 18 (TMEM18), SH2B adaptor protein-1 (SH2B1),
glucosamine-6-phosphate deaminase 2 (GNPDA2), brain-derived neurotrophic factor
(BDNF), neuronal growth regulator-1 (NEGRI), ets variant gene 5 (ETV5),
mitochondrial carrier homolog 2 (MTCH2) and potassium channel tetramerisation
domain containing 15 (KTCD15) (Speliotes et al., 2010, Willer et al., 2009, Frayling
et al., 2007) (Chapter 2, Table 2.3). Some of these candidate genes are expressed or
known to act within the CNS, which would suggest a neuronal component in the
predisposition and the pathogenesis of obesity (Willer et al., 2009). An increasing of
our understanding of the mechanisms by which genetic variants predispose to obesity
could augment our knowledge of the biological basis for obesity, and may be proven
beneficial in the discovery of novel pathways/drug targets.

1.C.2 The FTO gene
The FTO gene was originally identified in 1999 as one of six genes deleted within a
1.6 Mb deletion of mouse chromosome 6 (van der Hoeven et al., 1994). Mice
homozygous for the deletion had a series of developmental abnormalities resulting in
embryonic lethality. Heterozygote mice had fused toes (Ft mice) and enlarged
thymus. However, the phenotypic characteristics exclusively due to Fto deletion
were unknown.
In 2007 a GWAS study by Frayling et al., reported that polymorphisms within a tight
linkage disequilibrium (LD) area in the first intron of the FTO gene associated with
T2DM. However, this association disappeared after correction for BMI, suggesting
that the link between T2DM and FTO was weight-dependent (Frayling et al., 2007).
Subsequently a series of GWAS across multiple, diverse populations replicated the
strong association between single nucleotide polymorphisms (SNPs) in the FTO gene
and obesity (Dina et al., 2007, Scuteri et al., 2007, Scott et al., 2007). Since the
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original report for an association between the FTO gene and obesity, more than 60
SNPs within FTO have been linked to the obese phenotype (Jacobsson et al., 2012).
The association of FTO with obesity was followed-up by a series of studies aiming at
understanding the biological role of FTO. Shortly after the report by Frayling et al.,
Gerken et al., and Jia et al., reported that in silico, FTO shares common feature
motifs with the 2-oxoglutarate oxygenases, and in vitro FTO protein mediates
deoxyribonucleic acid (DNA) and RNA methylation-damage repair, by oxidatively
demethylating nucleic acids (Gerken et al., 2007, Jia et al., 2008). FTO protein was
shown to localise to the nucleus and FTO gene expression was found to be
ubiquitous, with high levels found within the hypothalamus, an area extensively
implicated in the regulation of energy homeostasis (Gerken et al., 2007). Moreover,
hypothalamic Fto in rodents was shown to change in response to nutritional status,
with hypothalamic Fto responding to fasting, restricted access to food and exposure
to a high-fat diet (Gerken et al., 2007, Fredriksson et al., 2008, Stratigopoulos et al.,
2008, Gutierrez-Aguilar et al., 2012, Tung et al., 2010, Olszewski et al., 2009, Wang
et al., 2011). In agreement with these reports of hypothalamic Fto nutritional
regulation in vivo, in vitro studies also showed evidence on nutritional
responsiveness of FTO, with down regulation of FTO at mRNA and protein by
glucose and total amino acid deprivation in hypothalamic and non-hypothalamic cell
lines (Cheung et al., 2013).
Human studies seem to agree that variation of FTO induces adiposity due to
increases in energy intake, whereas there appears to be no effects of FTO genotype
on human energy expenditure (Yeo, 2012).

Homozygous humans for the risk

variants of FTO have impaired satiety responses and enhanced preference for energydense, palatable foods (Cecil et al., 2008, Tanofsky-Kraff et al., 2009, Wardle et al.,
2008). A series of studies in transgenic Fto mice have established the regulatory
effects of Fto on bodyweight (Church et al., 2010, Fischer et al., 2009, McMinn et
al., 2000, Gao et al., 2010, Church et al., 2009). Loss of Fto function in mice resulted
in leanness, whereas gain of Fto function resulted in adiposity (Church et al., 2010,
Fischer et al., 2009, McMinn et al., 2000, Gao et al., 2010, Church et al., 2009). And
despite some controversy, with initial reports from transgenic mice suggesting a
possible effect of Fto on energy expenditure (Fischer et al., 2009, Church et al.,
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2009), these were thought to be due to methodological caveats in data interpretation
(McMurray et al., 2013, Speakman, 2010). Moreover, the hyperphagic phenotype of
the Fto globally over-expressing mouse model with parallel-unaltered energy
expenditure in these mice (Church et al., 2010) supported this notion. Additionally,
more recent reports also showed that with appropriate data interpretation mice
lacking Fto (germline and adult onset Fto KO mice) have unaltered energy
expenditure (McMurray et al., 2013). Thus, overall findings from mouse studies,
similar to human studies, also support that the effects of Fto on bodyweight result
from changes in energy intake, not energy expenditure.
In the original studies by Gerken et al., (Gerken et al., 2007) and Jia et al., (Jia et al.,
2008), FTO was shown to demethylate 3-methyl-thymidine (m3T) in single stranded
DNA and 3-methyl-uracil (m3U) in singe stranded RNA, however with a relatively
low turnover (Gerken et al., 2007, Jia et al., 2008). Later Han et al., revealed the
crystal structure of FTO that offered an explanation for the FTO preference towards
single stranded nucleic acids (Han et al., 2010), with an extra side loop identified in
FTO protein selectively competing with the complementary strand of duplex DNA
and RNA. Since m3T is infrequent in genomic mammalian DNA and m3U is deeply
folded rRNA Jia et al., speculated that these are unlikely to be the primary substrates
for FTO, and that another methylating nucleic acid defect may be the primary target
for FTO (Jia et al., 2011). So, next, Jia et al., examined the effects of FTO on N6methylaenosine (m6A), the most common editing modification in mRNA. In 2011
the authors reported that m6A is the preferential substrate for FTO (Jia et al., 2011).
At the same time technological progress allowed two independent groups to map the
distribution of m6A sites across the human and mouse methylomes, using m6A
immunoprecipitation coupled with high throughput sequencing (Dominissini et al.,
2012, Meyer et al., 2012). However, despite all this knowledge, exactly how FTO
variation results in obesity remains uncertain.
To date FTO confers the single greatest genetic risk for common obesity. The
prevalence of the risk FTO variant rs9939609 (allele A) is higher in White European
populations, and 63% of Caucasians carry at least one copy of the obesity risk A
allele, while 16% are AA homozygous (Frayling et al., 2007). A better understanding
of how FTO variation results in weight gain could generate new knowledge into the
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biology of obesity and could potentially create an opportunity for the management of
obesity in a genotype-tailored manner (Meyer et al., 2012).

Part D: Management of obesity
1.D.1 Medical therapies for obesity
Lifestyle measures remain the cornerstone for the management of overweight and
obesity. However, lifestyle measures result in modest weight-loss and poor weightloss maintenance (Padwal et al., 2004, Sjostrom, 2013, Bethesda, Sjostrom et al.,
2004). The development of pharmacotherapies for the treatment of obesity has been
hampered by adverse side effects. Weight-loss medical therapies to date include
rimonabant, sibutramine and orlistat (Catoira et al., 2010). Recently three new antiobesity drugs have been marketed and approved by FDA, Qsymia (phentermine &
topiramate), Lorcaserin (a serotonin receptor agonist) and Contrave (naltrexone SR
32mg and bupropion SR 360mg) (Gadde et al., 2011, Yousseif A, 2013, Greenway et
al., 2010, Apovian et al., 2013, Caixas et al., 2014).

1.D.2 Bariatric surgery
Bariatric surgery is the single treatment modality that can induce significant and
durable weight-loss. NICE guidelines advocate bariatric surgery where non-surgical
therapies have failed in individuals with a BMI > 40 kg/m2 or with BMI >35 kg/m2
and presence of other significant obesity-associated co-morbidities, such as T2DM
(NICE, 2006).
Bariatric procedures are divided in three categories based on their originally assumed
mechanisms of action; malabsorptive, restrictive and hybrid/combination procedures.
Malabsorptive procedures include the jejunoileal bypass (JIB), duodenal–jejunal
bypass (DJB) and biliopancreatic diversion (BPD) (Figure 1.3c). They associate with
significant malabsorption and nutritional deficits, and have become obsolete (Organ
et al., 1984).
Restrictive procedures, such as gastric banding (GB), vertical banded gastroplasty
(VBG) and sleeve gastrectomy (SG) reduce gastric volume (Figure 1.3b). GB entails
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inserting a synthetic band with an inner inflatable balloon around the stomach below
the gastro-oesophageal junction. The inner balloon diameter and therefore the degree
of gastric restriction can be adjusted by injecting saline into a subcutaneous port. In
SG, the majority of the stomach is excised across the greater stomach curvature,
leaving only a ‘‘sleeve’’ of stomach behind. SG was originally undertaken only as a
first-stage procedure in super-obese patients with BMI > 60 kg/m2 or in high-risk
patients, followed by either biliopancreatic diversion-duodenal switch (BPD-DS) or
Roux-en-Y gastric bypass (RYGBP). However, as with increasing experience it
became apparent that SG in itself resulted in significant weight-loss, it is undertaken
as a stand-alone bariatric procedure.
Hybrid operations include RYGBP and BPD-DS (Figure 1.3d). RYGBP, the most
commonly performed bariatric operation, is the most efficacious and the ‘‘gold
standard’’ treatment for severe obesity (Sjostrom et al., 2007). RYGBP involves
dividing the stomach with a surgical stapler along the lesser curvature and creating a
small gastric pouch. The small bowel is divided and rearranged into a Yconfiguration. Nutrients pass to the gut from the small upper stomach pouch, via a
‘‘Roux-limb’’ (Cummings et al., 2004). Bowel continuity is restored by an entero–
entero anastomosis, between the excluded biliary limb and the alimentary limb,
performed approximately 100 cm from the gastrojejunostomy (GJ). Post-RYGBP
nutrients bypass most of the stomach, duodenum and the proximal jejunum. Biliary
and pancreatic secretions enter the common channel at the site of the entero–entero
anastomosis.
One of the key aspects of bariatric surgery beyond the significant weight-loss,
pertains to the surgery-mediated vast improvements in metabolism, with
improvements noted in hyperlipidaemia, glycaemia, hypertension, obstructive sleep
apnoea and with reduced mortality from DM-related illness, cardiovascular diseases
and cancer (Adams et al., 2007). The ameliorations of glycaemia post-surgery are so
profound that they even extend to complete resolution of T2DM.
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Figure 1.3: Bariatric surgical procedures. Panel (a) illustrates the normal anatomy of the GI
tract. Panel (b) shows restrictive procedures; i) gastric banding, ii) vertical banded gastroplasty
(VBG), iii) sleeve gastrectomy (SG). Panel (c) pictures malabsorptive procedures; iv) jejunoileal
bypass, v) duodenal-jejunal bypass, vi) biliopancreatic diversion. Panel (d) shows hybrid
procedures; vii) Roux-en-Y gastric bypass (RYGBP) and viii) biliopancreatic diversion with
duodenal switch (BPD-DS). The drawings are a gift from Karima Yousseif.
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1.D.2.1 Mechanisms proposed for the weight-loss and metabolic effects of
bariatric surgery
1.D.2.1.1 Malabsorption
In 1954 Kremen et al., reported that intestinal bypass surgery in dogs resulted in
malabsorption, and proposed the use of intestinal bypass surgery as a treatment for
human obesity (Kremen et al., 1954). However, several lines of evidence argue
against a dominant role for malabsorption in the weight-loss and metabolic benefits
of intestinal bypass operations.
Although the concept of malabsoprtion was the basis for the development of several
operative techniques, such as JIB and RYGBP, cumulative evidence suggests that a
reduction in energy intake is the primary reason underlying the negative energy
balance state associated with RYGBP, SG, and GB (Stefater et al., 2012). Studies as
early as 30 years ago noted altered feeding behaviour post-intestinal bypass with
reductions in food intake and decreased preference for energy-dense foods, and with
weight-loss appearing to be a consequence to these changes in feeding (Sclafani et
al., 1978). Supporting this, pair-feeding studies have shown that non-operated
animals that consume the same calories as bariatric-operated rats lose equal amounts
of weight (Stefater et al., 2012). An additional argument against a major role for
malabsorption is that post-RYGBP and JIB weight-loss outcomes are comparable,
despite significantly larger extent of malabsorption in JIB vs. RYGBP (Griffen et al.,
1977). Moreover, changes in surrogate markers of malabsorption, such as reductions
in circulating albumin and proalbumin and increases in faecal fat do not occur postRYGBP (MacLean et al., 2001). Thus, together these observations suggest a limited
role for malabsorption to the weight-loss effects post-bariatric surgery.

1.D.2.1.2 Gastric restriction
In 1967 Mason et al., advocated gastric bypass surgery for weight reduction, based
on observations that post-partial gastrectomy for peptic ulcer disease patients
remained underweight (Mason and Ito, 1967), suggesting that post-operative gastric
volume reductions would increase satiety and decrease food intake by physical
means. However, several arguments suggest that stomach reduction post-surgery has
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limited role in the weight-loss and metabolic improvements. For example: i) the
residual stomach volume after SG in humans is 150–200 ml (Gagner and Rogula,
2003, Gagner, 2009 ), and much larger than that after GB (15–20 ml) (Miller et al.,
2003). Yet, SG leads to substantially greater weight-loss compared to GB. Moreover,
the weight-loss and glycemic improvements post-SG are comparable to post-RYGBP,
despite great differences between these two procedures in stomach volume and
anatomical GI rearrangement (Boey et al., 2006a). These observations suggest that
physiological alterations alternative to gastric restriction mediate the beneficial
effects of surgery; ii) although insufficient stomach restriction after GB results to
weight regain (Cherian et al., 2010, Mittermair et al., 2003, Busetto et al., 2002), this
is not the case post-SG, as increases in stomach volume due to post-surgical gastric
dilatation in SG patients does not compromise weight-loss (Boey et al., 2006a,
Gagner and Rogula, 2003, Gagner, 2009); iii) if weight-loss was exclusively
attributable to functional gastric volume restriction, then patients would show
compensatory homeostatic post-operative changes in choices of food, opting for fatdense foods. However, SG and RYGBP-operated rats show exactly opposite feeding
patterns, selecting less fat and increasing their consumption of lower caloric density
foods (Wilson-Perez et al., 2013). Post-RYGBP patients also consume less food,
with decreased number of meals and reduced consumption of energy-rich foods
(Halmi et al., 1981); iv) despite comparable degrees of gastric restriction between
RYGBP and VBG, the changes in feeding patterns are less pronounced following
VBG vs. RYGBP (Brolin, 2002). Moreover, despite the anatomical differences
between SG and RYGBP, these procedures produce similar changes in feeding
behaviour.

1.D.2.1.3 Caloric restriction
Another mechanism suggested to mediate the metabolic effects of bariatric surgery is
the peri-operative caloric restriction (Kelley et al., 1993). Indeed the beneficial
effects of negative calorie balance have been well established by the Counterpoint
study (Lim et al., 2011). In this study the effects of a 600-kcal/day diet were
examined in patients with up to four years’ duration of T2DM (Lim et al., 2011).
This degree of caloric restriction resulted in profound decreases in fasting plasma
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glucose in the first seven days on the diet (Lim et al., 2011), with declines in liver fat
levels by 30% and to the same level as those found in non-diabetic control subjects,
and hepatic glucose production normalized (Lim et al., 2011). In another study an
eight-week period of less severe calorie restriction also produced similar changes
(Petersen et al., 2005). Though liver insulin sensitivity returns to normal within the
first seven days of caloric restriction, muscle insulin sensitivity, reflected by the
clamp technique, did not change (Lim et al., 2011, Petersen et al., 2005).
Furthermore, over the eight-week study period the pancreas fat level fell to normal
levels and both first-phase and total insulin response were restored, as measured by
the gold standard clamp method (Lim et al., 2011). Hence, the Counterpoint study
showed that caloric restriction in the acute phase can rapidly restore fasting glucose
metabolism to normal in step with a fall in liver fat, and that with subsequent
reduction in pancreatic fat with more prolonged caloric restriction β-cell function can
also be restored (Lim et al., 2011). Finally, the study demonstrated that reversal of
T2DM and restoration of β-cell function can simply be achieved by reduction in
intra-organ fat in liver and pancreas secondary to dietary means alone.
Whether caloric restriction post-bariatric surgery is the sole driver for the
improvements in glycaemia remains a subject of debate. Several studies have
attempted to address this question. Here we discuss some examples of pro- and
against- evidence/arguments for a key role of caloric restriction as the key factor
behind the success of bariatric surgery.
In 2010 Campos et al., compared RYGBP vs. diet in non-diabetic obese subjects, and
found similar decreases in fasting insulin, fasting glucose and fasting HOMA-IR at
14 days in both groups; whereas peripheral glucose disposal was unaltered at this
time-point by either of the interventions (Campos et al., 2010). In a more recent
study however, the same group reported reduced steady state insulin concentrations,
indicative of improved insulin clearance post-RYGBP, but not in response to diet
alone in obese non-diabetics (Campos et al., 2013). In another study, Isbell et al.,
found comparable reductions in HOMA-IR in the first week post-RYGB vs. diet
alone; but their patient cohort consisted of a mixture of patients with and without
T2DM, and their diet group had lower baseline weight compared to the RYGBP
group (Isbell et al., 2010). More recently, Lingvay et al., utilised a different
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approach. They conducted a prospective two-phase study in ten subjects who first
underwent a ten-day caloric restriction and following a six-week wash out they
underwent RYGBP; therefore in this way each subject served as their own control.
The authors found that daily glycaemia was lower pre- vs. post-surgery, whereas they
observed comparable improvements in fasting glucose, maximum post-meal
stimulation glucose and six-hr glucose area-under-the-curve (AUC) (Lingvay et al.,
2013). However, a big issue with these studies comparing surgery vs. diet alone in
the early post-surgery period is that glycaemic control tends to deteriorate in the perioperative period as a result of tissue injury/inflammation, and due to increased
release of insulin counter-regulatory hormones, such as the stress hormones cortisol
and catecholamines (McAlister et al., 2003). Thus, such surgery-related phenomena
may have masked superior effects of surgery vs. diet alone on glucose metabolism.
Furthermore, findings of comparable improvements in glycaemia with diet alone vs.
surgery are not universal. For example Lafererre et al., found improvements in oral
glucose tolerance post-RYGBP in T2DM beyond those achieved with equivalent
diet-induced weight-loss (Laferrere et al., 2008). Moreover, in a rodent study
Chambers et al., found superior improvements in hepatic insulin resistance assessed
by euglycaemic hyperinsulinaemic clamp in RYGBP and SG-operated rats vs. pairfed rats (Chambers et al., 2011). In the same study in response to a mixed meal,
bariatric rats showed a decline in glucose 15-60min post-gavage, whereas increases
were seen in the pair-fed animals, indicating a relative degree of inability in the pairfed animals to clear the glucose load (Chambers et al., 2011). Additionally, in a
human study caloric restriction of 600 kcal/day for a week resulting in 2.1 kg weightloss, or gastric banding had no effect on either hepatic or peripheral insulin
sensitivity, whereas these were significantly improved post-RYGBP (Iaconelli A et
al., 2012).
A strong argument against caloric restriction being the sole mediator of post-surgery
glycaemia improvements is the lack of a universal rate and pace for T2DM resolution
and glycaemia ameliorations across different bariatric surgeries. For example the
estimated resolution rate for T2DM is 48% after GB and 40-90% after RYGBP;
while changes in glycaemia post-RYGBP are rather immediate and occur in the first
post-operative days, but post-GB glycaemic improvements occur in months to years
(Buchwald et al., 2004). Finally, if perioperative caloric restriction was the only
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reason for the glycaemic improvements following bariatric surgery, then similar
effects should also be observed following all surgical procedures entailing caloric
restriction. However, certainly this is not the case and non-bariatric surgical patients
tend to show deterioration in glycaemia in the peri-operative period (as a result of
tissue injury/inflammation, and enhanced release of insulin counter-regulatory
hormones, as mentioned above) (McAlister et al., 2003).

1.D.2.1.4 Bariatric surgery and gut hormones
In 1997, before the establishment of the anorectic properties of PYY, Naslund et al.,
reported that 20 years after JIB patients had increased fasted and meal-stimulated
PYY levels (Naslund et al., 1998). Several studies have since reported increases in
circulating PYY levels in patients after RYGBP (Korner et al., 2006, le Roux et al.,
2006, Morinigo et al., 2006, Yousseif et al., 2013). Le Roux et al., have reported
elevated PYY levels and decreased bodyweight in a rodent model of JIB as
compared to sham-operated rats. Moreover, exogenous PYY administration to JIB
rats decreased food intake, and blockade of endogenous PYY with PYY antiserum
increased food intake (le Roux et al., 2006). As discussed in section 1.2.3.1, PYY in
addition to its anorexegenic effects exerts glucoregulatory properties. Therefore,
elevated levels of PYY after bariatric surgery could contribute to the improved
glucose homeostasis.
The majority of studies report increases in meal-stimulated GLP-1 levels postbariatric surgery. Given its physiological properties, it is likely that GLP-1 has a role
in mediating the metabolic outcomes of bariatric surgery [reviewed by (Karra et al.,
2010 Scott and Batterham, 2011, Stefater et al., 2012)]. Differences in surgical
techniques, research methodologies, sample assaying and blood collection could
explain discrepancies in reports related to GLP-1 following bariatric procedures
[reviewed by (Karra et al., 2010, Scott and Batterham, 2011, Stefater et al., 2012)].
Post-operative circulating ghrelin reductions have been reported following bariatric
surgery and ghrelin has been extensively implicated as a mediator of the metabolic
outcomes of bariatric surgery [reviewed by (Karra et al., 2010 Scott and Batterham,
2011, Stefater et al., 2012)]. However, different studies have generated divergent
results with controversy over the exact effect of the different bariatric procedures on
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circulating ghrelin [reviewed by (Karra et al., 2010 Scott and Batterham, 2011,
Stefater et al., 2012)]. Several studies have measured active ghrelin (acyl-ghrelin),
whereas others have measured total ghrelin, and understandably this could account
for some of the literature inconsistencies. Moreover, ghrelin is extremely labile and
specific methods of sample collection and processing are required when measuring
ghrelin concentrations (Chandarana et al., 2009). Acyl-ghrelin is rapidly degraded by
plasma esterases (butrylcholinesterase and phospholipase I), and therefore esterase
inhibitor needs to be added to the samples. Furthermore, ghrelin is stable at acidic pH
and plasma samples need to be acidified. Chandarana and colleagues have previously
established that food consumption on the previous day, exercise routine and subject
acclimatization/habituation can all impact on gut hormone levels (Chandarana et al.,
2009). Thus, measurement of circulating gut hormones requires stringent methods of
blood collection and processing, and adequate subject-study standardization. If such
approaches are not used, heterogeneous results could arise from different studies
causing confusion. This is a critical concept, as a more thorough understanding of the
changes in circulating gut hormones engendered by surgery, is key for the
development of less invasive operative techniques and the development of antiobesity and T2DM medical therapies.

1.D.3 Metabolic surgery and the anti-diabetic and weight-loss effects of RYGBP
vs. SG
As previously mentioned, in addition to inducing significant weight-loss, bariatric
surgery is associated with vast improvements in glycaemia, amelioration in lipid
profile and reductions in cardiovascular morbidity and mortality (Cohen et al., 2006).
The traditional focus of medical treatments for T2DM entails optimizing glycaemic
control and delaying the development of diabetes-related complications. Given its
impressive effects on glycaemia, bariatric surgery is evaluated as a potential cure for
T2DM. Several studies have reported complete resolution of T2DM in obese diabetic
patients following bariatric surgery, with maintenance euglycaemia without the use
of any anti-diabetic medication for more than ten years post-surgery (Buchwald et al.,
2004).
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RYGBP is the procedure most consistently associated with high rates of T2DM
remission, with diabetes resolution rates estimated between 40-90% (Buchwald et al.,
2004). The rapid kinetics of T2DM resolution following RYGBP, with diabetes
resolving within days to weeks even before meaningful weight-loss occurs, imply
that weight-independent mechanisms mediate these anti-diabetic effects of RYGBP
(Pories et al., 1995). An increasing body of evidence suggests that changes in
circulating gut hormones engendered by surgery play a key role to these effects.
In the last few years there has been growing enthusiasm for the antidiabetic effects of
SG, with several studies reporting T2DM remission rates comparable to those
observed after RYGBP (Silecchia et al., 2006, Vidal et al., 2008, Abbatini et al.,
2010). In comparison to RYGBP, SG is technically a less complex procedure with
lower risk for post-operative vitamin deficiencies compared to RYGBP. Thus, these
advantages of SG, together with the reported high rates of T2DM remission post-SG,
have resulted to an increase in the number of SG procedures performed in the recent
years. Nevertheless, there is lack of long term follow-up data on the weight-loss
outcomes of SG and the data with regards to T2DM resolution remains conflicting
(Buchwald et al., 2004). More worryingly the recently published first randomised
controlled trial (RCT) evaluating RYGBP vs. SG reinforces the superiority of
RYGBP and questions the efficacy and durability of T2DM remission following SG
(Lee et al., 2011). Thus, there is currently a need for new, thoroughly designed
studies examining the T2DM resolution outcomes following RYGBP vs. SG and
providing insights into the potential mechanisms for these outcomes. Such
knowledge could provide guidance in patient-selection for future obesity-diabetes
surgery and more importantly, might result to new pharmacotherapies that would
obviate the need for surgery. Examples of recent long-term observation and
randomised bariatric studies are shown in Tables 1.3, 1.4 & 1.5
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Table 1.2 Examples of long-term observational studies; study design, duration, outcomes and limitations.
Source

Study Design

Population and
Procedure

Follow-up &
Duration

Adams et al., 2007
(Utah Mortality Study)

Retrospective
observational with
matched controls

7925 = RYGPB cases
7925 = weight-matched
controls

Mean, 7.1 y

Adams et al., 2012
(Utah Obesity Study)

Prospective
observational with
matched controls

418 = RYGBP cases
417 = obese (control 1)
321 = population-based
matched (control 2)

6y

Arterburn et al., 2013
(HMO ResearchNetwork)

Retrospective
observational

4434 = RYGBP with T2DM

Boza et al., 2011

Retrospective
observational

1597 bariatric cases
786 = RYGBP
811 = SG

Carlin et al., 2013
(Michigan Bariatric
Surgery Collaborative)

Prospective
observational

Courcoulas et al., 2013
(Longitudinal Assessment
of
Bariatric Surgery)

Prospective
observational

2458
70.7% = RYGBP
24.8% = GB
5% other procedures

Lim et al., 2014

Retrospective
observational

485 bariatric cases
237 = RYGBP
248 = SG

Maciejewski et al., 2011 &
2012
(Department of Veterans
affairs)

Retrospective
observational with
matched controls

847= surgical cases
847 = matched controls

Sjöström et al., 2004, 2007
& 2009 & 2012
(Swedish Obese Subjects
Study)

Prospective
observational with
matched controls

8847 - 35477

2010 bariatric cases
13% = RYGBP
19% = GB
68% = VBG
2037 matched controls

Median, 3.1 y

3y

30 d - 3 y

3-5y

5y

6.7 y

10 - 20 y

Outcomes

Limitations

• 40% Reduction in all-cause mortality (HR, 0.60; p < 0.001)
• 49% reduction in CV mortality (HR, 0.51; p < 0.001)
• 92% reduction in CV mortality T2DM mortality (HR, 0.08; p = 0.005)

• Not randomised
• Matching based on self-reported height and
weight from driver’s license database
• Includes only RYGBP procedures
• Single centre

• RYGBP = 28% weight-loss, 62% T2DM remission, 2% T2DM diagnosis
• Control 1 = 0.2% weight gain, 8% T2DM remission, 17% T2DM diagnosis
• Control 2 = 0% weight change, 6% T2DM remission, 15% T2DM
• RYGBP = greater improvements in BP, cholesterol and quality of life

• Not randomised
• Includes only RYGBP procedures
• Single centre

• 68% T2DM remission within 5 y
• 35% T2DM recurrence within 5 y
• Median duration of T2DM remission, 8.3 y

• Not randomised
• No control group
• Includes only RYGBP procedures

• %EWL: 93 & 87%; RYGBP vs.SG (p = 0.08)
• Lower cholesterol levels in RYGBP vs. SG (p < 0.001)
• T2DM remission: RYGBP = 87 & 91%; RYGBP vs. SG (p > 0.05)
• Higher complications rate in RYGBP (p < 0.001)

• Not randomised
• Low BMI: RYGBP= 38, SG = 37.9 kg/m2
• Young patients, RYGBP= 37, SG = 36.4 yrs

• %EWL at 1 y: 69%, 60% & 34%; RYGBP vs.SG vs. GB (p < 0.001)
• Complication rates: 10%, 6.3% & 2.4%; RYGBP vs.SG vs. GB (p < 0.001)

• Not randomised
• No control group
• Single centre

• Weight loss: 32 & 15%; RYGBP vs. GB
• T2DM remission: 67 & 29%; RYGBP vs.GB
• Dyslipidemia remission: 62 & 27%; RYGBP vs.GB
• HTN remission: 38 & 17; RYGBP vs. GB
• Other procedures not reported

• Not randomised
• No control group
• Primarily RYGBP procedures
• weight measures available on 66 & 76%; of
RYGBP vs. GB cases

• EWL year 1: 72 & 65%; RYGBP vs.SG (p = 0.002).
• EWL year 2: 71 & 66%; RYGBP vs.SG (p = 0.11).
• EWL year 5: 68 & 57%; RYGBP vs.SG (p = 0.25).

• Not randomised
• Single centre
• Low retention rate, (at 1,2,3,4 and 5yrs)
RYGBP = 65, 41, 28, 14, 5%, respectively
SG = 63, 40, 24, 9, 7%, respectively)

• Reduced mortality (HR, 0.64; 95% CI, 0.51-0.80)
• Aassociation disappeared after propensity matching patients

• Not randomised
• Older cohort (mean age, 55 y)
• Primarily male (74%) veterans
• Mostly RYGBP procedures

Surgery was associated with
• Greater weight-loss at 2 y (−23% vs. 0%) & at 20 y (−18% vs. −1%)
• Lower overall mortality (HR, 0.71; p = 0.001)
• Lower incidence of T2DM (HR, 0.17; p < 0.001)
• Reduced myocardial infarction (HR, 0.71; p = 0.02)
• Reduced stroke (HR, 0.66; HR, 0.58; p < 0.001)
• Greater remission of T2DM > 3y (OR, 8.4; p < 0.001) & 10 y (OR, 3.5; p < 0.001)

• Not randomised
• 87% of procedures are no longer in use
• Single country with little racial/ethnic
variability
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Table 1.3 Examples of randomised bariatric studies. Study design, duration, outcomes and limitations.
Source

Study Design

Dixon et al., 2008

• 2-arm
• Unblinded randomised
• Single site

Helmiö et al., 2012
(SLEEVEPASS)

• 2-arm
• Unblinded randomised
• Multicentre

Ikramuddin et al., 2013
(Diabetes Surgery Study)

• 2-arm
• Unblinded randomised
• Multicenter

Karamanakos et al., 2008

• 2-arm
• Unblinded randomised
• Single centre

Kehagias et al., 2011

Lee et al., 2011

Mingrone et al., 2012

• 2-arm
• Unblinded randomised
• Single site

• 2-arm
• Unblinded randomised
• Single centre

• 3-arm
• Unblinded randomised
• Single centre

Population and Procedure
• 60 Patients, BMI 30-40 kg/m
• T2DM <2 y
• Tx arms
- Conventional T2DM therapy
- GB with Conventional care

Duration

Outcomes

Limitations

2

• 238
- RYGBP = 117
- SG = 121

• 120 Patients, BMI 30.0-40kg/m2
• T2DM duration ≥6 mo
• Tx arms:
- Lifestyle & medical management
- Medical management & RYGBP

• 32
- RYGBP = 16
- SG = 16

• 60 Patients
- RYGBP = 30
- SG = 30

• 60
- RYGBP = 30
- SG = 30

• 60 Patients; BMI>35 kg/m 2
• T2DM ≥5 y; A1c ≥7.0%
• Tx arms:
- conventional medical therapy
- RYBGP
- open BPD

24 M

6M

12 M

12 M

3Y

12 M

24 M

• 92% retention.
• T2DM remission: 73% & 13%; surgical vs. conventional groups.
• %WL: 20.7% & 1.7%; surgical vs. conventional groups.

• %EWL: 52.9% & 49.2%; RYGBP vs. SG (p = 0.09).
• T2DM remission: 93.3% & 84.3%; RYGBP vs. SG (p = 0.59).
• Resolution of comorbidities (p = NS).

• 92% Retention.
• HbA1c <7.0%, LDL<100 mg/dL, SBP<130 mmHg; achieved by
49% & 19%; RYGBP vs. non-surgical Tx.
• %WL: 26.1% & 7.9%; surgical vs. non.surgical groups.
• 22 serious adverse events in RYGBP group.

• %EWL: 50.2% & 55.5%; RYGBP vs. SG (p < 0.001).

• Recent T2DM diagnosis

• Short-term follow up

• High complication rate in surgery
group.
• Composite outcome driven by DM
remission

• Single centre
• Small number
• Mixed diabetics and non-diabetic
patients
• Younger groups (RYGBP 37yrs, SG
30.6yrs)

• %EWL: 62% & 68%; RYGBP vs. SG.
• %EWL: SG > RYGBP at year 1, 2 and 3 yrs (p = 0.05, p = 0.05, p =
0.13).
• Resolution of comorbidities & complications rate (p = NS).

• Single centre
•Young age; 34 y RYGBP vs. 36 y SG
• BMI < 50 kg/m2
• T2DM in < 8%

• EWL: 94.4 & 76 kgs; RYGBP vs. SG (p = 0.06).
• T2DM remission: 93% & 47%; RYGBP vs. SG (p = 0.02).

• Single centre
• All patients had Poorly controlled
T2DM
• Low BMI, mean 30.3 kg/m2

• 93% retention.
• T2DM resolution: 75% & 95%; RYGBP vs. BPD.
• HbA1c: 7.69%, 6.35% & 4.95%; medical vs. RYGBP vs. BPD.
• %EWL: 9.3%, 68.1% & 69.4%; medical vs. RYGBP vs. BPD.
• Surgical patients discontinued medications within 15 d of surgery.

• Single center
• Diabetes remission in medical group
is not a goal
• Medical group less
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Table 1.4 Examples of randomised bariatric studies. Study design, duration, outcomes and limitations.
Source

Study Design

Mingrone et al., 2015

• 3-arm
• RCT
• Single centre

O’Brien et al., 2006

• 2-arm
• Unblinded randomised
• Single centre

Paluszkiewicz et al., 2012

Schauer et al., 2012
(Stampede I Trial)

Schauer et al., 2014
(Stampede I Trial)

Vix et al., 2013

Woelnerhanssen et al.,
2011

• 2-arm
• Unblinded randomised
• Single centre

Population and Procedure
• 60 Patients; BMI>35 kg/m 2
• T2DM ≥5 y; A1c ≥7.0%
• Tx arms:
- conventional medical therapy
- RYBGP
- open BPD

• 80 Patients; BMI 30-35 kg/m2
• Tx arms:
- Pharmacotherapy/lifestyle
- GB

• 72
- RYGBP = 36
- SG = 36

• 3-arm
• Unblinded randomised
• Single centre

• 150 Patients; BMI, 27-43 kg/m2
• A1c >7.0%
• Tx arms:
- medical therapy alone
- medical therapy + RYGBP
- medical therapy + SG

• 3-arm
• Unblinded randomised
• Single site

• 150 Patients; BMI, 27-43 kg/m2
• A1c >7.0%
• Tx arms:
- medical therapy alone
- medical therapy + RYGBP
- medical therapy + SG

• 2-arm
• Unblinded randomised
• Non-diabetics
• Single centre

• 100
- RYGBP = 45
- SG = 55

• 2-arm
• Unblinded randomised
• Non-diabetics
• Single centre

• 23
- RYGBP = 12
- SG = 11

Duration

5Y

Outcomes
• 88% Retention.
• T2DM remission: 37, 63 & 0%; RYGBP vs. BPD vs. medical group.
• Relapse of hyperglycaemia: 53 & 37%; RYGBP vs. BPD.
• Reductions in lipids & cardiovascular risk: surgical groups > medical
group (p < 0.05).

24 M

• Retention rates: 98 & 83%; LAGB vs. medical groups.
• %EWL: 87.2 & 21.8%; LAGB vs. medical groups.
• Metabolic syndrome persisted in 1 & 8 cases; LAGB vs. medical groups.

12 M

• %EWL: 64.2% & 67.6%; RYGBP vs. SG (p > 0.05).
• Resolution of comorbidities, (p > 0.05).
• Complication rate, (p > 0.05).

12 M

• 93% retention.
• A1c ≤ 6.0%: 12, 42 & 37%: medical vs. RYGBP vs. SG groups.
• %EWL 13, 88 & 81%; medical vs. RYGBP vs. SG groups.
• Adverse events: 9, 22 & 8%: medical vs. RYGBP vs. SG groups.

Limitations

• Single center

• Less focus on T2DM

• Single centre
• T2DM in 27.8%
• Younger groups (RYGBP 37yrs, SG
30.6yrs)

• Single center

• 91% retention.
• A1c ≤6.0%: 5, 38 & 24%: medical vs. RYGBP vs. SG groups.
• %WL 4.2, 24.5 & 21%: medical vs. RYGBP vs. SG groups.
• Quality of life measures: surgical groups > medical group (p > 0.05).

• Single centre

12 M

• %EWL: 80.4 & 83%; RYGBP vs. SG.
• Reductions in glycaemia indices; RYGBP vs. SG (p > 0.05).
• Reduction in Cholesterol: RYGBP vs. SG (p = 0.005).

• Single centre
• Non-diabetics

12 M

• %WL: 34.5 & 27.9%; RYGBP vs. SG.
• Reductions in glucose and lipid; RYGBP vs. SG (p > 0.05).

3y

• Single centre
• Small number
• Younger groups (RYGBP 41yrs, SG
35 yrs)
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Part E: Thesis aims and hypothesis
The work in this thesis can be divided in three sections: i) the work outlined in
Chapters 3 (study I & II), ii) the work reported in Chapters 4 (study I & II), and iii)
the work detailed in Chapter 5.

1.E.1 Chapters 3: Background, aims and hypothesis
In Chapter 3 we aimed to examine the effects of the two most commonly performed
bariatric operations, RYGBP and SG on bodyweight, subjective appetite, circulating
gut hormones and glucose homeostasis. Since RYGBP and SG are anatomically
distinct procedures that result in differential exposure of enteroendocrine to nutrients,
the hypothesis for this work was that:
RYGBP and SG differentially affect circulating levels of the gut hormones PYY3-36,
acyl-ghrelin, the incretin hormones GLP-1 and GIP, and consequently differentially
alter glucose homeostasis and subjective appetite.

1.E.2 Chapter 4: Background, aims and hypothesis
We have previously reported that in healthy, normal-weight Caucasian males the
FTO at-risk genotype AA (A = high-risk variant for FTO rs9939609) associates with
attenuated post-meal hunger suppression, lower fasting acyl-ghrelin levels and
aberrant suppression of circulating acyl-ghrelin in response to a test-meal compared
to the low-risk TT genotype (Karra et al., 2013). These findings, together with
mechanistic studies reported in this work implicated ghrelin dysregulation to the
obese phenotype in relation to FTO (Karra et al., 2013). In chapter 4 we extended
this work in obese humans. On the basis of our aforementioned findings in healthy,
normal-weight human subjects, we hypothesised that:
a) Obese AA humans exhibit aberrant hunger and acyl-ghrelin responses to a testmeal vs. obese TT controls.
b) The underlying ghrelin dysregulation in relation to the AA FTO genotype results
in differential weight-loss effects and circulating ghrelin levels in AA vs. TT subjects
following SG.
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1.E.3 Chapter 5: Background, aims and hypothesis.
In chapter 5, we examined the prevalence and effect size of common obesityassociated SNPs in our cohort of patients with severe obesity attending the highvolume UCLH Bariatric Unit. The hypothesis was that:
The prevalence of common obesity-associated variants may be enriched in patients
with severe obesity.
Furthermore, we studied the impact of FTO genotype across our cohort of obese
patients on the weight-loss effects of RYGBP and SG. In light of our recent findings
of a link between FTO genotype and ghrelin, and accounting for the fact that SG
removes the majority of the ghrelin producing cells the hypothesis for this study was
that:
Carrier-status for the common obesity associated FTO rs9939609 SNP (risk allele A)
impacts on weight-loss outcomes of bariatric surgery with superior weight-loss postSG vs. post-RYGBP; and therefore FTO genotype may have role in the selection of
the optimum bariatric procedure (surgico-genomic approach) for individual patients.
Finally, data from our cohort of the UCLH Bariatric patients was utilised to extend
our observations reported in Chapter 3 in terms of the weight-loss effects of RYGBP
and SG across larger cohorts of adiposity-matched patients and with a longer-term
follow-up, extending to 30 months post-surgery. Given that we [Chapter 3 (Yousseif
A, 2013)] and, others (Laferrere et al., 2008, Peterli et al., 2009, Karamanakos et al.,
2008, Peterli et al., 2012, Romero et al., 2012a, Ramon et al., 2012) found
comparable short-term weight-loss efficacy between RYGBP and SG, the hypothesis
for this study was that:
RYGBP and SG induce comparable long-term weight-loss outcomes in obese
subjects with the same start-off level (baseline) of BMI and excess weight (EW).
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Chapter 2

MATERIALS & METHODS
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2.1 Patient recruitment
All patients were recruited from the UCLH bariatric services, with inclusion and
exclusion criteria applied as described for each study.

2.1.1 Overview of the UCLH bariatric pathway
As per NICE guidance, bariatric surgery patients are managed at UCLH in the
context of a multidisciplinary team (MDT) (NICE, 2006). The MDT provides
comprehensive preoperative assessment, information on different procedures, regular
post-operative assessment, comorbidities management, pre- and post-surgery
psychological support, access to plastic surgery (e.g. apronectomy), and access to
suitable equipment and staff trained to use these.
The core professions/disciplines within the UCLH MDT include Specialist Bariatric
Surgeons, Bariatric Nurse Specialists, Specialist Bariatric Dieticians, Bariatric
Specialist Physicians with interest in and commitment to metabolic medicine,
Psychologist(s)/Psychiatrist(s) with specialist interest in bariatric surgery, and a
Senior Anaesthetist with experience in bariatric surgery anaesthesia. The UCLH
bariatric

service

has

access

to

specialist

referral

e.g.

Hepatology,

Endocrinology/Diabetes, respiratory, Haematology, Cardiothoracic, Plastic surgery
and eating disorders experts. All patients have access to a full MDT.

2.2 Studies description and ethical approval
Studies I & II in Chapter 3 (REC: 09/H0715/65 & 07/0151), are prospective,
comparative, parallel group studies in non-diabetic adiposity- and age-matched
females. In these studies we examined the effects of SG and RYGBP on
anthropometric indices, fasting leptin, fasting and meal-stimulated subjective
appetite, circulating gut hormones [acyl-ghrelin, PYY3-36, active GLP-1, total and
intact GIP (T-GIP & I-GIP)]; and on indices of glycaemia (fasting and mealstimulated glucose, insulin, glucagon, homeostasis model-assessment for insulin
resistance (HOMA-IR), Matsuda and insulinogenic indices).
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In Chapter 4 (REC: 09/H0715/65), we describe two studies. Study I reports a
comparison of the effects of FTO rs9939609 genotype on circulating fasting and
meal-stimulated acyl-ghrelin, fasting and meal-stimulated subjective appetite and on
reward behavioural traits in non-diabetic, adiposity- and age-matched AA and TT
obese patients (A = obesity-risk allele of FTO rs9939609 and T = low-risk variant).
In study II, we report a study comparing the effects of SG on anthropometrics,
fasting and meal-stimulated acyl-ghrelin and reward traits in adiposity- and agematched, non-diabetic obese AA and TT groups.
In the studies outlined in Chapter 5 (REC: 09/H0715/65), we generated a database of
625 obese patients with severe obesity attending the UCLH bariatric centre. This
database served as a bank of patients for recruitment to test-meal studies outlined in
Chapters 3 & 4. All patients were genotyped for 30 SNPs previously shown in
GWAS to associate with obesity quantitative traits (Speliotes et al., 2010). Genotype
and allelic frequencies of these SNPs across this cohort of patients with severe
obesity and mean BMI per genotype are reported. Moreover, we analysed the effects
of SG vs. RYGBP on weight-loss in relation to FTO rs9939609 genotypes.
Furthermore, the effects of SG and RYGBP on weight-loss were analysed
independently of genotype and in relation to the presence or absence of a diagnosis
of T2DM in adiposity-matched non-diabetic groups.
Approval for the human studies was obtained from UCL/UCLH Research Ethics
Committee. A notice of substantial amendment to REC 09/H0715/65 submitted on
02/02/2010, with a favourable response received on 16/04/2010. All participants
gave oral and written informed consent.

2.2.1 Subject recruitment to the database
Subjects were recruited from the UCLH bariatric outpatient department.
Advertisement posters were distributed to patients attending the medical and surgical
clinics at the UCLH Bariatric Centre for Weight Management and Metabolic
surgery. Patients expressing interest were given detailed oral explanation of the study
and a participants’ information sheet to read. All volunteers were given the
opportunity to ask questions, and those agreeing to participate gave oral and written
informed consent. Inclusion criteria were age 18-70 years and BMI 30-65 kg/m2.
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Exclusion criteria were known or suspected history of blood borne diseases,
including Hepatitis B, C and Human immunodeficiency virus (HIV), and inability for
any reason to provide informed consent. For the studies outlined in Chapter 3, an
additional inclusion criterion, for the purpose of sex matching, was female sex. For
the studies examining the effects of SG and RYGBP only patients undergoing their
first bariatric procedure with no intra- and/or early post-operative complications were
included.

2.2.2 Anthropometric phenotyping and clinical information for the subjects
Standing height without shoes was measured using a wall-mounted stadiometer (242
Measuring Rod, Seca, UK) calibrated in centimetres. Weight was measured in light
clothing and no shoes to the nearest 0.1 kg, and BMI calculated. Clinical case records
and electronic records accessed via the UCLH Clinical Data Repository (CDR)
system were used to collate BMI temporal profile data. Excess weight (EW) was
calculated by subtracting ideal bodyweight (based on a BMI of 25 kg/m2) from preoperative bodyweight. Percentage excess weight-loss (%EWL) was then calculated
as follows: [100 x (bodyweight before surgery – current bodyweight)/EW]. Where
reported, patients’ routine biochemical data (glucose, HbA1c, thyroid hormones and
lipid profile) were obtained by UCLH CDR.

2.2.3 Blood collection
A blood sample (3 mls) was taken from a peripheral forearm vein under aseptic
techniques, using a 21 Gauge needle (Kendall, Tyco Healthcare UK, Hampshire,
UK) in a Becton Dickinson (BD) Plastipak syringe (Fisher Scientific, Loughborough,
UK). The sample was transferred to a 4 ml EDTA (ethylene-diamine-tetraacetic acid)
containing BD VacutainerR (Becton Dickinson, Plymouth, UK) and stored in -20°C
until DNA extraction undertaken.

2.2.4 DNA extraction from human blood
The QIAamp® DNA Blood Midi Kit (Catalog number: 51185; Qiagen, Crawley,
UK) was used for DNA extraction from whole blood. The contents of the kit are
listed in Table 2.1. The kit reagents were prepared as per the manufacturers’
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recommendations. The spin procedure was used for DNA extraction. This entails the
following steps:
Step1: Cell lysis by addition of the recommended amounts of Qiagen Protease (a
DNase and RNase free enzyme) and lysis buffer (Buffer AL) to the sample (whole
blood).
Step 2: Following thorough mixing of the lysate, the lysate is incubated at 70°C for
10 min.
Step3: The recommended amount of 90% ethanol is added to the lysate in order to
adjust the lysate to the binding conditions of the QIAamp column.
Step 4: The lysate is loaded onto the QIAamp Midi column.
Step 5: The columns undergo centrifugation at 3,000 rpm for 3 min. This step
facilitates absorption of DNA onto the QIAamp silica membrane.
Step 6: The membrane is washed by addition of the wash buffer AW1, followed by
centrifugation at 5,000 rpm for 1 min.
Step 7: The membrane is further washed by addition of buffer AW2, followed by
centrifugation at 5,000 rpm for 15 min. These wash steps facilitate removal of
residual contaminants and improve the purity of the eluted DNA.
Step 8: The DNA is eluted with the application of the recommended volume of
elution buffer onto the column, followed by centrifugation at 5,000 rpm for 2 min.
Step 9: Step 8 is repeated in order to increase the yield of extracted DNA.

Table 2.1: Contents of the Qiagen QIAamp DNA Blood Midi Kit.
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2.2.5 Determination of the yield and purity of DNA samples
DNA yields were determined from DNA concentration in the eluate, measured by
absorbance at 260 nm. DNA purity was determined by calculating the ratio of
absorbance at 260 nm to absorbance at 280 nm (A260/A280), with the use of
Nanodrop8000 (Thermo Scientific, Epsom, UK). Pure DNA has an A260/A280 ratio
range of 1.7–2.0, and samples with A260/A280 outside this range were discarded and
DNA extraction repeated. All DNA samples were stored at -80°C.

2.2.6 Human genotyping by allelic discrimination for obesity–linked common
genetic variants
2.2.6.1 FTO genotyping
The obesity-associated FTO SNPs are in strong to perfect linkage LD [pairwise r2 =
0.80; HapMap (Haplotype Map); CEU (of Northern and Western European
ancestry), release 21]. Therefore, we chose to genotype our cohort for the FTO
variant rs9939609. The variant rs9939609 was selected since it serves as a proxy for
the region of the FTO gene containing the obesity-associated SNPs (Frayling et al.,
2007).
FTO

rs9939609

genotyping

was

undertaken

by

allelic

discrimination

[Polymorphism A/T, Transversion Substitution; Location: Chr.16: 53820527 on
NCBI (National Centre for Biotechnology Information) Build 37]. The Taqman
probe assay ID c_30090620_10 (Applied Biosystems, Life Technologies,
Bromborough, UK) was used and polymerase chain reactions (PCR) reactions and
allelic discrimination plate reads were performed using an ABI7900HT detector
(Applied Biosystems, Life Technologies, Bromborough, UK).

2.2.6.2 The FTO TaqMan assay components and the 5’ nuclease assay
The Taqman assay for FTO rs9939609 contains (Figure 2.1):
•

Two sequence specific forward and reverse primers to amplify the polymorphic
sequence of interest (A/T polymorphism, highlighted).

GGTTCCTTGCGACTGCTGTGAATTT[A/T]GTGATGCACTTGGATAGTCTCTGTT
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•

two TaqMan minor groove binder (MGB) probes:

•

one probe labelled with VIC-dye detecting the risk-allele A sequence.

•

a second probe labelled with FAM-dye detecting the low-risk allele T sequence.

Each TaqMan MGB probe contains:
•

a reporter-dye at the 5’ end of each probe (VIC or FAM).

•

A MGB at the 3’ end of each probe.

•

A non-fluorescent quencher (NFQ) at the 3’ end of each probe.

During the PCR cycle the following steps occur:
•

Each TaqMan MGB probe anneals specifically to its complementary sequence
between the forward and reverse primer sites (Figure 2.1).

•

When the oligonucleotide probe is intact the proximity of the reporter-dye to the
quencher results in quenching of the reporter-fluorescence. The AmpliTaq Gold
DNA polymerase extends the primers bound to the template DNA (Figure 2.1).

•

The AmpliTaq Gold DNA polymerase cleaves only probes that are hybridized to
the target (Figure 2.1).

•

With cleavage the reporter-dye separates from the quencher-dye, which results in
increased fluorescence by the reporter (Figure 2.1).

•

The increase in fluorescence signal occurs when probes that have hybridized to
the complementary sequence are cleaved. Thus, the fluorescence signal/signals
present indicate which alleles are present. If VIC-dye fluorescence only is present
then this indicates homozygosity for allele A. If FAM-dye fluorescence only is
present then this indicates homozygosity for allele T. If both VIC- and FAM –
dyes fluorescence are present this indicates heterozygosity (AT genotype). Figure
2.1 illustrates the principles of allelic discrimination using TaqMan assays.

2. 76

Figure 2.1: The principles of allelic discrimination using TaqMan assays. Each TaqMan MGB probe
anneals specifically to its complementary sequence between the forward and reverse primer sites. The
AmpliTaq Gold DNA polymerase extends the primers bound to template DNA and cleaves only probes
that are hybridized to the target. With cleavage the reporter-dye separates from the quencher-dye, which
results in release of fluorescence by the reporter. Adjusted from http://www.appliedbiosystems.com/.

Figure 2.2: Overview of the allelic discrimination genotyping procedure using the Taqman SNP
genotyping assays. The process entails the following steps: i) addition of DNA samples (unknowns
and controls) to the PCR plate, which are then left to dry by overnight evaporation; ii) preparation of
the PCR mix; iii) addition of the PCR mix to the PCR plate; iv) performing the PCR; v) allelic
discrimination plate read using an ABI7900 and allelic discrimination analysis. Adapted from
http://www.appliedbiosystems.com.

2. 77

2.2.6.3 Steps for FTO rs9939609 genotyping using the FTO rs9939609 TaqMan
assay
The genotyping process included the following steps: i) addition of DNA to the PCR
plate, ii) addition of the PCR mix to the PCR plate, iii) performing the PCR reaction,
iv) allelic discrimination plate read and allelic discrimination analysis. A simplistic
overview of the whole process is illustrated in Figure 2.2.

Step 1: DNA addition to the PCR plate
i) DNA samples were thawed at room temperature and mixed by flicking.
ii) DNA concentration was determined with the use of the Nanodrop8000 (Thermo
Scientific, Epsom, UK).
iii) Each sample was diluted to a concentration of 2 ng/µl. 2.5 µl (i.e. 5 ng) of each
diluted DNA sample (unknowns and positive controls) was added to the bottom
of the corresponding well of a MicroAmp® Optical 384-Well Reaction Plate
(Applied

Biosystems,

Catalogue

number

4309849;

Life

Technologies,

Bromborough, UK). In the negative template control (NTC) wells 2.5 µl of
nuclease free water (Qiagen, Catalog number129114; Qiagen, Crawley, West
Sussex, UK), which was used for dilution of DNA samples, was added. At least
four NTC wells were included in each run.
iv) The plate was then inspected to ensure presence of uniform volumes in each well
and spun at 1,500 rmp for 1 min to spin down the plate contents.
v) The plate was covered with a lint-free tissue and samples dried down completely
by overnight evaporation at room temperature in a dark, amplicon-free location.

Step 2: Preparation and addition of the reaction mix to the plate
i) The total volume of each component of the reaction mix was calculated as
follows: i) 1 microliter (µl) of TaqMan® Genotyping Master-Mix per
reaction

(Applied

Biosystems,

Catalogue

number

4371357;

Life

Technologies, Bromborough, UK). This contains the Ultra-PureAmpliTaq
Gold® DNA Polymerase, optimized mix components (i.e. MgCl2) and
passive internal reference based on proprietary ROX™ dye; ii) 0.95 µl of
DNAse free water per reaction (Qiagen, Catalog number129114; Crawley,
West Sussex, UK); c) 0.05 µl of the 20X working stock of the SNP genotyping
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assay (Applied Biosystems, assay ID c_30090620_10; Life Technologies,
Bromborough, UK).
ii) 2. The bottle of Taqman PCR MasterMix was gently swirled to ensure that
this was well mixed prior to use.
iii) 3. The 20X SNP genotyping assay stock was briefly vortexed and
centrifuged.
iv) 4. The required volumes of Taqman MasterMix, FTO rs9939609 SNP
genotyping assay and nuclease free water were pipetted, using filtered tips,
into a sterile microcentrifuge tube. The tube was capped, inverted several
times to ensure thorough mix, with a subsequent step of brief centrifugation.
v) 5. 2 µl of the reaction mix was added to each well of the 384-well PCR
reaction plate. At the end of the process the plate was inspected to ensure
uniform presence of volume in each of the wells.
vi) 6. The plate was sealed with the MicroAmp® Optical Adhesive Film
(Applied Biosystems, Catalog number 4311971; Life Technologies,
Bromborough, UK) and centrifuged at 1500 rpm for 1 min to spin down the
contents and eliminate air bubbles.

Step 3: Performing the PCR
PCR reactions were performed using the ABI7900 (Applied Biosystems, Life
Technologies, Bromborough, UK). The PCR cycles were as follows: i) hold for 10
min at 95 °C; hot‐start enzyme activation for AmpliTaq Gold Enzyme, ii) 40 cycles
of denature at 92°C for 15 sec, iii) 40 cycles of annealing/extend at 60°C for 60 sec.

Step 4: Allelic discrimination plate-read and analysis
After completion of the PCR, allelic discrimination plate-read was performed using
an ABI7900 detector (Figure 2.3). All samples were run in duplicate and an
automatic allele calling quality value of 0.95 was used to determine genotype
assignment. Positive controls, NTC and Hardy-Weinberg equilibrium tests were used
as quality control tests.
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Figure 2.3: Typical allelic discrimination output using the SDS 2.4 software. The software
automatically detects genotype and genotype output is given in table format with a numerical value for the
automatic calling quality, as well as a graphical output of the three-genotype clusters (red = VIC-dye only
(in our case AA genotype), blue = FAM-dye only (in our case TT genotype); green = presence of VIC-and
FAM-dyes (AT) genotype), Adapted from http://www.appliedbiosystems.com/.

2.2.7 Non-FTO genotyping
We examined the prevalence and effect size of other common (non-FTO) obesityassociated SNPs in a cohort of 500 severely obese patients attending the high-volume
UCLH Bariatric Unit (Table 2.3). These SNPs were chosen from the literature, based
on the report by Speliotes et al., (Speliotes et al., 2010). Genotyping was undertaken
successfully for all SNPs included in the report by Speliotes et al., (Speliotes et al.,
2010) with the exception of two SNPs, GPRC58 and ZNF608, for which genotyping
was unsuccessful; hence results for these SNPs are not reported. Non-FTO
genotyping

was

performed

by

KBioscience

(http://www.kbioscience.co.uk)

(KBiosciences, Hoddesdon, Herts, England). SNPs were genotyped using the KASP
genotyping system, a homogeneous Fluorescent Resonance Energy Transfer (FRET)
based system, coupled with competitive allele-specific PCR. Blind duplicates and
Hardy-Weinberg equilibrium tests were used as quality control tests.
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2.2.7.1 The principles of the KASP genotyping assay
The KBiosciences competitive allele-specific PCR genotyping system KASP assay
contains:
i)

Two allele-specific primers (one for each SNP of the allele). Each of these
primers contains a unique unlabelled tail sequence at the 5’ end;

ii)

One common (reverse) primer,

iii)

Two 5’-fluor-labelled oligos (also referred two as two FRET cassettes), one
labelled with FAM-dye and one with HEX-dye. Their sequences are
complementary to the allele-specific primer tails;

iv)

Two oligos with quenchers bound at their 3’ end. Sequences are
complementary to those of the 5’-fluor-labelled oligos, and therefore also
complementary to the tails of the allele-specific primers. These quenched
oligos bind to their fluor-labelled complementary sequences and quench all
fluorescent signals until required (Figure 2.4).

During the PCR cycle firstly, the appropriate allele-specific primer binds to its
complementary region upstream the SNP (Figure 2.4). The common reverse primer
also binds to its complementary region downstream the SNP. As PCR proceeds the
allele-specific primer(s) becomes incorporated to the template. During this stage
there is no fluorescence signal, as the fluor-labelled oligos remain bound to their
quencher (Figure 2.4). As PCR progresses further one of the fluor-labelled oligos
corresponding to the amplified allele gets incorporated to the template and hence is
no longer bound to the quencher resulting in a fluorescent signal that can be
detected. If the individual is homozygote then only presence of HEX or FAM
fluorescence will be detected, and where the individual is heterozygote a dual HEXFAM fluorescent signal will be detected.
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Fluorophore

Excitation0(nm)

Emission0(nm)

FAM

485

520

HEX

535

556

ROX

575

610

VIC

585

552

Table 2.2: Excitation and emission wavelengths of fluorophores used in the KASP (HEX &
FAM) and TaqMan (VIC) assays. The passive reference signal ROX is used to normalise the signal
for volume variability between different wells.

2.2.7.2 Steps during genotyping using the KASP genotyping system
The genotyping process included in KASP genotyping are similar to the steps used
for the FTO rs9939609 TaqMan assay, detailed section 2.2.6.2

2.2.7.2.1 PCR reaction
The PCR cycles were: i) 94 °C for 15 min hot‐start polymerase activation, ii) 94 °C
for 20 sec touchdown of 61‐55°C for 60 sec over 10 cycles, dropping by 0.6°C per
cycle, and iii) 94°C for 20 sec, 55°C for 60 sec for 26 cycles.

2.2.7.2.2 Allelic discrimination, plate read and analysis
After completion of the PCR, the plates were analysed with a fluorescent plate
reader. Kraken (LIMS) software by KBioscience Ltd. was used to determine
genotyping calls. Blind duplicates and Hardy-Weinberg equilibrium tests were used
as quality control tests (Figure 2.5).
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Figure 2.4: SNP genotyping using the KASP assay system. The KASP assay contains two unlabelled,
allele-specific forward primers and a common reverse primer (A). The master mix contains two fluorlabelled oligonucleotide sequences that are complementary to the allele-specific primers (B). These
oligonucleotide sequences are bound to quenchers, thus at this stage there is no fluorescence release.
During PCR the allele specific primers, incorporate to the template. The complementary oligo-sequences
also get incorporated to the template and then the quencher is cleaved and fluorescence is released (4).
Adapted from http://www.kbioscience.co.uk/.

Figure 2.5: Graphical representation of
the KASP genotyping data using the
Kraken (LIMS) software by KBioscience
Ltd: The FAM and HEX values are plotted
ion the x and y-axis and respectively.
Inclusion of a passive reference dye, ROX,
allows normalisation of the data in order to
account for well-to-well differences in
confounder/variable of volume by dividing
the HEX and FAM signals by the particular
well. This adjustment allows tighter
clustering of the 3 genotypes. Adapted from
http://www.kbioscience.co.uk/.
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Alleles
SNP

Gene Symbol

Study reference

BMI Effect
[Odds Ratio]

Location

Position

Gene Name
Effect

Other

rs2815752

NEGR1

Willer el al

0.10 [0.04-0.16] kg/m2

72,585,028

chr.1

A

G

Neuronal growth regulator 1

rs1514175

TNNI3K

Speliotes et al.

0.07 [0.03-0.11] kg/m2

74,764,232

chr.1

A

G

TNNI3 interacting kinase

rs1555543

PTBP2

Speliotes et al.

0.06 [0.02-0.10] kg/m2

96,717,385

chr.1

C

A

Polypyrimidine tract binding protein 2

rs543874

SEC16B

Thoreleifsson et al.

0.22 [0.16-0.28] kg/m2

176,156,103

chr.1

G

A

SEC16 homolog B (S. cerevisiae)

rs2867125

TMEM18

Willer el al.

0.31 [0.25-0.37] kg/m2

612,827

chr.2

C

T

Transmembrane protein 18

rs713586

RBJ

Speliotes et al.

0.14 [0.10-0.18] kg/m2

25,011,512

chr.2

C

T

DnaJ (Hsp40) homolog, subfamily C,
member 27

rs887912

FANCL

Speliotes et al.

0.10 [0.06-0.14] kg/m2

59,156,381

chr.2

T

C

Fanconi anemia, complementation group L.

rs2890652

LRP1B

Speliotes et al.

0.09 [0.03-0.15] kg/m2

142,676,401

chr.2

C

T

Low density lipoprotein receptor-related
protein 1B

rs13078807

CADM2

Speliotes et al.

0.10 [0.06-0.14] kg/m2

85,966,840

chr.3

G

A

Cell adhesion molecule 2

rs9816226

ETV5

Speliotes et al.

0.14 [0.08-0.20] kg/m2

187,317,193

chr.3

T

A

ets variant 5

rs10938397

GNPDA2

Wu L et al.

0.19 [0.13-0.25] kg/m2

44,877,284

chr.4

G

A

Glucosamine-6-phosphate deaminase 2

rs13107325

SLC39A8

Speliotes et al.

0.19 [0.11-0.27] kg/m2

103,407,732

chr.4

T

C

Solute carrier family 39 (zinc transporter),
member 8

rs2112347

FLJ35779

Speliotes et al.

0.10 [0.06-0.14] kg/m2

75,050,998

chr.5

T

G

Chromosome 5 open reading frame 37

rs206936

NUDT3

Speliotes et al.

0.06 [0.02-0.10] kg/m2

34,410,847

chr.6

G

A

Nudix (nucleoside diphosphate linked
moiety X)-type motif 3

rs987237

TFAP2B

Lindgren et al.

0.13 [0.07-0.19] kg/m2

50,803,050

chr.6

G

A

Transcription factor AP-2 beta (activating
enhancer binding protein 2 beta)

rs10968576

LRRN6C

Speliotes et al.

0.11 [0.07-0.15] kg/m2

28,404,339

chr.9

G

A

Leucine rich repeat and Ig domain
containing 2

Table 2.3: Genetic polymorphisms for which genotyping was undertaken across our database of obese patients. GPRC58 and ZNF608 genotyping was
unsuccessful. Table adapted by Speliotes et al., (Speliotes et al.)
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Alleles
SNP

Gene Symbol

Study reference

BMI Effect
[Odds Ratio]

Location

Position

Gene Name
Effect

Other

rs4929949

RPL27A

Speliotes et al.

0.06 [0.02-0.10] kg/m2

8,561,169

chr.11

C

T

Ribosomal protein L27a

rs10767664

BDNF

Speliotes et al.

0.19 [0.13-0.25] kg/m2

27,682,562

chr.11

A

T

Brain-derived neurotrophic factor

rs3817334

MTCH2

Speliotes et al.

0.06 [0.02-0.10] kg/m2

47,607,569

chr.11

T

C

Mitochondrial carrier homolog 2

rs7138803

FAIM2

Thoreleifsson et al

0.12 [0.08-0.16] kg/m2

48,533,735

chr.12

A

G

Fas apoptotic inhibitory molecule 2

rs4771122

MTIF3

Speliotes et al.

0.09 [0.03-0.15] kg/m2

26,918,180

chr.13

G

A

Mitochondrial translational initiation factor 3

rs11847697

PRKD1

Speliotes et al.

0.17 [0.07-0.27] kg/m2

29,584,863

chr.14

T

C

Protein kinase D1

rs10150332

NRXN3†

Speliotes et al.

0.13 [0.07-0.19] kg/m2

79,006,717

chr.14

C

T

Neurexin 3

rs2241423

MAP2K5

Speliotes et al.

0.13 [0.09-0.17] kg/m2

65,873,892

chr.15

G

A

Mitogen-activated protein kinase kinase 5

rs7359397

SH2B1

Speliotes et al.

0.15 [0.11-0.19] kg/m2

28,793,160

chr.16

T

C

SH2B adaptor protein 1

rs9939609

FTO

Fraying et al.

0.33 [0.27-0.39] kg/m2

53,820,527

chr.16

A

T

Fat mass ans obesity associated gene

rs571312

MC4R

Loos et al.

0.23 [0.17-0.29] kg/m2

55,990,749

chr.18

A

C

Melanocortin 4 receptor

rs29941

KCTD15

Thoreleifsson et al

0.06 [0.02-0.10] kg/m2

39,001,372

chr.19

G

A

Potassium channel tetramerisation domain
containing 15

rs2287019

QPCTL

Speliotes et al.

0.15 [0.09-0.21] kg/m2

50,894,012

chr.19

C

T

Glutaminyl-peptide cyclotransferase-like

rs3810291

TMEM160

Speliotes et al.

0.09 [0.05-0.13] kg/m2

52,260,843

chr.19

A

G

Transmembrane protein 160

Table 2.3: Genetic polymorphisms for which genotyping was undertaken across our database of obese patients. GPRC58 and ZNF608 genotyping was
unsuccessful. Table adapted by Speliotes et al., (Speliotes et al., Willer et al., 2009, Frayling et al., 2007).
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2.3 Test-meal studies
2.3.1 Subject recruitment for meal studies
All subjects were recruited from the bariatric database, which was generated using
the methodology detailed in section 2.2. We did not use a randomised approach in
our studies detailed in Chapter 3 (studies comparing RYGBP vs. SG). This was
because at the time of these studies SG was a new procedure for the unit with limited
in-house experience. As a result subjects were not randomly assigned to RYGBP and
SG, and decision on the type of procedure for each individual case was made on a
clinical basis following MDT review.
In the studies detailed in Chapter 3, inclusion criteria were female sex, BMI 40-50
kg/m2, age 18-60 years and undergoing their first bariatric procedure. We only
studied patients of the same sex in order to limit inter-subject variability and
confounding effects of sex related differences, and female sex was chosen, as the
majority of patients undergoing bariatric surgery in our centre are females. Exclusion
criteria were T2DM (defined as fasting glucose ≥ 7 mmol/L and/or HbA1C ≥ 6.5%),
smoking and weekly alcohol consumption exceeding 20 units. In chapter 4, inclusion
criteria were BMI 40-60 kg/m2 and age 18-60 years, with similar exclusion criteria to
chapter 3 studies.
Meal study patients were given detailed oral and written information on the meal
study and were given the opportunity to ask questions. Those willing to participate
were contacted by phone or e-mail when their operation date was set at the bariatric
MDT. For those agreeing to participate a date was set for the pre-operative meal
study. At the pre-operative meal study and at each subsequent visit participants
confirmed that they maintained their interest in participating and gave oral and
written informed consent prior to starting the study. The same test-meal study
protocol/methodology was used in all three test-meal studies, and this is detailed in
the section below.
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2.3.2 Standard test-meal studies protocol
Patients were assessed at three time-points. Firstly, at a baseline/pre-operative visit
within a two-week period prior to surgery. At this time-point all patients were on a
standard, low caloric pre-operative liver shrinkage diet (Table 2.4). Post-surgery
patients attended at 6 and 12 weeks. For standardisation all subjects were asked to
abstain from alcohol for at least 24 hrs and to maintain a similar routine of physical
activity and food intake on the day prior to the study day (Chandarana et al., 2009)
(Figure 2.6). On the evening before the study, subjects fasted after dinner and drank
only water from 9 pm (Chandarana et al., 2009) (Figure 2.6). On the study day
subjects arrived at the Wellcome Trust Clinical Research Facility at the Elizabeth
Garret Hospital at UCLH at 9 am. After oral and written informed consent were
taken, a 20-gauge cannula (BD, Oxford, UK) was inserted in a forearm vein using
aseptic technique by a technically competent and experienced doctor (t=-60 min)
(Figure 2.6). A three-way tap (BD Connecta 394910 ™ Plus Stopcock, Fisher
Scientific, Loughborough, UK) was connected to the cannula. Subjects were allowed
60 min post-cannulation for acclimatization/habituation (Chandarana et al., 2009).
During this time subjects completed the behavioural inhibition/behavioural activation
scales (BIS/BAS) questionnaires, used to assess behaviour patterns related to reward
and punishment/inhibition (Carver, 1994); and were familiarised with the use of
visual analogue scales (VAS) questionnaires. VAS were used during the study to
evaluate subjective feelings of appetite and internal state (Chandarana et al., 2009)
(see section 2.3.4 for more details on VAS). At t0 min patients were given a standard
500 kcal liquid test-meal (250 mls Resource 2.0+ fibre, vanilla flavour, Nestle
Nutrition; Table 2.5), and consumed this within 15 min. A t0 min, subjects
completed the first (baseline/fasting) VAS and the first blood samples were
collected. Blood samples and VAS were then taken at 15 and 30 min, and every 30
min thereafter until 180 min post-meal (Figure 2.6).
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Per day you should take only:
•
•

4 cans Weight Watchers soup
4 Mullerlight yogurts (200g)
or:
4 supermarket own brand e.g. “Be Good to
Yourself” (200g)

•
•

1 pint semi-skimmed milk
Multi-vitamin tablet e.g. 1 a day of
Sanatogen A-Z, Forceval.

You may divide this up during the day however suits
you.
You may take as much water, black tea and coffee as
you wish. Likewise, diet cola, diet lemonade or diet
squashes are permitted. Avoid other drinks such as
fruit juice, or other sugar-containing drinks.
Milk in tea and coffee must come out of the above
allowance.
In warm weather please make sure that you drink a
minimum of 4 pints of fluid per day in total.

Table 2.4: The liver shrinkage diet followed pre-operatively by all patients. Instructions as given to
patients by the UCLH team (copied from the UCLH dietetic patient leaflet/hand-out).

Macronutrient-content of standard test-meal
Energy (kcal/kJ)

500/2120

Protein (g)
% of total energy

22.5
18%

Fat (g)
% of total energy

21.75

Carbohydrates (g)
% of total energy

53.5

39%
43%

Table 2.5: Caloric content and macronutrient composition of the test-meal.
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Figure 2.6: Diagrammatic illustration of the standard test-meal study protocol. For a
period of 24 hrs prior to the study day, subjects abstained from alcohol and exercise for the
purpose of subject-standardisation. They consumed their dinner at 8 pm in the evening
before the study and thereafter they fasted and drunk only water until the study initiation. On
the study day at approximately 10 am, a cannula was inserted in a forearm vein and then the
subjects rested/acclimatised to the study environment for one hr. At t0 subjects were given
the liquid standard test-meal and were asked to consume this within 15 min. Serial blood
samples and coincident appetite VAS were taken at t0, t15, t30, and every 30 min thereafter
until 180 min post-meal.

2.3.3 Surgical procedures
All procedures were undertaken laparoscopically at UCLH, with consistent operative
techniques. There were no intra-operative or early post-operative complications in
any of the subjects included to the test-meal studies. RYGBP included an antecolicantegastric Roux-en-Y construction with ~120 cm alimentary limb and ~80 cm
biliopancreatic. The gastric pouch was ~20 ml (Figure 2.7). SG was performed as
described by Gagner (Gagner M, 2009). The greater curvature of the stomach was
separated from the gastrocolic omentum using ultrasonic shears. Dissection was
started at ~ 5-6 cm from the pylorus and continued along the greater curvature to the
angle of His. A gastric sleeve was created with the use of staplers and calibrated over
a transoral 32-Fr Maloney bougie, inserted from the hiatus to the duodenum along
the lesser stomach curvature. The sleeve was performed using a linear stapler
(ECHELON FLEX™ ENDOPATH®, Johnson & Johnson Health Care Systems, New
Jersey, USA), with two sequential firings of 4.5/60mm green cartridge for the antrum
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and three firings of 3.5/60mm gold cartridges for gastric body and fundus. The staple
line was reinforced with either Seamguard (Gore, Livingstone, UK) or Peristrips
(Synovis, Mineapolis, USA). The size of the gastric pouch was ~ 60-80 ml (Figure
2.7).

RYGBP

SG

Figure 2.7: Diagrammatic illustration of the anatomy of the GI tract post-RYGBP
and post-SG. During RYGBP the stomach is divided and a small vertical gastric pouch
(~20 ml) is constructed. The small bowel is then divided and rearranged into a Yconfiguration. Nutrients pass from the small upper stomach pouch to the mid-jejunum via
an “alimentary limb” and bowel continuity is restored by an entero–entero anastomosis, at
which site the excluded biliary limb meets the alimentary limb. Hence, ingested nutrients
bypass most of the stomach, the duodenum and the proximal jejunum. The biliary and
pancreatic chyme enters at the entero–entero anastomosis and mixes with nutrients in the
common channel. During SG a longitudinal resection of the stomach is performed at 5 cm
proximal to the pylorus to the angle of His leaving only a sleeve along the lesser curvature
of the stomach in continuity with the duodenum. The anatomy of the intestine remains
unaltered. Figure drawn by Karima Yousseif.

2.3.4 Method of blood samples collection in the test-meal studies
Blood was collected in chilled syringes, kept on ice prior to collection. At each timepoint the first 3 mls of blood drawn were discarded as dead space. Three samples
were taken at each time-point: i) a sample collected in a chilled syringe containing 10
µl per ml of blood of DPP-4 inhibitor (DPP-4 inhibitor, Millipore, Watford, UK), for
measurement of the hormones PYY3-36, GIP and GLP-1. DPP-4 was added to inhibit
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ex vivo degradation of PYY3-36, GLP-1 and GIP by DPP-4; ii) a sample collected in a
chilled syringe containing 10 µl per ml of blood of the esterase inhibitor 4-(2Aminoethyl)-benzenesulfonyl fluoride hydrochloride (AEBSF) (Fluka, Dorset, UK).
This sample was collected for the measurement of acyl-ghrelin. Esterase inhibitor
was added to inhibit butyryl-cholinesterase activity and ex vivo conversion of acylghrelin to desacyl-ghrelin; iii) a blood sample collected in a plain chilled syringe
destined for the measurement of glucose and insulin. All samples were immediately
transferred to EDTA containing vacutainers (BD VacutainerR). Each vacutainer
contained 5000 Units of the kallikrein inhibitor, Aprotinin (Trasylol) (Bayer,
Newbury, UK) per ml of blood, in order to inhibit the activity of plasma proteases.
Plasma was immediately separated from whole blood by centrifugation at 12,000
rpm for 10 min at 4°C, and subsequently transferred in plasma tubes. The plasma
from sample ii) was stored in plasma tubes containing 1N hydrochloric acid (HCL)
(Sigma, Dorset, UK) at a final concentration of 50 µl of HCL in 1 ml of plasma. This
acidification was carried out, as acyl-ghrelin is more stable in acidic environments
(pH 3-5) (Hosoda et al., 2004). Samples were stored at -80°C until assaying.
Reagents used for sample taking/storage are listed in the Table 2.6.

Substance

Location

Volume

Manufacturer

DPP-4 inhibitor

Syringe

10 µl/mL

Millipore, Watford, UK

4-(2-Aminoethyl)-benzenesulfonyl
fluoride hydrochloride (AEBSF)

Syringe

100 mg/mL

Fluka, Dorset, UK

Aprotinin (Trasylol)

Vaccutainer

5000 KIU/mL blood

Bayer, Newbury, UK

Hydochloric acid (HCL) 1N

Plasma tube

50 µl/mL plasma

Sigma, Dorset, UK

Table 2.6: Reagents used for blood taking and storage of samples for hormone measurements.

2.3.5 Anthropometric phenotyping
At all study visits anthropometric measurements were obtained. Standing height
without shoes was by a wall-mounted stadiometer (242 Measuring Rod, Seca, UK)
calibrated in centimetres. Bioelectric impedance analysis (BIA) was undertaken with
an 8-point tactile BIA system (In Body 720 Body Composition Analyzer, Biospace,
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Derwent Healthcare, UK) was used to estimate body composition. Weight was
measured in light clothing and no shoes to the nearest 0.1 kg and BMI calculated.
Weight data at 26 and 52 weeks post-operatively were obtained from case records.

2.3.5.1 Anthropometric phenotyping by BIA
2.3.5.1.1 The general principles of BIA
BIA is a commonly used, non-invasive, cost-efficient method for the assessment of
body composition. BIA determines the electrical impedance, i.e. opposition to the
flow of an electric current through body tissues that can be used to calculate
estimated total body water (TBW). The latter is then used to estimate fat-free body
mass and through a series of equations additional anthropometric indices including
body fat mass, visceral fat area (VFA) and lean body mass.

2.3.5.1.1.2 The InBody720 impedance meter
We used the InBody720 analyser, an eight-polar tactile-electrode impedance meter
that measures resistance (R) of arms, trunk and legs at frequencies of 5, 50, 250 and
500 kilohertz (kHz). Two of the electrodes are in contact with the palm (E1, E3) and
thumb (E2, E4) of each hand and two with the anterior (E5, E7) and posterior aspects
(E6, E8) of the sole of each foot (Figure 2.8). The subject stands with their soles in
contact with the foot electrodes and holds the hand electrodes. The sequence of
measurements, controlled by a microprocessor, is as follows: an alternating current
(a.c.) of 250 milliamp (mA) of intensity (I) is applied between E1 and E5; the
recorded voltage difference (V) between E2 and E4 is divided for I to obtain the
resistance of right arm (RRA); the same operation is performed with V recorded
between E4 and E8 to obtain trunk resistance (RT) and with V recorded between E6
and E8 to obtain the resistance of right leg (RRL); the a.c. is then applied between E3
and E7, and the value of V measured between E2 and E4 used to calculate the
resistance of left arm (RLA); the value of V measured between E6 and E8 is used to
calculate the resistance of left leg (RLL). Unique characteristics of 8-polar BIA
systems as the one used herein are: i) the use of tactile electrodes, avoiding problems
connected with adhesive electrodes, ii) the fact that whole-body 8-polar resistance is
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the sum of segmental resistances obtained with a 5-cylinder model of the human
body (Figure 2.8), iii) the insensitivity of 8-polar BIA to subject’s posture, and iv) the
absence of the confounding effects of fluid redistribution by adopting the supine
position (Sartorio et al., 2005, Cha et al., 1997)
Dehydration, moderate exercise and eating can influence BIA measurements.
Therefore subjects were asked to abstain from alcohol and strenuous exercise for at
least 12 hrs preceding the measurement, to keep well hydrated and have no shower
on the day that the measurements were taken. All BIA assessments were undertaken
in the fasted state. BIA was measured in light clothing.
Several studies have cross-validated the 8-polar BIA InBody system vs. alternative
methods of measuring body composition. Sartorio et al., demonstrated that the
InBody system accurately estimates TBW and extracellular body water vs. TBW
measurement by 2H2O dilution and extracellular body measurement by Br dilution in
healthy and obese subjects across a wide range of BMIs (Sartorio et al., 2005).
Comparable performance of the 8-polar InBody BIA system has been reported in
cross-validation studies vs. DEXA, and with minimal influence on BIA results by
age and sex in both normal-weight and obese humans (Medici et al., 2005, Malavolti
et al., 2003, Li et al., 2013, Valero et al., 1994). Furthermore, excellent agreement
between the 8-polar BIA system and the “gold-standard” method of MRI has been
demonstrated in the measurement of body composition in both normal-weight and
obese subjects (Thomas et al., 2001).

Figure 2.8: The InBody BIA used in
our studies. The subject stands with the
soles in contact with the foot- electrodes
and
holds
the
hand-electrodes.
Measurement pathways of the 8-polar
tactile-electrode impedance meter InBody
720. See text for details. Abbreviations:
RRA, resistance of right arm; RT,
resistance of trunk; RLA, resistance of
left arm; RRL, resistance of right leg;
RLL, resistance of left leg. Image
adjusted from
http://www. derwenthelathcare.com/.
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2.3.6 Visual analogue scales (VAS)
VAS scales have been extensively used and validated for the assessment of
subjective appetite with a high degree of reproducibility [(Flint et al., 2000) & for a
comprehensive review (Stubbs et al., 2000)]. Studies in overweight and obese
humans have shown comparable reproducibility for VAS to that reported in healthy
subjects (Horner et al., 2014). Whereas in studies evaluating the validity and clinical
meaningfulness of appetite VAS in obesity, fasting and post-meal VAS (AUC) have
been shown to predict acute and free living energy intake (Drapeau et al., 2007).
Our subjects were instructed to complete VAS rating hunger, sickness, prospective
food consumption (PFC), fullness, anxiety and irritability at t0, t15, t30, t60, t90,
t120, t150 and t180 post-meal. Each VAS was 100 mm long, with text expressing the
most positive and negative ratings anchored at each end. Subjects were instructed to
indicate their answers by a cross on the scale. An example of the VAS used is
displayed in Figure 2.9. VAS were measured with a 300 mm ruler and by the same
observer (myself) in order to limit variability.

2.3.7 Behavioural phenotyping
Personality traits have been shown to relate to food consumption and weight status
(Faith et al., 2001, Elfhag and Morey, 2008). One of the most popular personality
models is the reinforcement sensitivity theory (Smillie and Jackson, 2006, Reuter et
al., 2015, Gray & JA, 1982, McNaughton and Gray, 2000, Carver, 1994).
In the study outlined in Chapter 4, patients completed the Behavioural Inhibition
System/Behavioural Activation System (BIS/BAS) questionnaires (Carver, 1994)
(Figure 2.10) for reward-responsiveness assessment in relation to FTO rs9939609
genotyping and to SG surgery. This questionnaire is based on the personality model
described in Gray’s reinforcement sensitivity theory, and was developed as a
measure of the reward system (BAS) and the punishment system (BIS). The
BIS/BAS scales contain 24 items, including four distraction items that are to be
answered on a four-point scale ranging from totally agree to totally disagree. The
BAS (13 items) is sensitive to reward stimuli and persons with an increased BAS are
more likely to respond positively to reward related stimuli (Figure 2.10). The BAS is
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further divided into three subscales; BAS-drive, which can predict the drive of an
individual towards obtaining a reward; BAS-fun seeking which reflects the
responsiveness of the BAS system to fun; and BAS-reward responsiveness that
reflects positive response to a given reward. The BIS subscale (seven items) relates
to the dispositional sensitivity to punishment (Carver, 1994) (Figure 2.10).
The BIS/BAS scales have been extensively used in the literature to characterise
behaviour towards inhibitory and motivation cues, including food. Food can be both
a positive and negative reinforce, and BIS/BAS responsiveness has been implicated
in eating behaviour in healthy and overweight subjects, as well as obese patients
(non-operated, pharmacologically treated and post-bariatric surgery) (Davis and
Woodside, 2002, Franken and Muris, 2005, Loxton and Dawe, 2006, Beaver et al.,
2006, Volkow et al., 2008, de Weijer et al., 2011, Dietrich et al., 2014).
Studies have shown a positive association between reward sensitivity with BMI and
eating habits, implicating a responsive BAS to weight gain (Davis and Woodside,
2002, Franken and Muris, 2005, Loxton and Dawe, 2006). Dietriech et al., reported
an inverted U-shaped relationship between sensitivity to reward and BMI, using the
BAS scale; and speculated that subjects with a high BMI in the non-obese range face
stronger food cravings and appetitive drive, resulting in enhanced hedonic eating,
weight gain, and possibly overweight (Dietrich et al., 2014). Furthermore, BAS has
been linked to neural responses, with reward sensitivity positively associating with
neural responses to pictures of highly palatable food in a fronto-striatal-amygdala
network (Beaver et al., 2006, Peters and Buchel, 2010). Finally, long lasting
overeating and obesity have been shown to account for adaptations of the reward
system (Volkow et al., 2008, de Weijer et al., 2011, Stice et al., 2013).
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PLEASE PLACE A CROSS AT THE POINT WHICH REPRESENTS YOUR ANSWER.
HOW HUNGRY DO YOU FEEL RIGHT NOW?
NOT AT ALL

EXTREMELY

HOW SICK DO YOU FEEL RIGHT NOW?
NOT AT ALL

EXTREMELY

HOW MUCH DO YOU THINK YOU COULD EAT RIGHT NOW?
NOTHING

THE MOST I’VE
EVER EATEN

HOW FULL DO YOU FEEL RIGHT NOW?
NOT AT ALL

EXTREMELY

HOW STRESSED DO YOU FEEL RIGHT NOW?
NOT AT ALL

EXTREMELY

HOW ANXIOUS ARE YOU RIGHT NOW?
NOT AT ALL

EXTREMELY

HOW IRRITABLE ARE YOU RIGHT NOW?
NOT AT ALL

EXTREMELY

Figure 2.9: VAS (Visual analogue scales) used in the standard test-meal study for the
assessment of appetite and internal state. Each VAS was 100 mm long, with extreme positive and
extreme negative ratings expressed at each opposing end. Participants were instructed to put an X
(cross) at the point of the axis indicating their perceived feelings relevant to each questions. All
VAS were measured by the same person and expressed in mm.
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Figure 2.10: The BIS/BAS scales. Behavioural inhibition, behavioural activation, and affective responses to impending reward and punishment; by Carver. C. S., & White,
T. L. (1994) (Carver, 1994).
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2.3.8 Hormone and glucose assays, and surrogates of glucose homeostasis
Plasma acyl-ghrelin, PYY3-36, glucagon and insulin were measured by commercially
available Radio-Immuno-Assays (RIA) (Millipore, Watford, UK). Plasma active
GLP-1, insulin, total GIP and leptin were assayed by commercially available
Enzyme-Linked Immuno-Sorbent Assays (ELISA) (Millipore, Watford, UK). I-GIP
was assayed by collaboration, in Professor Jens Holst laboratory using an in-house
developed immunoassay (Department of Medical Physiology, The Panum Institute,
University of Copenhagen, Denmark) (Deacon and Holst, 2009). Plasma glucose was
measured by enzymatic colorimetric assay, Infinity™ Glucose Oxidase Liquid Stable
Reagent (Thermo Fisher Scientific Inc., UK; Catalog number: TR15221) in study I
outlined in Chapter 3. In study II detailed in Chapter 3, plasma glucose levels were
assayed by Yellow Spring Instrument (YSI) 2300 STAT plus (YSI Life Sciences,
Hampshire, UK). All samples were run in duplicate. Pre- and post-surgery
biochemical thyroid profile, lipid profile and HbA1c were obtained from the UCLH
CDR case records.

2.3.8.1 The RIA method
RIA is a sensitive nuclear medicine method used to determine the concentrations of
antigens. In RIA antibodies raised against the antigen of interest are used. In the first
step, a sample containing a known (standard curve samples) or unknown amount
(samples for measurement) of the antigen of interest is mixed with the specific
antibody in assay-specific assay buffer, resulting in binding between the antigen and
the antibody. At a second stage a known amount of the antigen of interest labelled
with a radioisotope is added. This radiolabeled antigen, also called hot antigen,
competes with the unlabelled antigen, or so-called cold antigen, for binding to the
antibody. In samples with greater concentration of cold antigen, there is increased
saturation of the antibody binding sites by the cold antigen, thus displacing the
radiolabeled hot antigen and reducing the ratio of antibody-bound hot antigen to
antibody-bound cold antigen. At a third phase the antibody-bound antigens are
separated from the unbound ones by addition of a precipitating reagent, and the
radioactivity of the free, non-bound hot antigen is determined with the use of a
gamma counter. A binding curve is generated using the samples containing the
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known amount of unlabelled antigen and the values of the actual samples for
measurement which contain an unknown amount of the unlabelled antigen are
extrapolated from the standard curve. An overview of the general protocol is
presented below.

2.3.8.1.1 General methodology followed during RIA
All reactions were carried out in duplicate. All pipettes used were calibrated using a
fine scale at the start of each run. Hormones were run in batches, so that for each
study all or the majority of kits used for each hormone were derived from the same
Lot batch.
Borosilicate glass tubes (12 x 75 mm) were labelled to correspond to a predetermined
assay plan. The indicated by the manufacturer amount of assay buffer was added to
the tubes (typically this was 300 µl for non-specific binding (NSB), 200 µl for the
reference tubes (Bo) and 100 µl for all remaining tubes). Assay buffer was added
with the use of a repeater pipette (Eppendorf, Stevenage, UK; Catalog number:
222620-1) using the appropriate for the volume pipettor. A constant volume (usually
100 µl) of a standard of known concentration supplied with the kit (6-7 serial
dilutions of this top standard tube used) was added to tubes in duplicate. Two quality
controls (QC1 and QC2) supplied with the kit were also added to the corresponding
tubes in the assay (typically 100 µl). QC1 concentration was lower than the
concentration of QC2, and QC1 and QC2 fell within the lower and upper part of the
standard curve respectively, in order to validate the assay performance at both ends
of the standard curve. The samples of unknown concentration were added to the
remaining tubes, thus the volume at this phase of the assay being 300 µl for all tubes.
Then 100 µl of the antibody specific to the molecule of interest was added using the
repeater pipette, and each tube vortexed for ~5 sec, covered with cling film and
incubated between 20–24 hrs at 4 °C. At the end of this incubation phase a standard
volume (typically 100 µl) of the radioactively labelled (125I) tracer antigen was added
to all tubes and to two additional tubes labelled as ‘total count’ (TC). Tubes were
vortexed for ~5 sec, covered with cling film and then incubated between 20–24 hrs at
4 °C. On the final phase of the assay, 1 ml of precipitating reagent was added to all
tubes except the TC tubes. Tubes were vortexed for ~5 sec and incubated for 20-40
min at 4 °C. All other tubes with the exception of the two TC tubes, were then
2. 99

subjected to centrifugation at 10,000 rpm for 20-40 min at 4 °C. Incubation and
centrifugation times were kept constant across all different runs for the same
hormone. The supernatant was decanted from all tubes immediately after
centrifugation and discarded, and the radioactivity in each tube measured with a
gamma-emission counter (Packard Cobra, MN, USA). A flow chart of the procedure
is presented in Table 2.7.

2.3.8.1.2 RIA method: results-calculation
All samples were run in duplicate and the mean value for each set of duplicates was
calculated. The average of the NSB counts was subtracted from all average counts
and these values were then used for subsequent calculations. The percentage binding
for each sample was calculated by dividing the counts per min by the total binding
counts. A graph of concentration vs. percentage binding was constructed, and the
concentrations of unknown samples extrapolated from the standard curve. The assay
results were accepted only if the both QC values fell within the acceptance criteria,
as provided by the manufacturer. When the difference between duplicate results of a
sample(s) exceeded 10% of coefficient variation, this sample(s) was repeated. All
accepted values exceeded the sensitivity limit of the assay. All samples, which
exceeded the limit of linearity (top standard) for the assays were repeated on dilution
using assay-specific assay buffer as a diluent.

2.3.8.1.3 Acyl-ghrelin RIA
This is a 125-tube assay commercially available by Millipore (Watford, UK; Catalog
number: GHRA-88HK). The antibody is specific for the biologically active form of
ghrelin with the octanoyl-group on Serine 3. The tracer used is

125

I-Human Ghrelin.

The sensitivity of the assay is 7.8 pg/ml, using a100 µl sample. The assay is specific
to human acyl-ghrelin, with no cross-reactivity to desacyl-ghrelin, motilin, PYY, PP,
GIP, GLP-1, glucagon, NPY and C-peptide. The inter-assay and intra-assay
variations are 9.6–16.2% and 6.5–9.5% respectively, and the linearity of dilution is
100–142.5%.
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0

3, 4

TC

0

0

0

100

1.0

5, 6

NSB

300

0

0

100

1.0

7, 8

NSB

300

0

0

100

1.0

9, 10

Bo

200

0

100

100

1.0

11, 12

Bo

200

0

100

13, 14

Standard, X

100

100

100

15,16

X/2

100

100

100

17,18

X/4

100

100

100

19, 20

X/8

100

100

100

21,22

X/16

100

100

100

23, 24

X/32

100

100

100

25, 26

X/64

100

100

100

27, 28

control

100

100

100

29, 30

unknown

100

100

100

31, n

unknown

100

100

100

100
100
100
100
100
100
100
100
100
100

20 min at 4 °C. Decant

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Vortex, incubate for 20 min at 4 °C.

!

100

supernatant, count.

100

for

0

Centrifuge at 10,000 rpm

0

Vortex, cover and incubate at 4 °C between 20 – 24 hr

0

Vortex, cover and incubate at 4 °C between 20 – 24 hr

TC

reagent (ml)

Precipitating

(µl)

I-125labelled tracer

Antibody (µl)

Sample (µl)

Assay buffer (µl)

Description

Tube Number
1, 2

Table 2.7: A summary of the typical RIA process. Adapted from http:// www.millipore.com.

2.3.8.1.4 Insulin RIA
The assay used was a 250-tube assay, purchased by Millipore (Watford, UK; Catalog
number: HI-14K). The antibody is raised against purified Human Insulin and both
the standard and tracer are prepared with Human Insulin. The tracer is labelled with
125

I-Insulin. The sensitivity of the assay is 2 µU/mL when using a 100µl sample. The

specificity/selectivity of the assay for insulin variants and cross-reactivity with other
structurally-related peptides is as following: human insulin: 100%; human proinsulin
(HPI): < 0.2%; des 31,32 HPI: < 0.2%; des 64,65 HPI: 76%; whereas, insulin growth
factor (IGF), glucagon, somatostatin and PP are not detectable. The linearity of
dilution is 86–108% and the inter-assay and intra-assay variabilities are 2.9–6.0%
and 2.2–4.4% respectively.
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2.3.8.1.5 PYY3-36 RIA
This is a 125-tube assay purchased by Millipore (Watford, UK; Catalog number:
PYY-67HK). The assay determines the cleaved form of PYY, PYY3-36, and does not
cross-react with the full-length, non-cleaved peptide PYY1-36. The tracer used is

125

I

and the assay sensitivity 20 pg/mL. The specificity/selectivity of the assay for PYY336 is

100% with no cross-reactivity with PYY1-36 detected up to 1000 pg/mL of PYY1-

36. The

linearity of dilution is 80–120% and the inter-assay, and intra-assay variations

are 6–11% and 7-15% respectively.

2.3.8.1.6 Glucagon RIA
This is a 250-tube assay commercially available by Millipore (Watford, UK; Catalog
number: GL-32K). The antibody used in the assay is specific for pancreatic glucagon
and the tracer used is 125I-Human glucagon. The sensitivity of the assay is 20 pg/ml,
using a 100 µl sample size. The specificity/selectivity of the assay and crossreactivity is: glucagon: 100%; oxyntomodulin: < 0.1%; whereas, human insulin, HPI,
human C-peptide, somatostatin and PP are not detectable. The inter-assay and intraassay variations are 11.7 ± 3.0% and 4.9 ± 1.3% respectively, and the limit of
linearity is 400 pg/mL.

2.3.8.2 Intact GIP (I-GIP) immunoassay
The I-GIP assays were carried out by collaboration by Professor Jens Juul Holst’s
laboratory (Department of Medical Physiology, The Panum Institute, University of
Copenhagen, Denmark) using an in-house developed immunoassay, as previously
described (Deacon and Holst, 2009). Antibodies for the assay were raised by
immunizing rabbits with the synthetic sequence, GIP-(1–10)-Cys (Genosys
Biotechnologies (Europe) Ltd., Cambridge, UK) coupled to keyhole limpet
hemocyanin using m-maleimidobenzoyl-N-hydroxysuccinimide ester. Antiserum
98171 could be used in a final dilution of 1:40,000 with assay sensitivity of 5
pmol/L. The assay is specific for the intact N-terminus of GIP with limited crossreactivity (less than 0.1%) with GIP-(3–42) or with the structurally related peptides
GLP-1-(7–36) amide, GLP-1-(9–36)amide, GLP-2-(1–33), GLP-2-(3–33), or
glucagon at concentrations of up to 100 nmol/L. Plasma samples collected and stored
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as described in section 2.3.3, were extracted with ethanol (70%,vol/vol; final
concentration). Intra-assay variation was less than 6%, and inter-assay variations
were approximately 8-12%. Valine-pyrrolidide (0.01 mmol/L, final concentration)
was added to the assay buffer to prevent N-terminal degradation of GIP during the
assay incubation.

2.3.8.3 The ELISA method
2.3.8.3.1 General principles of the ELISA method
The ELISA method is based on capturing the molecule of interest with an
immobilised biotinylated antibody, attachment of an enzyme to the antigen-antibody
complex with subsequent substrate conversion, which can be determined
spectrophotometrically. The enzyme used for leptin and total GIP ELISAs was
horseradish peroxidase, and for the GLP-1 ELISA alkaline phosphatase. The
substrates for these reactions were 3,3’5,5’tetramethylbenzidine (TMB) and methyl
umbelliferyl phosphate (MUP) respectively. The product of TMB degradation is a
coloured product, whilst the product of MUP degradation is fluorescent. An outline
of the steps involved in ELISA reactions used is described below.

2.3.8.3.2 General methodology in ELISA assays
To limit variability between different runs, assays were ordered and run in batches,
so that all or most kits used for each hormone were derived from the same Lot
number. 96-well plates were provided with each kit. The wells of the plate were precoated with a pre-titred amount of a specific monoclonal antibody directed against
the molecule of interest. The plate was initially washed with 300 µl per well of the
assay-specific wash buffer, typically for three times. A multi-channel pipette was
used for all plate washes during the ELISA method. After each wash, the wash buffer
was decanted and the residual liquid in the wells removed by tapping the plate
smartly onto absorbent paper towels several times. Subsequently the recommended
amount of the assay-specific assay buffer was added to each well in the 96-well plate
using a repeat pipette. A matrix solution (consisting of charcoal-stripped plasma) was
added to the standard curve and QC wells, as recommended by the manufacturer.
Then standards of known concentration, QC samples of known range concentrations
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and the unknown samples were added to the plate in duplicate in the corresponding
wells, using a predetermined assay plan. A standard volume of detection antibody for
the molecule (antigen) of interest was added to each well with the use of the repeater
pipette (Eppendorf, Stevenage, UK; Catalog number: 222620-1) using the
appropriate for the volume pipettor. The plate was sealed with a plastic film and
incubated for 2 hrs at room temperature on an orbital microtitre plate shaker set to
400 rpm. The plastic film was then removed and the contents of the wells decanted
and discarded. The plate was washed 3 times to remove any unbound material. Next,
a standard volume of the enzyme solution was added to each well with the repeat
pipette and the plate was sealed with a plastic film and incubated on the plate shaker
for 30 min. The plastic film was removed at the end of this incubation period and the
contents of the wells decanted and discarded. The plate was then washed 4-6 times to
remove unbound materials and a given volume of the substrate solution was added to
each well with the repeat pipette. The plate was then sealed with the plastic film and
covered with foil, to block light exposure of the light-sensitive substrate The reaction
was stopped after 15-20 min with the addition of an HCL-based acidic buffer, and
the substrate concentration was measured immediately measured using a Magellan
software (Tecan, Reading, UK).

Table 2.8: The typical steps in an ELISA assay. Adapted from http:// www.millipore.com.
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2.3.8.3.3 ELISA method acceptance criteria and calculations
All samples were run in duplicate, and the average of the duplicates calculated. The
assay results were accepted if the both QC values fell within the acceptance criteria,
provided by the manufacturer. When the difference between duplicate results of a
sample exceeded 10% of coefficient variation, the respective values were repeated.
All accepted values exceeded the sensitivity limit of the assay. Samples exceeding
the assay limit of linearity (top standard) were repeated on dilution using assay
specific assay buffer as a diluent. A concentration curve vs. absorbance or
fluorescence readings was constructed using the known concentration values of the
standards with values of unknown samples extrapolated from the curve.

2.3.8.3.4 Active GLP-1 ELISA
This assay was purchased from Millipore (Watford, UK; Catalog number: EGLP35K). The assay determines the biologically active forms of GLP-1, GLP-1 (7-36
amide) and GLP-1 (7-37). It uses addition of MUP that in the presence of alkaline
phosphatase forms the fluorescent product umbelliferone that can be quantified by
fluorescence measurement at the recommended wavelength. The assay sensitivity is
2 pM and the specificity/selectivity/cross-reactivity are: GLP-1 (7-36 amide) 100%;
GLP-1 (7-37) 100%. GLP-1 (9-36amide), GLP-2 and glucagon are not detectable.
The inter-assay variation is 8.0 ± 4.8% and the intra-assay variation 7.4 ± 1.1%.

2.3.8.3.5 Leptin ELISA
This assay was commercially purchased from Millipore (Watford, UK; Catalog
number: EZHL-80SK). It is based on a fluorescent, colorimetric detection method
with the use of streptavidin-horseradish peroxidase with the substrate 3,3’, 5,5’TMB. The enzyme activity is measured spectrophotometrically by absorbency at 450
nm – 590 nm. The assay is dual range, offering a highly sensitive method. However,
as we studied obese humans who have elevated leptin levels, we used the low
sensitivity method of the assay; the latter being 0.5 ng/mL + 2 SD, using a 25 µL
sample size. The specificity/selectivity/cross-reactivity of the assay are: Human
Leptin 100%; whereas HPI, insulin, human IGF-1 & IGF-2 and Glucagon are not
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detectable. The linearity of dilution is 80–105% and the inter-assay and intra-assay
variabilities are 2.6–6.2 % and 2.6–4.6% respectively.

2.3.8.3.6 Total GIP (T-GIP) ELISA
This is a fluorophore, colorimetric ELISA kit, purchased by Millipore (Watford, UK;
Catalog number: EZHGIP-54K). It uses streptavidin-horseradish peroxidase with the
substrate 3,3’,5,5’-TMB, with the enzyme activity measured spectrophotometrically
by absorbency at 450 nm – 590 nm. The assay has 100% cross reactivity to human
GIP (1-42) and GIP (3-42). The sensitivity of the assay is 8.2 pg/mL, with inter-assay
and intra-assay variability 1.8–6.1% and 3.0–8.8% respectively. The linearity of
dilution is 99.9 ± 2.7%. There is no cross-reactivity with other peptides including
Glucagon, Oxyntomodulin, GLP-1 and GLP-2.

2.3.8.4 The glucose oxidase method
The glucose oxidase reaction is a widely used method for the determination of
glucose in biological fluids. The method utilised in the Thermo Fischer Infinity™
Glucose (Ox) Liquid Stable Reagent (Thermo Fisher Scientific Inc., UK; Catalog
number: TR15221) is based on the hydrogen peroxide indicator reaction, which
couples 4-aminoantipyrine (4-AAP) to a phenolic compound. At a first stage the
glucose in the sample is converted to gluconic acid by glucose oxidase with
concurrent production of H2O2. The latter reacts in the presence of peroxidase with 4hydroxy benzoic acid (HBA) and 4-AAP forming quinoneimine dye. The intensity of
the colour formed is proportional to the glucose concentration and was measured
bichromatically at 520/600 nm using the Magellan software (Tecan, Reading, UK).
Glucose oxidase
1. Glucose + O2 + H2O

Gluconic Acid + H2O2
Peroxidase

2. H2O2 + HBA + 4-AAP

Quinoneimine dye + H2O

The method is resistant to well-known interfering compounds such as uric acid,
glutathione and creatinine. The sensitivity and top linearity of the assay are 3.3 and
32.5 mmol/L, respectively.
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2.3.8.5 The YSI instrument
The YSI 2300 STAT plus instrument was used for plasma glucose measurement in
the test-meal study II described in Chapter 3. The YSI biosensor technology is based
on the following principle: an enzyme specific for the substrate of interest is
immobilized between two membrane layers, polycarbonate and cellulose acetate.
Glucose is oxidized by the glucose oxidase as it enters the enzyme layer, producing
hydrogen peroxide, which passes through cellulose acetate to a platinum electrode
where the hydrogen peroxide is oxidized. The resulting current is proportional to the
concentration of the substrate.
D-glucose + O2

D-glucono-δ-lactone + H2O2

In total the YSI membranes contain three layers. The first layer, porous
polycarbonate, limits diffusion of the substrate into the second layer which is the
enzyme, preventing the reaction from becoming enzyme-limited. The third layer,
cellulose acetate, permits only small molecules, such as hydrogen peroxide, to reach
the electrode, eliminating many electrochemically-active compounds that could
interfere with the measurement.

2.3.8.6 Surrogate markers of glucose homeostasis
HOMA-IR: Homeostasis model assessment for insulin resistance was first
developed in 1985 (Matthews et al., 1985). This marker provides a robust clinical
and epidemiological insulin resistance assessment tool, from fasting glucose and
insulin concentrations. The model predicts fasting steady state of glucose and insulin
levels.
HOMA IR = [fasting glucose (mmol/L) x fasting insulin (µIU/L)/22.5

The Matsuda Index reflects insulin sensitivity accounting for fasting and postprandial insulin levels (Maki et al., 2009). It is calculated by the equation:
Matsuda Index = 10,000/sqrt (G t0 x I t0 x G t120 x I t120)
[sqrt: squared root; G: glucose; I: insulin; t0 and t120, time 0 min and time 120 min
respectively post-oral glucose load).
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The Insulinogenic Index (IGI) is a surrogate marker of β-cell function and the first
phase of insulin secretion (Hanson et al., 2000, Goedecke et al., 2009).
IGI = Δ-insulin (30min-0min)/ Δ-glucose (30min-0min)
[glucose (mmol/L); insulin (µIU/L]

2.4 Statistical analysis and power calculation
2.4.1 Statistical analysis
Data were analysed with the use of GraphPad Prism 6 and Statistical Package for the
Social Sciences (SPSS) software version 17, with results expressed as mean ± SEM
(Standard error of the mean) or mean and 95% C.I. (confidence interval). The
Gaussian distribution was assessed with the use of the D’Agostino-Pearson omnibus
normality test and by parallel review of the data histogram patterns. Integrated AUC
t0-180 for appetite and hormone concentrations vs. time was calculated with the
trapezoid rule.
For two-group analysis we used 2-tailed Student’s t-test for normally distributed data
and equal variances. Mann-Whitney test was used for non-parametric values or for
values with unequal variances. One-Way-ANOVA repeated measures (RM) with
Bonferroni post-hoc multiple comparison testing, was used for within-group analysis
of repeatedly tested parametric variants, and Friedman’s ANOVA with Dunn’s posthoc for non-parametric data. Paired 2-tailed Student’s t-test was used to assess
changes at individual time-points in the course of the test-meal between two visits
(i.e. 6 weeks post-surgery vs. pre-surgery, 12 weeks post-surgery vs. pre-surgery and
12 weeks post-surgery vs. 6 weeks post-surgery) for parametric data, and Mann
Whitney for non-parametric data. For between-groups comparisons we used unpaired
2-tailed Student’s t-test, and for non-parametric data Friedman test with Dunn’s post
hoc multiple comparison testing, and Mann–Whitney test.
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For three groups comparisons, analysis was undertaken by one-Way-ANOVA with
Bonferroni post-hoc for parametric data and by Kruskall-Wallis with Dunn’s posthoc for non-parametric data.
Calculating the 2-tailed Pearson’s correlation co-efficient and significance was
undertaken for within-group correlation analysis. We undertook correlation analysis
within each group at each visit, pre-operatively and post-surgery. Moreover, for the
post-operative visits additional within-groups’ correlation analysis was undertaken
by combining the 6 and 12-week visit data in cases where the direction of the
correlation between the parameters tested remained the same in both post-operative
visits. In order to assess differences in the correlative relationships between the two
groups the Fischer’s Z extract for the difference in the correlation co-efficients and
the corresponding 2-tailed p values were calculated.
In study I outlined in Chapter 3, multivariate linear regression analysis was
undertaken in order to answer the question whether weight-loss, expressed as
%EWL, could be predicted by any of the changes in gut hormones incurred postsurgery. We utilised a stepwise backward elimination method starting with all
possible predictors, and subsequently removing one at time. For the independent
variables we calculated the change in AUC at 6 and 12 weeks post-surgery, whilst
%EWL was the constant dependent variable in all of the regression analyses.
For Chapter 5 (bariatric database), allelic and genotype frequencies were calculated
and tested for Hardy-Weinberg equilibrium by Chi square goodness of fit test. Next,
to examine the cumulative effect of carrier status for the 30 examined obesity
associated SNPs on BMI phenotype, we constructed a genetic susceptibility score
that summed the number of BMI-increasing alleles (low risk allele=0, high risk
allele=1) across the cohort of 500 patients and performed univariate linear
regression. Subsequently we performed linear regression adjusting for age, sex and
T2DM and examined the adjusted effect on BMI. We then examined the effect of the
FTO SNP rs9939609 on BMI by performing simple linear regression at a first stage
and at a second stage adjusted linear regression for age sex and T2DM. For all results
p < 0.05 was considered to be statistically significant.
In the studies reported in this thesis, we did not correct the results for multiple
comparisons (multiplicity), following careful consideration of the matter, published
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expert opinions on the issues surrounding multiple corrections, and expert statistical
advice sought by Professor Greg Atkinson and Professor Alan M. Batterham (both
from the Health and Social Care Institute, School of Health and Social Care, Parkside
West Teesside University, Middleborough). From the wealth of available literature
three authoritative articles on the topic by Rothman et al., Perneger et al., and Schulz
and Grimes (Rothman et al., 1990, Perneger, 1998, Schulz and Grimes, 2005);
[Rothman, K.J. No adjustments are needed for multiple comparisons (1990)
Epidemiology, 1 (1), pp. 43-46; Perneger, T.V. What's wrong with Bonferroni
adjustments (1998) British Medical Journal, 316 (7139), pp. 1236-1238. Cited 1761
times; Schulz K.F., Grimes D.A. Multiplicity in randomised trials I: Endpoints and
treatments 2005) Lancet, 365 (9470), pp. 1591-1595. Cited 82 times] strongly argue
against applying multiple corrections in statistical analysis.
Key pertinent quotations from these articles include: i) "In general, readers need not
expect corrections for multiplicity. For most trials, adjustments for multiplicity lack
substance and prove unhelpful” (Schulz and Grimes, 2005); ii) "A policy of not
making adjustments for multiple comparisons is preferable because it will lead to
fewer errors of interpretation when the data under evaluation are not random
numbers but actual observations on nature. Furthermore, scientists should not be so
reluctant to explore leads that may turn out to be wrong that they penalize
themselves by missing possibly important findings" (Rothman et al., 1990); iii)
"Adjusting statistical significance for the number of tests that have been performed
tends to create more problems than it solves. Simply describing what tests of
significance have been performed is generally the best way of dealing with multiple
comparisons." (Perneger, 1998). This latter statement recapitulates the approach and
strategy we have adopted in the studies included in this thesis.
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2.4.2 Studies power calculation
Study

power

calculation

was

undertaken

using

the

Harvard

software

(http://hedwig.mgh.harvard.edu/sample_size/size.html).

Chapter 3: Sample size for the studies in Chapters 3 (these studies examined the
effects of RYGBP and SG in circulating gut hormones and incretins) were calculated
on the basis of PYY data reported in the study of Le Roux et al., (le Roux et al.,
2007). In this study after a test-meal, there was an increase in PYY levels from
16.0 pg/mL (8.1) at baseline to 40.4 pg/mL (7.8) after the RYGBP in obese subjects.
The alpha risk was established at 0.05 and the beta risk at 0.20 in a bilateral design.
Six patients were allocated to each arm, in order to detect a difference equal to or
greater than 15 pg/mL of variation. It assumed a common standard deviation of 8.35.

Chapter 4: The studies reported in Chapter 4 were pilot studies. The study
examining the effects of FTO rs9939609 genotype on circulating acyl-ghrelin in
obese humans was powered on the basis of our published data on the effect of FTO
rs9939609 genotype on circulating acyl-ghrelin in healthy humans. On the basis of
our Delta AUC acyl-ghrelin data (mean AA 10426 pg/ml, mean TT 17724 pg/ml,
common standard deviation 8207 pg/ml) with alpha set at 0.05 and study power of
0.8, each genotype group should include 16 subjects; or 12 subjects for power of
0.70. Similarly, on the basis of fasting acyl-ghrelin data (mean AA 201 pg/ml, mean
TT 152 pg/ml, common standard deviation 53 pg/ml) with alpha set at 0.05 and study
power of 0.8, each genotype group should include 15 subjects; or 12 subjects for
power of 0.70. The study examining the effects of SG on circulating acyl-ghrelin in
AA vs. TT adiposity matched subjects was a pilot study, with no data available on
the efefcts of SG on circulating acyl-ghrelin in relation to FTO genotype.
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Chapter 3

THE EFFECTS OF RYGBP vs. SG
ON
ANTHROPOMETRIC INDICES, CIRCULATING GUT
HORMONES, INDICES OF GLYCAEMIA
&
SUBJECTIVE APPETITE
IN HUMANS WITHOUT T2DM
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3.1 Background
Obesity is a leading cause of morbidity and mortality worldwide with significant
associated healthcare costs. The global obesity pandemic has resulted in parallel
substantial increases in the prevalence of T2DM (Swinburn et al., 2011, Palermo et
al., 2013). To date, lifestyle modifications and medical therapies for the treatment of
obesity have been proven ineffective, resulting in limited weight-loss and homeostatic
compensations in appetite and circulating gut hormones, which compromise weightloss maintenance (Karra et al., 2010, Sumithran et al., 2011). Currently, bariatric
surgery is the only available treatment that induces substantial, long-lasting weightloss. Moreover, in addition to its weight-loss efficacy, bariatric surgery results in
marked improvements in obesity-associated comorbidities; including reductions in
blood pressure and certain forms of cancer (e.g. breast and endometrial cancer),
improvements in glycaemia, and even more impressively complete resolution and
cure of T2DM, as well as reduced mortality (Buchwald et al., 2009, Buchwald et al.,
2004, Sjostrom et al., 2007, Sjostrom et al., 2004, Adams et al., 2006, Karra et al.,
2010, Stefater et al., 2012, Buchwald and Oien, 2013). A greater understanding of the
mechanisms underlying the marked, sustained weight-loss and improvement in
T2DM post-bariatric surgery may lead to the development of more effective therapies
for obesity and T2DM.
The vast glycaemia improvements, and even complete T2DM resolution reported in
up to 80% of cases constitute one of the most remarkable features of bariatric surgery
(Buchwald et al., 2009). More importantly these effects of bariatric surgery on
glycaemia appear to be highly sustainable, lasting up to 16 years (Pories and Dohm,
2012, Pories, 2004, Schauer et al., 2003). The surgically induced weight-loss
undoubtedly contributes to glycaemia amelioration; primarily via less immediate
effects relating to increases in peripheral and hepatic insulin sensitivity (Dirksen et
al., 2012, Knop and Taylor, 2013). However, the early, striking glycaemia
improvements post-surgery before any significant weight-loss occurs, point towards
weight-independent mechanisms underlying these effects. Indeed, substantial glucose
homeostasis improvements occur within days post-surgery (Salinari et al., 2013,
Pories et al., 1995, Cummings, 2009, Schauer et al., 2003). In a study by Schauer et
al., across 1160 patients with T2DM, of 240 cases severe enough to require treatment
with oral hypoglycaemic agents and/or insulin administration, ~30% of patients were
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discharged from hospital with normal glucose levels off all diabetes medications
following an average hospital stay of only ~2.8 days (Schauer et al., 2003). Moreover,
in addition to the rapid time course of T2DM resolution, the disproportional
amelioration glycaemia induced by RYGBP vs. that observed with equivalent weightloss by medical means and other surgical procedures (Cummings, 2009) suggests that
weight-independent and surgery-specific mechanisms mediate these beneficial effects
of RYGBP on glucose homeostasis.
Several mechanisms including malabsorption, caloric restriction and reduction of
gastric capacity, have been proposed to underlie the weight-loss effects and metabolic
benefits of bariatric surgery (Karra et al., 2010). However, a number of studies have
revealed that a key mechanism for the weight-loss success and metabolic benefits of
bariatric surgery is changes in circulating gut hormones engendered by surgery,
including ghrelin, GLP-1 and PYY (Yousseif et al., 2013, Stefater et al., 2012, Scott
and Batterham, 2011, Karra et al., 2010). Along this line, theories put forward to
explain the weight-independent metabolic/glycaemic effects of bariatric surgery
include the “ghrelin hypothesis” (Cummings et al., 2002, Thaler and Cummings,
2009), the “hindgut theory or lower intestinal hypothesis” (Thaler and Cummings,
2009) and the “foregut exclusion theory or upper intestinal hypothesis” (Thaler and
Cummings, 2009).
Gut hormones are peptides released from the gut in response to nutrient intake, and
modulate appetite, food intake and glucose homeostasis. Ghrelin is produced by
specialised endocrine cells, the Gr-cells. The majority of Gr-cells are found in the
stomach fundus and proximal small intestine. Ghrelin has two unique properties:
firstly, it is the only hormone known to stimulate appetite; secondly, ghrelin
undergoes a unique acylation by addition of an acyl-group at serine-3 of the peptide.
This acylation is necessary for ghrelin to interact with its receptor and for ghrelin to
cross the BBB (Castaneda et al., 2010). Acylation of ghrelin in serine 3 is mediated
by the enzyme GOAT and gives rise to acyl-ghrelin, which is the orexigenic form of
the peptide. Acyl-ghrelin is rapidly converted by endogenous esterases to des-acyl
ghrelin, which represents the main circulating form of the peptide. Thus, in order to
accurately measure circulating concentrations of acyl-ghrelin specific sample
collection by addition of esterase inhibitors is required, in order to block ex vivo
conversion of acyl- to desacyl-ghrelin (Chandarana et al., 2011). Moreover, acyl3. 114

ghrelin is stable only at acidic pH, and therefore samples need to be acidified
(Chandarana et al., 2011). Cummings et al., provided the first evidence that RYGBP
alters circulating ghrelin levels (Cummings et al., 2002). Considering the glucose
regulating effects of ghrelin -which include stimulation of insulin counter-regulatory
hormones, suppression of the insulin-sensitizing hormone adiponectin, and inhibition
of insulin secretion- post-operative changes in ghrelin have been suggested to
contribute in addition to the weight-loss, to glycaemia improvements (Castaneda et
al., 2010, Karra et al., 2010).
“The hindgut hypothesis” refers to over-stimulation of the distal gut L-cells which
synthesise the incretin GLP-1 and the gut hormone PYY (Kauth and Metz, 1987,
Solcia et al., 1985); with subsequent over-secretion of GLP-1 and PYY (Thaler and
Cummings, 2009). The main reason for the post-operative hindgut overstimulation is
the anatomical shortcut created by RYGBP, which allows bypass by the nutrients of
the majority of the stomach, the duodenum and proximal jejunum, with direct
unhindered delivery of nutrients to the distal gut (Stefater et al., 2010). Biologically
active forms of GLP-1 (GLP-17–36 amide and GLP-17–37) act primarily as incretin
hormones, by augmenting glucose-dependent insulin release, but also exert anorectic
properties (Turton et al., 1996, Kreymann et al., 1987). Active GLP-1 has a short
half-life due to its rapid inactivation by the ubiquitously expressed enzyme DPP-4.
Two forms of PYY are found in the circulation, the full-length isoform PYY1-36 and
the truncated peptide PYY3-36, which represents the main circulating form. The
conversion of PYY1-36 to PYY3-36 is mediated by DPP-4. PYY3-36 is an anorectic
peptide, that reduces food intake in rodents and humans, whereas also impacts on
glucose homeostasis (Batterham and Bloom, 2003, Batterham et al., 2003, Batterham
et al., 2002, Chandarana et al., 2013). Central PYY1-36 administration to rodents
increases food intake (Batterham and Bloom, 2003), whereas peripheral PYY1-36
administration to rodents (pulmonary and intravenous) has been reported to induce
equipotent or weaker anorexigenic effects than PYY3-36 (Nadkarni et al., 2011,
Chelikani et al., 2005). However, to date there is no evidence that systemic
administration of PYY1-36 has any effects on human appetite and feeding behaviour
(Sloth et al., 2007). In light of the enzymatic processing of GLP-1 and PYY by DPP4, accurate measurement of the active forms of these peptides requires specific
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sample collection, by addition of DPP-4 inhibitor to the sample, aimed at blocking the
ex vivo activity of DPP-4 (Chandarana et al., 2009).
The second incretin molecule, GIP is secreted by the foregut enteroendocrine K-cells,
which are primarily located in the duodenum (Buffa et al., 1975, Smith, 1983).
Similar to GLP-1, GIP is degraded by DPP-4. Therefore, use of DPP-4 inhibitor to
samples is also required in order to accurately determine circulating GIP levels.
“The foregut exclusion theory” postulates that bypass of the proximal gut allows
improvement of glycaemia by altering secretion of GIP or an alternative, yet
unidentified molecule from this site (Rubino et al., 2010, Thaler and Cummings,
2009). Rubino et al., were the first to provide evidence supporting the foregut
hypothesis by undertaking DJB, a gastric sparing variant of RYGBP in Goto Kakizaki
rats, a non-obese T2DM model (Thaler and Cummings, 2009). This procedure
excludes the duodenum and proximal jejunum from digestive continuity (i.e. the same
enteric segments bypassed by RYGBP), but does not disrupt nutrient-exposure of the
stomach. Goto Kakizaki rats exposed to DJB show great glycaemia improvements
compared to sham-operated animals, despite no differences in bodyweight and foodintake (Rubino and Marescaux, 2004). These observations suggest that exclusion of
the duodenum and proximal jejunum exerts weight-independent antidiabetic
properties. Similar findings were reported by other studies in Goto Kakizaki and
Zucker rats (Pacheco et al., 2007, Rubino et al., 2005), and by studies of DJB in
humans (Cohen et al., 2007).
A large number of studies have examined the effects of bariatric surgery on insulin
secretion and insulin resistance. Physiologically, a biphasic insulin response is the
ultimate indication of a well-coupled healthy β-cell (Nesher et al., 2002). Upon
stimulation of the islets cells by elevated plasma glucose, the β-cells respond with a
very rapid early release of insulin, which corresponds to release of pre-stored insulin
(Henquin, 2009). Then, a later more sustained insulin secretion phase is observed,
corresponding to release of newly synthesized insulin, and reflecting peripheral
insulin sensitivity (insulin resistance). The first phase of insulin secretion is blunted in
obese patients and absent in T2DM, whilst the second phase is augmented in both
obesity and T2DM (Henquin, 2009). A hallmark feature of RYGBP is exaggerated
early insulin responses after an oral challenge, but not after an intravenous glucose
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infusion in subjects with normal glucose tolerance and T2DM (Reed et al., 2011,
Morinigo et al., 2006, Garcia-Fuentes et al., 2006, Lin et al., 2010, Salinari et al.,
2013, Dirksen et al., 2013a). Several factors including enhanced post-prandial
nutrient absorption, and the incretinic effects of the enhanced GLP-1 responses are
thought to underlie these exaggerated insulin responses post-RYGBP. This latter is
evident by decreases in insulin secretion in response to nutrient stimulation by
pharmacological blockade of the GLP-1R with exendin 9-39 in animal models of
bariatric surgery and in humans (Chambers et al., 2011, Troy et al., 2008, Jimenez et
al., 2013, Jorgensen et al., 2013, Shah et al., 2013). Moreover, hepatic insulin
resistance, evaluated either by the use of the surrogate HOMA-IR or by clamp
studies, is consistently reported to decrease as early as the first post-operatively week
(Bojsen-Moller et al., 2013, Jorgensen et al., 2012, Kim et al., 2012a, Lin et al.,
2010). Much less agreement is found in the literature regarding the acute, early
improvement of insulin sensitivity, and this is mostly reported to occur after
substantial weight-loss (Campos et al., 2010, Schauer et al., 2012, Rao et al., 2012,
Camastra et al., 2011, Nannipieri et al., 2011). Furthermore, RYGBP surgery also
alters the second islet-derived glucoregulatory hormone, glucagon. An increasing
number of studies report increases in glucagon levels post-RYGBP, despite postoperative increases in circulating insulin and the glucagonostatic GLP-1 (Jorgensen et
al., 2012, Falken et al., 2011, Salehi et al., 2011, Jorgensen et al., 2013, Dirksen et al.,
2013a, Kashyap et al., 2010, Nannipieri et al., 2013).
Amongst all bariatric procedures, RYGBP is considered the ‘gold standard’
operation, resulting in 65-80% excess weight-loss (Karra et al., 2010, Scott et al.,
2013). Diet-induced weight-loss results in increased circulating ghrelin, reductions in
PYY concentrations, whilst has little effect on GLP-1 levels (Laferrere, 2009,
Sumithran et al., 2011, Valderas et al., 2011); while controversy surrounds changes in
circulating GIP with decreases, increases or no changes reported (Dirksen et al.,
2012). However, despite marked reductions in bodyweight following RYGBP,
circulating ghrelin levels decrease, and marked, weight-independent, increments in
nutrient-stimulated plasma PYY and GLP-1 levels occur (Yousseif et al., 2013, Scott
and Batterham, 2011, Morinigo et al., 2006, Laferrere, 2009, Peterli et al., 2009,
Morinigo et al., 2008, Olivan et al., 2009, Chronaiou et al., 2012, Barazzoni et al.,
2013). RYGBP restricts the stomach volume by creating a small gastric pouch along
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the lesser stomach curvature, and also reroutes passage of nutrients across the
alimentary tract by directing nutrient emptying from the stomach pouch straight into
the mid-jejunum. Therefore, the majority of the stomach, duodenum and proximal
jejunum are excluded from nutrient flow, and partially digested nutrients pass rapidly
into the mid-jejunum and hindgut (Chapter 2, Figure 2.7) (Karra et al., 2010). In
contrast to weight-loss by dietary means, which results in compensatory hunger
increases, patients post-RYGBP exhibit reduced appetite (Olbers et al., 2006, Stefater
et al., 2012). Moreover, RYGBP associates with rapid amelioration of T2DM, before
any weight-loss occurs (Rubino and Gagner, 2002, Pories et al., 1987), implicating
weight-independent mechanisms to this effect.
RYGBP is cost-effective, but technically challenging, and is associated with risks of
micronutrient deficiencies (Colossi et al., 2008). Therefore, post-RYGBP lifelong
follow-up is required. SG is technically a simpler procedure, originally designed as a
first-step operation to reduce weight in super-obese patients. This initial weight-loss
would decrease technical challenges and facilitate conversion of SG at a second stage
to a hybrid procedure, i.e. RYGBP (Karra et al., 2010). SG involves a shorter
operative time, and is associated with lower rate of complications and nutritional
deficiencies than RYGBP (Gehrer et al., 2010). These advantages of SG, along with
early studies demonstrating comparable weight-loss and metabolic outcomes to
RYGBP have resulted in an increased popularity of SG as a stand-alone procedure
(Yousseif et al., 2013, Paluszkiewicz et al., 2012, Vidal et al., 2013, Buchwald and
Oien, 2013). However, the long-term weight-loss and metabolic effects of SG remain
unknown (Chambers et al., 2011).
SG alters gastrointestinal anatomy in a differential manner to RYGBP. Firstly, during
SG the stomach fundus Gr-cells are excised. Secondly SG, in sharp contrast to
RYGBP, does not disrupt digestive continuity of the stomach and foregut. Thirdly,
while SG does not disrupt the pyloric sphincter, gastric emptying post-SG is
accelerated, possibly as a consequence of effects of gastric restriction on neural
control of gastric peristalsis (Braghetto et al., 2009, Baumann et al., 2011). The
enhanced gastric emptying post-SG results in foregut overstimulation via expedited
delivery of partially digested nutrients to the duodenum; and also allows rapid
nutrient delivery to the hindgut.
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The differences in anatomy in the alimentary tract post-SG vs. post-RYGBP result in
differential nutrient exposure of stomach Gr-cells, duodenal K-cells and the hindgut
L-cells. Therefore the logical presumption would be that the two procedures would
differentially alter circulating gut hormones. To date most comparative studies report
greater reductions in plasma fasting and/or meal-stimulated ghrelin after SG vs.
RYGBP (Peterli et al., 2009, Karamanakos et al., 2008, Ramon et al., 2012, Peterli et
al., 2012). However, comparative reports on changes in circulating levels of the Lcell peptides GLP-1 and PYY are less consistent; with some studies reporting either
comparable increases in plasma GLP-1 and/or total-PYY levels (Chambers et al.,
2011, Peterli et al., 2009, Karamanakos et al., 2008, Peterli et al., 2012, Romero et al.,
2012); or superior total-PYY levels (Valderas et al., 2010) and GLP-1 levels (Ramon
et al., 2012). Technical variations in the procedures, differences in the hormonal
isoforms assessed, time-lapse from surgery, subjects’ HOMA-IR/glycaemic status,
and differences in subject standardization and sample processing may underlie these
discrepancies. In support to this last argument Chandarana et al., have reported that
accurate assessment of appetite and circulating gut hormones requires stringent
sample collection/processing, and adequate subject-standardisation (Chandarana et
al., 2009). Moreover, circulating gut hormone concentrations are altered in patients
with T2DM (Olivan et al., 2009, Nauck et al., 1986, Katsuki et al., 2004). Therefore
discrepant gut hormone findings between studies may relate to failure to control for
these factors. A clearer understanding of how circulating gut hormones are altered
post-RYGBP and SG is key for the development of less invasive procedures and
medical therapies for obesity and T2DM.
Most studies to date have assayed total-ghrelin, total-PYY, total-GLP-1, and/or TGIP post-surgery, which reflect hormone production and release, but give little
information on the effects of surgery on the circulating levels of the biologically
active forms of the hormones. Making this argument more relevant, DPP-4 activity
declines after RYGBP (Alam et al., 2011); whereas GOAT expression is altered by
caloric restriction, and plasma GOAT is BMI-dependent, (Kirchner et al., 2009,
Gonzalez et al., 2008, Goebel-Stengel et al., 2013), and hence may change postbariatric surgery. Furthermore, the effects of SG on circulating I-GIP remain entirely
unknown; with limited data on the effects of RYGBP on I-GIP, and of SG on T-GIP
(Rao and Kini, 2011, Dirksen et al., 2012). Therefore, in the two studies described in
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this Chapter, we prospectively compared the effects of SG and RYGBP on
anthropometric indices, fasting plasma leptin, fasting and meal-stimulated plasma
glucose, insulin, active GLP-1, T-GIP, I-GIP, glucagon, acyl-ghrelin and PYY3-36.
Though our studies were primarily focused on the effects of RYGBP and SG on gut
hormones and glycaemia, our subjects also completed appetite VAS questionnaires,
and the results of these are also reported in this Chapter.

3.2 Methods
Briefly, studies I & II, each entailed two study groups of obese non-diabetic females
undergoing RYGBP (10 in each study) and SG (8 in study I & 10 in study II). Study
subject’s characteristics are presented in Table 3.1 for study I, and Table 3.8 for study
II.
All study subjects underwent a test-meal study pre-operatively, and at 6 and 12 weeks
post-operatively with measurement of adiposity, circulating gut hormones, plasma
glucose and insulin at set time-points, and with parallel appetite measurement by
VAS. Thyroid hormones were tested to ensure that our results are not confounded by
altered thyroid status, since altered thyroid biochemistry can impact on transit time
(Wegener et al., 1992), circulating incretins (Cheng et al., 2013) and glucose
tolerance (Paul et al., 2004).
Methodological details are presented in Chapter 2, sections 2.3 & 2.4. The patients’
co-morbidities and list of prescribed medications are listed in Tables 3.2 & 3.9.
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3.3.A Study I: THE EFFECTS OF RYGBP vs. SG ON ANTHROPOMETRIC
INDICES, APPETITE & CIRCULATING GUT HORMONES IN HUMANS
WITHOUT T2DM
3.3.A.1 Hypothesis
RYGBP and SG will differentially alter circulating levels of gut hormones originating
from the gut enteroendocrine cells.
The rationale for the study and the hypothesis are detailed in Chapter 1, Part E.

3.3.A.2 Results
3.3.A.2.1 The effects of RYGBP and SG on fasting indices of glycaemia, lipids
and thyroid hormone levels
The two groups had comparable fasting levels of glucose, insulin and lipids [total
cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL)]
pre-operatively (Table 3.1) and at the 2 post-operative visits (Table 3.4). Moreover,
both groups had comparable free thyroxine hormone (fT4) levels pre-operatively
(RYGBP: 16.6 ± 1.1, SG: 15.2 ± 0.3, p = 0.28), at 6 weeks (RYGBP: 14.8 ± 1.7, SG:
14.9 ± 0.8, p = 0.95), and at 12 weeks post-surgery (RYGBP: 15.5 ± 0.8, SG: 14.6 ±
0.6, p = 0.42).

3.3.A.2.2 The effects of RYGBP and SG on anthropometric indices and fasting
leptin levels
The RYGBP and SG groups were matched for age, BMI, total body fat mass and
VFA pre-operatively (Figure 3.1 & Table 3.1). Post-surgery both groups experienced
significant, comparable and incremental declines in BMI (p < 0.0001), fat mass (p <
0.001), VFA (p < 0.0001) at 6 weeks and 12 weeks post-surgery (Figure 3.1 & Table
3.4). Furthermore, both groups experienced further comparable reduction in BMI at
26 and 52 weeks post-surgery (Figure 3.1). Pre-surgery fasting leptin levels were
similar in RYGBP and SG groups (Table 3.3), and these reduced significantly at 6
and 12 weeks post-surgery with no between-groups differences (Table 3.5).
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Figure 3.1: Temporal changes in BMI in the RYGBP and SG groups. BMI in the RYGBP (black,
solid squares) and SG (black, open circles) pre-operatively, and at 6, 12, 26 and 52 weeks post-surgery.
The table below the Figure panel demonstrates the n number of subjects at each time-point for the
RYGBP and SG groups. Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; BMI, body
mass index.
Table 3.1 Baseline (pre-operative) anthropometric characteristics and
biochemistry for the RYGBP & SG groups (mean±SEM).

RYGBP

SG

(n=10)

(n=8)

Age (years)

46.8 ± 1.5

41.4 ± 3.4

0.13

Weight (kg)

118.4 ± 4.1

121 ± 4.5

0.69

2

p value

BMI (kg/m )

45 ± 1.5

44 ± 1.6

0.66

EW (kg)

46 ± 4.1

46.8 ± 4.7

0.90

245 ± 12.1

231 ± 11.8

0.45

62 ± 3.3

84.3 ± 3.8

0.99

63.3 ± 5.6

64.7 ± 6.3

0.89

VFA (cm 2)
Total fat mass (kg)
Fasting leptin (ng/mL)
Fasting glucose (mmol/L)

5.0 ± 0.1

4.8 ± 0.1

0.60

Fasting Insulin (mu/L)

14.8 ± 2.7

19.6 ± 4.3

0.34

HbA1c (%)

5.9 ± 0.1

5.8 ± 0.2

0.84

HOMA-IR

3.3 ± 0.6

4.3 ± 1

0.41

TC (mmol/L)

5.7 ± 0.4

5.3 ± 0.3

0.40

LDL (mmol/L)

3.7 ± 0.4

3.5 ± 0.3

0.71

HDL (mmol/L)

1.3 ± 0.2

1.3 ± 0.1

0.93

TG (mmol/L)

1.5 ± 0.2

1.1 ± 0.1

0.08

Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; BMI, body mass index; EW, excess
weight, VFA, visceral fat area; HbA1c, glycated hemoglobin; HOMA-IR; homeostasis model
assessment for insulin resistance; TC, total cholesterol; LDL, low-density lipoprotein cholesterol;
HDL, high-density lipoprotein cholesterol; TG, triglycerides; p-value: Student’s unpaired, 2-tailed ttest (parametric) and Mann–Whitney test (non-parametric data), comparison between RYGBP and
SG.
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Table 3.2 Comorbidities and medication profile for the
RYGBP & SG groups.

RYGBP

SG

n = 10

n=8

Hypertension

4

2

Hyperlipidaemia

4

1

IHD

1

0

Hypothyroidism

2

0

Asthma / COPD

2

1

OSA

1

0

GORD

1

1

Depression

1

1

Arthritis

5

3

Antihypertensives

3

2

Lipid lowering drugs

4

1

Thyroxine

2

0

Analgesics

1

1

Antidepressants

2

2

Comorbidities

Medications

Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; IHD, ischaemic heart disease;
COPD, chronic obstructive pulmonary disease; OSA, obstructive sleep apnoea; GORD, gastrooesophageal reflux disease.

Table 3.3 Baseline (pre-operative) gut hormones levels and glycaemia indices for the
RYGBP & SG groups (mean±SEM).

RYGBP

SG

(n = 10)

(n = 8)

Fasting leptin (ng/mL)

63.3 ± 5.6

62.4 ± 6.9

0.92

Fasting acyl-ghrelin (pg/mL)

186 ± 20.2

145 ± 14.9

0.14

25853 ± 2242

22485 ± 2231

0.31

Acyl-ghrelin AUC0-180 (pg*min/mL)
Fasting PYY3-36 (pg/mL)
PYY 3-36 AUC 0-180 (pg*min/mL)
Fasting active GLP-1 (pmol/L)
Active GLP-1 AUC0-180 (pmol*min/L)
Fasting glucose (mmol/L)
Glucose AUC0-180 (mmol*min/L)
Fasting insulin (mU/L)
Insulin AUC0-180 (mU*min/L)
HOMA-IR

p value

64.6 ± 12.8

69.4 ± 12

0.79

19794 ± 2273

18917 ± 2656

0.80

4.5 ± 0.9

4.2 ± 0.1

0.62

1279 ± 188

933 ± 40

0.13

5.0 ± 0.1

4.8 ± 0.1

0.26

1116 ± 44.6

1152 ± 45.9

0.58

14.8 ± 2.7

19.6 ± 4.3

0.34

15221 ± 2206

15508 ± 3324

0.94

3.3 ± 0.6

4.3 ± 1

0.41

Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; AUC, area-under-the-curve; PYY
peptide tyrosine tyrosine; GLP-1 glucagon-like peptide 1; HOMA-IR, homeostasis model assessment
for insulin resistance. p-value: Student’s unpaired, 2-tailed t-test (parametric) and Mann–Whitney test
(non-parametric data), comparison between RYGBP and SG.
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3.3.A.2.3 The effects of RYGBP and SG on fasting and meal-stimulated acylghrelin levels
Both groups had comparable fasting acyl-ghrelin and acyl-ghrelin AUC0-180 preoperatively (Figure 3.2C&D, Table 3.3). RYGBP resulted in decreases in fasting
acyl-ghrelin levels at 6 weeks post-surgery (p = 0.06) (Figure 3.2A&C, Table 3.5).
Whereas at 12 weeks we observed significant increases in fasting acyl-ghrelin levels
compared to 6 weeks post-surgery (p = 0.04), towards pre-operative levels (p = 0.74)
(Figure 3.2C & Table 3.5). Nutrient-stimulated acyl-ghrelin concentrations were
significantly lower compared to pre-operatively at t30 post-meal at both the 6 and 12week post-operative visits in the RYGBP group (p < 0.05) (Figure 3.2A). Acylghrelin AUC0-180 non-significantly declined at 6 and 12 weeks post-RYGBP (p = 0.38,
p = 0.72, respectively) (Figure 3.2D & Table 3.5).
Post-SG, fasting acyl-ghrelin levels significantly declined from baseline at both postoperative visits (p = 0.047 & p = 0.02 at 6 and 12 weeks post-SG) (Figure 3.2 B&C &
Table 3.5). Post-SG, we also observed significantly lower acyl-ghrelin levels at t3060 at 6 weeks; and at t15-60 at 12 weeks (p < 0.05) (Figure 3.2B). Acyl-ghrelin
AUC0-180 concentrations declined post-SG (p = 0.08 for both) (Figure 3.2D & Table
3.5).
There was no difference in nadir acyl-ghrelin levels in the RYGBP group postoperatively vs. pre-surgery (Baseline: 114 ± 12 pg/mL; 6 weeks: 114 ± 5.2 pg/mL; 12
weeks: 109 ± 7.2 pg/mL; One-way-ANOVA RM: p = 0.84). Nadir-acyl-ghrelin nonsignificantly decreased post-SG (Baseline: 103 ± 11.5pg/mL; 6 weeks: 92 ±
6.6pg/mL; 12 weeks 83 ± 9.6 pg/mL; One-way-ANOVA RM: p = 0.34).
Between-groups comparison showed that the SG group exhibited significantly lower
fasting acyl-ghrelin levels at both post-operative visits vs. RYGBP (p = 0.02 and p =
0.001 for 6 and 12 weeks, respectively) (Figure 3.2C & Table 3.6). Moreover, mealstimulated acyl-ghrelin levels were significantly lower post-SG between t15-150
post-meal at 6 weeks; and at t15, t60 and t120-180 at 12 weeks vs. RYGBP (p < 0.05)
(Figure 3.2A&B). The SG group exhibited significantly lower acyl-ghrelin AUC0-180
vs. RYGBP at 6 and 12 weeks post-surgery (p < 0.01) (Figure 3.2D & Table 3.5).
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Figure 3.2: The effects of RYGBP and SG on plasma fasting and meal-stimulated acyl-ghrelin
levels and on acyl-ghrelin AUC. (A, B) Temporal profiles of acyl-ghrelin levels in response to the
test-meal (test-meal was given at t=0) pre-operatively (solid, black squares), at 6 (solid, red circles) and
12 weeks (solid, green triangles) post-RYGBP (A) and SG groups (B). (C) Fasting acyl-ghrelin
concentrations for the RYGBP (solid, black bars) and SG groups (solid, grey bars) pre-operatively, and
at 6 and 12 weeks post-surgery. (D) Acyl-ghrelin AUC0-180 for the RYGBP (solid, black bars) and SG
group (solid, grey bars) pre-operatively, and at 6 and 12 weeks post-surgery. * denotes p < 0.05 at 6
weeks post-surgery vs. pre-operatively. † denotes p < 0.05 at 12 weeks post-surgery vs. preoperatively. ‡ denotes p <0.05 for 12 weeks vs. 6 weeks post-surgery. The p values at the right-upper
corner of panel D represent within group repeated-measures One-way-ANOVA stats for the overall
phenomenon within each group are indicated on the upper right corner of panels (D). Between groups
and between visit significance are s indicated over the corresponding graph bars. Key: RYGBP, Rouxen-Y gastric bypass; SG, sleeve gastrectomy; AUC: area-under-the-curve.
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245 ± 12.1

VFA (cm2 )

4.9 ± 0.1

14.8 ± 2.7

3.3 ± 0.6

Fasting glucose (mmol/L)

Fasting Insulin

HOMA-IR

3.7 ± 0.4

1.3 ± 0.2

1.5 ± 0.2

LDL (mmol/L)

HDL (mmol/L)

TG (mmol/L)

1.6 ±0.2

1.2 ±0.1

3.3 ± 0.3

5.2 ± 0.2

2.2 ± 0.3

10.6 ± 1.6

4.8 ± 0.2

5.5 ± 1.1

0.63

0.25

0.29

0.23

0.12

0.15

0.31

0.01

< 0.0001

< 0.0001

< 0.0001

pa

37.9± 1.6

1.3 ± 0.2

1.3 ± 0.2

3.2 ± 0.3

5.2 ± 0.2

2.0 ± 0.2

10 ± 1.1

5.0 ± 0.1

5.4 ± 0.1

188 ± 11

49.3 ± 3.2

39.4 ± 3.8

18.7 ± 0.8

pb

0.93

0.62

0.11

0.18

0.05

0.08

0.62

< 0.01

< 0.0001

< 0.0001

< 0.0001

12 Weeks
Mean ± SEM

1.1 ± 0.1

1.3 ± 0.1

3.5 ± 0.3

5.3 ± 0.3

4.3 ± 1

19.6 ± 4.3

4.8 ± 0.2

5.9 ± 0.2

231 ± 11.8

62.1 ± 3.0

41.4 ± 3.4

41.4 ± 3.4 (28-57)

Pre-operatively

1.1 ± 0.2

1.2 ± 0.1

3.4 ± 0.3

5.1 ± 0.3

2.5 ± 0.4

11.8 ± 1.8

4.6 ± 0.2

5.6 ± 0.1

195 ± 13.6

54 ± 3.3

28.9 ± 5.1

13.9 ± 2.2

39.6 ± 1.7

Mean ± SEM

pc

0.92

0.28

0.46

0.44

< 0.01

0.03

0.33

0.10

< 0.001

< 0.0001

< 0.0001

6 Weeks

SG

1.0 ± 0.1

1.5 ± 0.1

3.7 ± 0.3

5.6 ± 0.3

2.5 ± 0.5

12.6 ± 2.5

4.6 ± 0.2

5.5 ± 0.0

180 ± 13

49 ± 3.2

37.8 ± 5.3

19.9 ± 3.0

37.4 ± 1.7

0.42

0.01

0.35

0.08

< 0.01

0.02

0.33

0.02

< 0.001

< 0.0001

< 0.0001

12 Weeks
pd

Mean ± SEM

0.08

0.93

0.71

0.40

0.41

0.34

0.6

0.83

0.45

0.99

0.66

0.13

pe

0.07

0.92

0.95

0.69

0.63

0.62

0.65

0.38

0.49

0.95

0.77

0.56

0.81

pf

p
(between groups)

0.02

0.64

0.28

0.31

0.26

0.33

0.23

0.51

0.63

0.95

0.81

0.67

0.84

pg

Within group analysis (One-way-ANOVA RM): RYGBP (Pa: 6 weeks vs. pre-operatively, Pb: 12 weeks vs. pre-operatively), SG: (PC: 6 weeks vs. pre-operatively, Pd: 12 weeks vs. preoperatively. Between-groups analysis (Student’s unpaired t-test): pe: RYGBP vs. SG before surgery, pf: RYGBP vs. SG at 6 weeks post-surgery, pg: RYGBP vs. SG at 12 weeks postsurgery. Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; BMI, body mass index; %EWL, percentage excess weight loss; WL, weight loss; VFA, visceral fat area;
HbA1c, glycated haemoglobin; HOMA-IR; homeostasis model assessment for insulin resistance; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
TG, triglycerides. p-value: Student’s non-paired t-test, comparison between RYGBP and SG

5.7 ± 0.4

TC (mmol/L)

Lipid profile

5.9 ± 0.1

HbA1c (%)

Glycaemia indices

53.7 ± 3.1

62 ± 3.3

Total fat mass (kg)

207 ± 10.9

27.1 ± 3.6

%EWL (%)

40.2 ± 1.7

12.6 ± 0.8

45 ± 1.5

46.8 ± 1.5 (40-53)

6 Weeks

Mean ± SEM

Weight Loss (kg)

BMI (kg/m2)

Anthropometrics

Age

Mean ± SEM

Pre-operatively

RYGBP

Table 3.4 Anthropometric characteristics, glycaemia indices and lipid profile for the RYGBP & SG groups pre-operatively, and at 6 and 12 weeks post-surgery (mean ± SEM).
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3.2.A.2.4 The effects of RYGBP and SG on the fasting and meal-stimulated
PYY3-36 levels
There were no differences in fasting PYY3-36 levels and PYY3-36 AUC0-180 between
the RYGBP and SG groups pre-operatively (Figure 3.3A-C & Table 3.3). Both
RYGBP and SG resulted in non-significant increases in fasting PYY3-36 at both postoperative assessments (Figure 3.3A&B & Table 3.5). Post-RYGBP and SG, we
observed significant rises in post-prandial PYY3-36 levels at all time-points (t15-180)
at 6 and 12 weeks (p < 0.05) (Figure 3.3A&B). PYY3-36 AUC0-180 significantly
increased from baseline at 6 and 12 weeks post-RYGBP (p < 0.0001 at both visits)
and SG (p < 0.01 at both visits) (Figure 3.3C & Table 3.5).
Peak values of PYY3-36, Pmax, were comparable in the two groups at the pre-operative
visit. Post-surgery we observed significantly increased PYY3-36 Pmax at both the 6 and
12 weeks visits as compared to the Pmax pre-operatively in both groups (RYGBP:
Baseline = 147 ± 14 pg/mL; 6 weeks = 392 ± 42 pg/mL; 12 weeks = 324 ± 24 pg/mL,
One-way-ANOVA RM, p < 0.0001; SG: Baseline = 130 ± 15.4 pg/mL; 6 weeks = 216
± 27.9 pg/mL; 12 weeks = 216 ± 29 pg/mL, One-way-ANOVA RM, p = 0.002).
When comparing RYGBP and SG, both operations resulted in comparable fasting
circulating PYY3-36 (Table 3.5). However, the RYGBP group exhibited significantly
greater circulating PYY3-36 concentrations between t60-t150 post-meal at 6 weeks;
and between t120-180 post-meal at 12 weeks post-surgery (p < 0.05) (Figure
3.3A&B). Moreover, the RYGBP group displayed significantly greater PYY3-36
AUC0-180 at 6 (p < 0.01) and 12 weeks post-operatively (p < 0.05) vs. SG (Table 3.5).
PYY3-36 Pmax was significantly higher post-RYGBP vs. post-SG at both 6 and 12
weeks post-surgery (p = 0.004 & p = 0.02, respectively).
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Figure 3.3: The effects of RYGBP and SG on circulating fasting and meal-stimulated PYY3-36
levels and on plasma PYY3-36 AUC. (A) Temporal profile of PYY3-36 levels in response to the testmeal (test-meal was given at t=0) pre-operatively (solid, black squares), at 6 (solid, red circles) and 12
weeks post-RYGBP (solid, green triangles). (B) Temporal profile of PYY3-36 levels in response to the
test-meal pre-operatively (solid, black squares) and at 6 (solid, red circles) and 12 weeks (solid, green
triangles) post-SG. (C) PYY3-36 AUC0-180 for the RYGBP (solid, black bars) and SG groups (solid, grey
bars) pre-operatively, and at 6 and 12 weeks post-surgery. * denotes p < 0.05 at 6 weeks post-surgery
vs. pre-operatively. **denotes p < 0.01 at 6 weeks vs. pre-operatively. *** denotes p < 0.001 at 6
weeks vs. pre-operatively. † denotes p < 0.05 at 12 weeks post-surgery vs. pre-operatively. †† denotes
p < 0.01 at 12 weeks vs. pre-operatively. ††† denotes p < 0.001 at 12 weeks vs. pre-operatively. ‡
denotes p <0.05 for 12 weeks vs. 6 weeks post-surgery. One-way-ANOVA stats for the overall
phenomenon within each group are indicated at the right upper corner of panels (C). Between-groups
and between visits comparison stats are indicated over the corresponding graph bars. Key: RYGBP,
Roux-en-Y gastric bypass; SG, sleeve gastrectomy; PYY, peptide tyrosine tyrosine; AUC: area-underthe-curve.
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3.3.A.2.5 The effects of RYGBP and SG on fasting and meal-stimulated active
GLP-1 levels
Both groups had comparable fasting active GLP-1 and active GLP-1 AUC0-180 levels
pre-surgery (Table 3.3). Neither RYGBP, nor SG altered fasting active GLP-1
(Figure 3.4 & Table 3.5). However, both procedures resulted in augmented active
GLP-1 levels post-meal (Figure 3.4A&B). Post-RYGBP, we observed significantly
greater active GLP-1 levels between t15-150 post-meal at both the 6 and 12-week
visits (p < 0.05) (Figure 3.4A). Post-SG we also observed significantly greater active
GLP-1 concentrations vs. pre-operatively at t15-90 at 6 weeks (p < 0.05), and at t15120 at 12 weeks (p < 0.05) (Figure 3.4B). Active GLP-1 AUC0-180 was significantly
greater from baseline at 6 and 12 weeks post RYGBP (p < 0.0001 for both); and at 6
(p < 0.001) and 12 weeks post-SG (p < 0.05) (Figure 3.4C & Table 3.5).
There was no difference in peak active GLP-1, Pmax, concentrations pre-operatively
between the two groups. Pmax was significantly increased post-surgery in both groups
(RYGBP: Baseline = 10 ± 1.9 pmol/L; 6 weeks = 82.2 ± 9.4 pmol/L; 12 weeks = 77 ±
7.8 pmol/L, One-way-ANOVA RM, p = 0.0001; SG: Baseline = 6.5 ± 0.8 pmol/L; 6
weeks = 40.6 ± 7.1 pmol/L; 12 weeks 32.9 ± 6.9 pmol/L; One-way-ANOVA RM, p =
0.0008).
Between-groups comparisons revealed no difference in fasting active GLP-1 levels at
any of the study visits. However, the RYGBP group exhibited significantly greater
nutrient-stimulated active GLP-1 concentrations at t15-30 (p < 0.01) and at t90 (p <
0.05) at 6 weeks post-surgery; and at t30-180 at 12 weeks post-surgery (p < 0.05).
Active GLP-1 AUC0-180 was significantly higher in the RYGBP group at 6 and 12
weeks post-surgery vs. SG (p = 0.005 and p = 0.0001 for 6 and 12 weeks,
respectively) (Figure 3.4C & Table 3.5). Active GLP-1 Pmax was greater in the
RYGBP group vs. SG at both post-operative assessments (p = 0.004 and p = 0.0008
for 6 and 12 weeks, respectively).
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Figure 3.4: The effects of RYGBP and SG on circulating fasting and meal stimulated active
GLP-1 and on plasma GLP-1 AUC. (A, B) Temporal profile of active GLP-1 levels in response to
the test-meal (test-meal was given at t=0) pre-operatively (solid, black squares) and at 6 (solid, red
circles) and 12 weeks post-RYGBP (solid, green triangles) (A), and post-SG (B). (C) Active GLP1AUC0-180 for the RYGBP (solid, black bars) and SG groups (solid, grey bars) pre-operatively, and at 6
and 12 weeks post-surgery. * denotes p <0.05 at 6 weeks post-surgery vs. pre-operatively. **denotes p
<0.01 at 6 weeks vs. pre-operatively. *** denotes p <0.001 at 6 weeks vs. pre-operatively. † denotes p
<0.05 at 12 weeks post-surgery vs. pre-operatively. †† denotes p <0.01 at 12 weeks vs. pre-operatively.
††† denotes p <0.001 at 12 weeks vs. pre-operatively. One-way-ANOVA stats for the overall
phenomenon within each group are indicated at the right upper corner of panels (C). Between groups
and between visits comparison stats are indicated over the corresponding graph bars. Key: RYGBP,
Roux-en-Y gastric bypass; SG, sleeve gastrectomy; GLP-1, glucagon-like peptide 1; AUC, area-underthe-curve.
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3.3.A.2.6 The effects of RYGBP and SG on fasting and meal-stimulated glucose,
insulin levels, and HOMA-IR
3.3.A.2.6.1 The effects of RYGBP and SG on fasting and meal-stimulated insulin
levels
Both groups were matched for baseline fasting insulin levels and insulin AUC0-180
(Table 3.3). Post-RYGBP circulating fasting insulin levels non-significantly declined
(p = 0.15 & p = 0.08, for 6 and 12-weeks post-surgery respectively) (Figure 3.5A &
Table 3.5). SG led to a significant decline in fasting insulin at 6 and 12 weeks postsurgery vs. pre-operatively (p = 0.03 & p = 0.02, for 6 and 12-weeks, respectively)
(Figure 3.5B & Table 3.5).
Both RYGBP and SG resulted in a shift of the early-phase insulin curve upwards and
leftwards. An early, significantly augmented nutrient-stimulated insulin release was
observed between t15-30 post-meal at 6 and 12 weeks post-RYGBP vs.
preoperatively (p < 0.05) (Figure 3.5A). Similarly post-SG, we found significantly
greater insulin concentrations between t15-60 post-meal at 6 and 12 weeks postsurgery vs. pre-operatively (p < 0.05) (Figure 3.5B). Insulin AUC0-60 significantly
increased post-RYGBP and SG at 6 weeks (p < 0.05 and p < 0.01, respectively) and
12 weeks post-surgery (p < 0.05, for both) (Table 3.5).
Both RYGBP and SG differentially altered the late-phase insulin secretion (t60-180).
RYGBP resulted in significant declines in post-meal insulin concentrations at t90-180
at 6 weeks post-surgery, and at t120-180 at the 12-weeks (p < 0.05) vs. preoperatively (Figure 3.5A). These changes associated with significant reductions in
insulin AUC60-180 at both post-operative visits (One-way-ANOVA RM, p = 0.006, at 6
and 12 weeks vs. pre-operatively, p < 0.05) (Table 3.5). In contrast, SG resulted in
significantly lower insulin levels from baseline only at t150-180 at 6 weeks, and at
t180 at 12 weeks post-surgery (p < 0.05) (Figure 3.5B), Whilst Insulin AUC60-180
remained unchanged at both post-operative visits post-SG (One-way-ANOVA RM, p =
0.93) (Table 3.5).
Between-groups analysis revealed comparable fasting, post-meal insulin and insulin
AUC for the early and late insulin secretion phases pre- & post-operatively (Table
3.5).
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Figure 3.5: The effects of RYGBP and SG on circulating fasting and meal-stimulated insulin
levels. (A, B) Temporal profile of insulin in response to the test-meal (test-meal was given at t=0) preoperatively (solid, black squares), at 6 (solid, red circles) and 12 weeks (solid, green triangles) postRYGBP (A) and SG (B). *denotes p < 0.05 at 6 weeks vs. pre-operatively, **denotes p < 0.01 at 6
weeks vs. pre-operatively, *** denotes p < 0.001 at 6 weeks vs. pre-operatively. † denotes p < 0.05 at
12 weeks post-surgery vs. pre-operatively, †† denotes p < 0.01 at 12 weeks vs. pre-operatively, †††
denotes p < 0.001 at 12 weeks vs. pre-operatively. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve
gastrectomy.

3.3.A.2.6.2 The effects of RYGBP and SG on fasting and meal-stimulated plasma
glucose and HOMA-IR
Both groups had comparable pre-operative fasting glucose, glucose AUC0-180 and
HOMA-IR (Table 3.3). Post-RYGBP fasting glucose declined from baseline, but this
was only significant at 12 weeks post-surgery (p < 0.05) (Figure 3.6A & Table 3.5).
In contrast, fasting glucose was unaltered post-SG (Figure 3.6B & Table 3.5).
Both procedures shifted the early phase of the post-prandial glucose responses
upwards and leftwards, with exaggerated, steeper and earlier post-meal rises in
glucose levels compared to pre-surgery. Moreover, we observed an earlier fall in
post-prandial glucose levels towards fasting values (Figure 3.6A&B).
Post-RYGBP glucose was significantly higher from baseline at t30 at 12 weeks;
whereas glucose was significantly lower from pre-operative levels at t90-120 (p 0.05)
at both the 6 and 12 week visits (Figure 3.6A).
Post-SG surgery, we observed higher plasma glucose than pre-operatively at t15-30
post-meal; whereas glucose was significantly lower vs. pre-operatively at t90-150
post-meal at both the 6- and 12-week visits (p < 0.05) (Figure 3.6B). Both RYGBP
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and SG resulted in a reduced glucose AUC0-180 (One-way-ANOVA RM, p = 0.07 and p
= 0.05, respectively) (Table 3.5).
We observed a decline in HOMA-IR with a trend towards significance post-RYGBP
(One-way-ANOVA RM, p = 0.06), and significantly reduced HOMA-IR post-SG
(One-Way ANOVA RM, p = 0.03, at 6- and 12-week visit vs. pre-surgery, p < 0.01,)
(Table 3.5).
Between groups comparison revealed no difference in fasting, meal stimulated
glucose, 2hr post-prandial glucose, HOMA-IR and glucose AUC0-180 (Table 3.5).
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Figure 3.6: The effects of RYGBP and SG on plasma fasting and meal-stimulated glucose levels.
(A, B) Temporal profile of glucose levels in response to the test-meal (test-meal was given at t=0) preoperatively (solid, black squares) and at 6 (solid, red circles) and 12 weeks (solid, green triangles)
post-RYGBP (A) and SG (B). * denotes p < 0.05 at 6 weeks post-surgery vs. pre-operatively.
**denotes p < 0.01 at 6 weeks vs. pre-operatively. *** denotes p < 0.001 at 6 weeks vs. preoperatively. † denotes P < 0.05 at 12 weeks post-surgery vs. pre-operatively. †† denotes p <0.01 at 12
weeks vs. pre-operatively. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.
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Table 3.5 Gut hormones and glycaemia indices for the RYGBP & SG groups pre-operatively, and at 6 and 12 weeks post-surgery (mean ± SEM).

RYGBP
Pre-operatively

Fasting Leptin (ng/mL)

6 Weeks

SG
12 Weeks

p

a

Mean ± SEM

Mean ± SEM

63.3 ± 5.6

38.3 ± 4.6

< 0.01

186 ± 20.2

139 ± 9.0

25853 ± 2242

23842 ± 1104

Mean ± SEM

Pre-operatively

p

b

6 Weeks

12 Weeks

p

c

Mean ± SEM

Mean ± SEM

62.4 ± 6.9

38.9 ± 5.0

< 0.01

33.4 ± 3.6

< 0.001

0.06

179 ± 16.6

0.74

145 ± 14.9

110 ± 6.3

0.38

25144 ± 1457

0.72

22485 ± 2231

18725 ± 1275

Mean ± SEM

p (between groups)

p

d

pe

pf

pg

33.4 ± 4.9

< 0.01

0.92

0.93

0.93

0.047

100 ± 6.5

0.02

0.14

0.02

0.001

0.08

18234 ± 1087

0.09

0.31 0.008 0.002

Acyl-ghrelin
Fasting acyl-ghrelin (pg/mL)
Acyl-ghrelin AUC0-180 (pg*min/mL)

PYY3-36
Fasting PYY3-36 (pg/mL)
PYY3-36 AUC0-180 (pg*min/mL)

64.6 ± 12.8

91.3 ± 12.4

0.11

90.2 ± 9.2

0.11

69.4 ± 12

74.2 ± 11.3

0.57

87.8 ± 10.7

0.09

0.79

0.34

0.87

19794 ± 2273

46864 ± 3677

< 0.0001

42177 ± 3709

< 0.0001

18917 ± 2656

30771 ± 3528

< 0.01

30186 ± 4233

< 0.05

0.8

0.007

0.05

4.5 ± 0.5

5.6 ± 0.9

0.18

5.8 ± 1.2

0.21

4.2 ± 0.1

4.2 ± .01

0.97

4.2 ± .01

0.88

0.62

0.2

0.25

1279 ± 188

6037 ± 801

< 0.0001

5832 ± 583

< 0.0001

933 ± 40

2804 ± 443

< 0.001

2255 ± 328

< 0.05

Active GLP-1
Fasting active GLP-1 (pmol/L)
Active GLP-1 AUC 0-180 (pmol*min/L)

0.13 0.005 0.0001

Glucose
Fasting glucose (mmol/L)
Glucose AUC0-180 (mmol*min/L)

5 ± 0.1

4.7 ± 0.1

0.1

4.5 ± 0.2

0.01

4.8 ± 0.1

4.7 ± 0.2

0.18

4.6 ± 0.2

0.17

0.26

0.76

0.62

1116 ± 44.6

1001 ± 45.8

0.11

933 ± 51.5

0.06

1152 ± 45.9

1044 ± 29.8

0.7

1020 ± 56.7

0.06

0.58

0.47

0.73

14.8 ± 2.7

10.6 ± 1.6

0.15

10 ± 1.1

0.08

19.6 ± 4.3

11.8 ± 1.8

0.03

12.6 ± 2.5

0.02

0.34

0.62

0.33

Insulin
Fasting Insulin (mU/L)
Insulin AUC 0-60 (mU*min/L)

4404 ± 600

9746 ± 1968

< 0.05

8863 ± 1434

< 0.05

4025 ± 888

10093 ± 2536

< 0.01

8459 ± 1790

< 0.01

0.72

0.92

0.86

Insulin AUC 60-180 (mU*min/L)

10815 ± 1740

5671 ± 1291

< 0.05

6201 ± 1464

< 0.05

11483 ± 2472

12840 ± 6189

0.75

12754 ± 7297

0.82

0.82

0.23

0.34

Insulin AUC 0-180 (mU*min/L)

15221 ± 2206

15417 ± 3051

0.94

15063 ± 2437

0.95

15508 ± 3324

22932 ± 8537

0.17

21068 ± 8565

0.28

0.94

0.38

0.47

3.3 ± 0.6

2.2 ± 0.3

0.12

2.0 ± 0.2

0.05

4.3 ± 1

2.5 ± 0.4

< 0.01

2.5 ± 0.5

< 0.01

0.41

0.63

0.26

HOMA-IR

Within group analysis (One-way-ANOVA RM with Bonferroni post-hoc or Friedman test with Dunn’s post hoc) RYGBP (Pa: 6 weeks vs. pre-operatively,
Pb: 12 weeks vs. pre-operatively), SG: (PC: 6 weeks vs. pre-operatively, Pd: 12 weeks vs. pre-operatively. Between groups analysis (Student’s unpaired ttest or Mann–Whitney test), pe: RYGBP vs. SG before surgery, pf: RYGBP vs. SG at 6 weeks post-surgey, pg: RYGBP vs. SG at 12 weeks post-surgery.
Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; AUC, area-under-the-curve; GLP-1, glucagon-like peptide 1; PYY, peptide tyrosine;
HOMA-IR, homeostasis model assessment for insulin resistance tyrosine.
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Table 3.6 Summary of post-operative changes in circulating gut hormone levels, insulin and indices of
glycaemia; RYGBP vs. SG. (Study I)

6 weeks
RYGBP

SG

12 weeks
RYGBP

SG

p value
6 weeks 12 weeks

Circulating Gut hormones
Fasting acyl-ghrelin (pg/mL)

NS

çè

ê

ê

0.02

0.001

Acyl-ghrelin AUC 0-180 (pg*min/L)

çè

çè

NS

NS

0.008

0.002

Fasting PYY 3-36 (pg/mL)

çè

çè

çè

NS

0.34

0.87

é

é

é

é

0.007

0.05

çè

çè

çè

çè

0.20

0.25

é

é

é

é

0.005

0.0001

Fasting Glucose (mmol/L)

çè

ê

çè

çè

0.76

0.62

Glucose AUC0-180 (mmol*min/L)

çè

NS

çè

NS

0.47

0.73

Fasting insulin (mU/L)

çè

NS

ê

ê

0.62

0.33

Insulin AUC0-60 (mU*min/L)

ê

ê

ê

ê

0.92

0.86

Insulin AUC60-180 (mU*min/L)

ê

ê

çè

çè

0.23

0.34

Insulin AUC0-180 (mU*min/L)

çè

çè

çè

çè

0.38

0.47

HOMA-IR

çè

ê

ê

ê

0.63

0.26

PYY3-36 AUC0-180 (pg*min/L)
Fasting GLP-1 (pmol/L)
GLP-1 AUC 0-180 (pmol*min/L)

Insulin & indices of glycaemia

(é) indicates increased levels, (ê) indicates decreased levels, (çè) indicates no changes and NS
denotes non-significant changes were p > 0.05 and < 0.10. Key: RYGBP, Roux-en-Y gastric bypass;
SG, sleeve gastrectomy; AUC: area-under-the-curve; HOMA-IR, homeostasis model-assessment for
insulin resistance; GLP-1, glucagon-like peptide 1; PYY, peptide tyrosine tyrosine; Glucose 2hr,
2hrs post-prandial glucose; AUC, area-under-the-curve.

3.3.A.2.7 Predictors of %EWL
At 6 weeks post-SG 94% of the %EWL variability was accounted by the 6-week
post-prandial active GLP-1 and PYY3-36 responses (r2 = 0.88, p (ANOVA) = 0.005;
GLP-1: p = 0.003, PYY3-36: p = 0.008). Post-SG, the 12-week post-prandial active
GLP-1 response was the only significant predictor for %EWL (r2 = 0.57, GLP-1: p
(ANOVA)

= 0.03), with no predictive role for PYY3-36. However, 95% of the

variability in %EWL at 12weeks post-surgery was predicted by the 6-week active
GLP-1 and PYY3-36 responses (r2 = 0.93, p (ANOVA) = 0.002; active GLP-1: p =
0.006, PYY3-36: p = 0.001). We did not identify any predictors of the 6-week %EWL
in the RYGBP group. However, the 6-week post-prandial PYY3-36 response
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accounted for 58% of the variability in the 12-week %EWL post-RYGBP (r2 = 0.33 p
= 0.08 (ANOVA)
Post-SG, the 6-week postprandial PYY3-36 response predicted the %EWL at both 6months (r2 = 0.30, p (ANOVA) = 0.02; PYY3-36: p = 0.02) and 12 months (r2 = 0.84, p
(ANOVA) = 0.01; PYY3-36: p = 0.01). We did not identify any predictors of the 12month %EWL post-RYGBP. Post-SG the 12-week postprandial PYY3-36 and active
GLP-1 responses predicted 98% of the 6-month %EWL (r2 = 0.97, p (ANOVA) =
0.001; PYY3-36: p = 0.008, active GLP-1: p = 0.01) and 98.2% of the %EWL at 12
months (r2 = 0.97, p (ANOVA) = 0.007; PYY3-36: p = 0.003, active GLP-1: p = 0.07).

3.3.A.2.8 Relationship between changes in gut hormones, anthropometric indices
and subjective appetite
3.3.A.2.8.1 Relationship between fasting plasma leptin levels and anthropometric
indices
In both the RYGBP and SG groups fasting leptin levels positively correlated with
total body fat mass, VFA and BMI (Figure 3.7A-F & Table 3.7).
3.3.A.2.8.2 Relationship between fasting plasma leptin levels and other hormones
At 6 weeks post-SG fasting leptin levels positively correlated with acyl-ghrelin
AUC0-180. Following RYGBP fasting leptin levels positively correlated with active
GLP-1 AUC0-180, at 6 weeks postoperatively (Figure 3.7G-H & Table 3.7).
3.3.A.2.8.3 Relationship between plasma acyl-ghrelin levels and anthropometric
indices
At 6 weeks post-SG we found a positive association between acyl-ghrelin AUC0-180
with BMI and fat mass (Figure 3.7I-J & Table 3.7).
3.3.A.2.8.4 Relationship between plasma acyl-ghrelin levels and subjective
appetite scores
We found no correlation between acyl-ghrelin levels and any of the subjective
appetite following both RYGBP and SG.
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3.3.A.2.8.5 Relationship between plasma active GLP-1 levels and anthropometric
indices
At 6 weeks post-SG we observed a positive correlation between active GLP-1 AUC0180

with WL and %EWL (Figure 3.8A&C & Table 3.7). Moreover, at 12 weeks post-

SG active GLP-1 AUC0-180 positively correlated with %EWL (Figure 3.8B & Table
3.7), whereas negatively associated with BMI, and fat mass (Figure 3.8D-F & Table
3.7). We found no association between GLP-1 and indices of adiposity post-RYGBP.
3.3.A.2.8.6 Relationship between plasma active GLP-1 levels and subjective
appetite scores
We found no correlation between active GLP-1 levels and measures of appetite postRYGBP group. In the SG group we observed a weak negative association between
active GLP-1 AUC0-180 and PFC AUC0-180, with a similar trend between active GLP-1
AUC0-180 and hunger AUC0-180 at 6 weeks post-surgery.
3.3.A.2.8.7 Relationship between plasma active GLP-1 levels and other
hormones
We did not detect any association between active GLP-1 and insulin. The only
relationship between active GLP-1 AUC0-180 with other hormones was that of a
positive association with leptin levels in the RYGBP group at 6 weeks postoperatively (Figure 3.7H & Table 3.7).
3.3.A.2.8.8 Relationship between plasma PYY3-36 levels and anthropometric
indices
Post-SG surgery (both post-operative assessments combined) PYY3-36 AUC0-180
positively correlated with %EWL; and negatively associated with BMI, fat mass and
VFA (Figure 3.8G-I & Table 3.7).
3.3.A.2.8.9 Relationship between plasma PYY3-36 levels and subjective appetite
scores
We found no correlation between PYY3-36 levels and subjective appetite following
either RYGBP or SG.
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Table 3.7 Summary of correlation analysis between fasting leptin, circulating gut hormones levels and
anthropometric indices; RYGBP vs. SG. (Study I)

RYGBP

SG

Fisher's
coefficient

Correlations between leptin & anthropometric indices
Fasting leptin & BMI (6 &12 weeks)

r = 0.82

p < 0.0001

r = 0.57

p = 0.02

Z = - 0.87

p = 0.38

Fasting leptin & total fat mass (6 &12 weeks)

r = 0.72

p = 0.0003

r = 0.40

p = 0.008

Z = - 0.83

p = 0.41

Fasting leptin & VFA (6 &12 weeks)

r = 0.73

p < 0.0001

r = 0.53

p = 0.04

Z = - 0.58

p = 0.56

Fasting leptin & acyl-ghrelin AUC0-180 (6 weeks)

r = - 0.18

p = 0.62

r = 0.73

p = 0.04

Z = - 1.9

p = 0.06

Fasting leptin & GLP-1 AUC0-180 (6 weeks)

r = 0.72

p = 0.02

r = 0.09

p = 0.84

Z = 1.4

p = 0.16

Correlations between active GLP-1 & anthropometric indices
Active GLP-1 AUC 0-180 & WL (6 weeks)

r = - 0.56

p = 0.09

r = 0.86

p = 0.006

Z = - 3.29

p = 0.001

Active GLP-1 AUC 0-180 & %EWL (6 weeks)

r = - 0.35

p = 0.32

r = 0.70

p = 0.06

Z = - 2.11

p = 0.04

Active GLP-1 AUC 0-180 & %EWL (12 weeks)

r = - 0.006

p = 0.99

r = 0.77

p = 0.03

Z = - 1.75

p = 0.08

Active GLP-1 AUC 0-180 & BMI (12 weeks)

r = - 0.06

p = 0.86

r = 0.72

p = 0.046

Z = - 1.65

p = 0.10

Active GLP-1 AUC 0-180 & total fat mass (12 weeks)

r = - 0.09

p = 0.80

r = - 0.80

p = 0.02

Z = 1.72

p = 0.09

Active GLP-1 AUC 0-180 & VFA (12 weeks)

r = - 0.14

p = 0.70

r = - 0.72

p = 0.045

Z = 1.31

p = 0.19

Correlations between PYY3-36 & anthropometric indices
PYY3-36 AUC0-180 & % BMI (6 &12 weeks)

r = - 0.24

p = 0.30

r = - 0.62

p = 0.01

Z = 0.82

p = 0.41

PYY3-36 AUC0-180 & total fat mass (6 &12 weeks)

r = - 0.17

p = 0.49

r = - 0.45

p = 0.08

Z = 0.53

p = 0.60

PYY3-36 AUC0-180 & % VFA (6 &12 weeks)

r = - 0.24

p = 0.32

r = - 0.54

p = 0.03

Z = 0.61

p = 0.54

Correlations between acyl-ghrelin & anthropometric indices
Acyl-ghrelin AUC0-180 & BMI (6 weeks)

r = - 0.52

p = 0.14

r = 0.83

p = 0.01

Z = - 3.01

p = 0.003

Acyl-ghrelin AUC0-180 & total fat mass (6 weeks)

r = - 0.46

p = 0.18

r = 0.77

p = 0.03

Z = - 2.59

p = 0.01

Acyl-ghrelin AUC0-180 & VFA (6 weeks)

r = - 0.44

p = 0.21

r = 0.68

p = 0.06

Z = - 2.22

p = 0.03

Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; BMI, body mass index; EW, excess
weight; VFA, visceral fat area; %EWL, percentage excess weight-loss; WL, weight-loss; AUC, area under
the curve; GLP-1 glucagon-like peptide 1; PYY peptide tyrosine tyrosine; r, Pearson’s correlation coefficient; p, Pearson’s correlation significance; Z, Fischer’s Z extract for the difference in the correlation
co-efficient.
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Figure 3.7: The relationship between plasma leptin levels, anthropometric indices, and circulating gut
hormones levels following RYGBP (red circles) and SG (blue squares) groups. (A) Correlation plot
between fasting leptin levels and BMI post-RYGBP (6- and 12-week visits combined). (B) Correlation plot
between fasting leptin levels and BMI post-SG (6- and 12-week visits combined). (C) Correlation plot
between fasting leptin levels and total body fat mass post-RYGBP (6- and 12-week visits combined). (D)
Correlation plot between fasting leptin levels and total body fat mass post-SG (6- and 12-week visits
combined). (E) Correlation plot between fasting leptin levels and VFA post-RYGBP (6- and 12-week visits
combined). (F) Correlation plot between fasting leptin levels and VFA post-SG (6- and 12-week visits
combined). (G) Correlation plot between fasting leptin levels and acyl-ghrelin AUC0-180 at 6 weeks post-SG.
(H) Correlation plot between fasting leptin levels and active GLP-1 AUC0-180 at 6 weeks post-RYGBP.
(I) Correlation plot between acyl-ghrelin AUC0-180 and BMI at 6 weeks post-SG. (J) Correlation plot between
acyl-ghrelin AUC0-180 and VFA at 6 weeks post-SG. r: Pearson’s correlation coefficient. Key: RYGB, Rouxen-Y gastric bypass; SG, sleeve gastrectomy, BMI, body mass index; VFA, visceral fat area; AUC, areaunder-the-curve; GLP-1, glucagon-like peptide-1.
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Figure 3.8: The relationship between plasma active GLP-1 AUC, PYY3-36 AUC and anthropometric
indices in the SG group. (A) Correlation plot between active GLP-1 AUC0-180 and %EWL at 6 weeks postSG. (B) Correlation plot between active GLP-1 AUC0-180 and %EWL at 12 weeks post-SG (C) Correlation
plot between active GLP-1 AUC0-180 and WL at 6 weeks post-SG (open, blue squares). (D) Correlation plot
between active GLP-1 AUC0-180 and BMI at 12 weeks post-SG. (E) Correlation plot between active GLP-1
AUC0-180 and fat mass at 12 weeks post-SG. (F) Correlation plot between active GLP-1 AUC0-180 and VFA
at 12 weeks post-SG. (G) Correlation plot between PYY3-36 AUC0-180 and %EWL at mass at 6 and 12 weeks
post-SG. (H) Correlation plot between PYY3-36 AUC0-180 and BMI at 6 and 12 weeks post-SG. (I)
Correlation plot between PYY3-36 AUC and visceral fat area (VFA) at 6 and 12 weeks post-SG. r: Pearson’s
correlation coefficient. Key: SG, sleeve gastrectomy; BMI, body mass index; VFA, visceral fat area, WL,
weight-loss; %EWL, percentage excess weight-loss; AUC, area-under-the-curve; PYY, peptide tyrosine
tyrosine.
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3.3.B Study II: THE EFFECTS OF RYGBP vs. SG ON CIRCULATING
GLUCOREGULARORY HORMONES, CIRCULATING INCRETINS AND
ON GLUCOSE HOMEOSTASIS
3.3.B.1 Hypothesis
RYGBP and SG will differentially affect circulating gut hormones and incretins, and
consequentially differentially alter glucose homeostasis.
The study methodological details are presented in Chapter 2, sections 2.3 & 2.4. The
rationale for the study and the hypothesis are detailed in Chapter 1, Part E.

3.3.B.2 Results
3.3.B.2.1 The effects of RYGBP and SG on fasting indices of glycaemia, fasting
lipids and thyroid hormone levels.
The two groups exhibited comparable levels of fasting glucose, fasting insulin,
fasting lipids and thyroid hormones concentrations pre-operatively and at the 2 postoperative visits (Tables 3.8 & 3.10).

3.3.B.2.2 The effects of RYGBP and SG on bodyweight, adiposity indices and
fasting plasma leptin levels
The RYGBP and SG groups were matched for age, BMI, total body fat mass and
VFA pre-operatively (Figure 3.9 & Table 3.8 & 3.10). RYGBP and SG resulted in
significant, incremental and comparable decreases in BMI, VFA and total body fat
mass at both post-operative visits (Table 3.10). Moreover, both procedures resulted in
further comparable reduction in BMI at 26 and 52 weeks post-surgery (Figure 3.9).
Leptin results were similar to those reported in study I, section 3.3.A.3.2. Pre-surgery
fasting leptin levels were similar in RYGBP and SG groups (Table 3.10), with
significant reductions in at 6 and 12 weeks following both surgeries There was no
difference in leptin levels between both groups post-surgery (Table 3.10).
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Table 3.8 Baseline (pre-operative) anthropometric characteristics and baseline
biochemistry for the RYGBP & SG groups (mean±SEM).

RYGBP
(n=10)

SG
(n=10)

p value

Age (years)

46.5 ± 1.4

44.3 ± 2.4

0.42

BMI (kg/m 2)

45.1 ± 1.6

45.7 ± 1.5

0.81

EW (kg)

46.2 ± 4.3

47.5 ± 4.3

0.55

VFA (cm 2)

247 ± 13

244 ± 11

0.88

Total fat mass (kg)

62.2 ± 3.4

65.2 ± 2.8

0.50

Fasting leptin (ng/mL)

63.3 ± 5.6

64.7 ± 6.3

0.89

Fasting glucose (mmol/L)

4.91 ± 0.1

4.8 ± 0.2

0.53

HbA1c (%)

5.9 ± 0.1

5.8 ± 0.1

0.71

TC (mmol/L)

5.7 ± 0.4

5.3 ± 0.2

0.40

LDL (mmol/L)

3.7 ± 0.4

3.5 ± 0.2

0.60

HDL (mmol/L)

1.3 ± 0.2

1.4 ± 0.1

0.64

TG (mmol/L)

1.5 ± 0.2

1.1 ± 0.1

0.05

TSH (mIU/L)

2.0 ± 0.2

1.7 ± 0.3

0.56

fT4 (pmol/L)

17.1 ± 1.3

15.3 ± 0.4

0.16

Results are presented as mean ± SEM. Key: RYGBP: Roux-en-Y gastric bypass; SG: sleeve
gastrectomy; BMI: body mass index; EW: excess weight; VFA: visceral fat area; HbA1c: glycated
haemoglobin; TC: total cholesterol; LDL: low-density lipoproteins; HDL: high-density lipoproteins;
TG: triglycerides; TSH: thyroid stimulating hormone; fT4: free thyroxine.

Table 3.9 Comorbidities and medication profile for the RYGBP & SG
groups.

RYGBP

SG

n = 10

n = 10

Hypertension

3

2

Hyperlipidaemia

4

1

Cardiac problems

1

0

Hypothyroidism

3

1

Asthma / COPD

2

1

GORD

1

1

Depression

1

1

3

2

Antihypertensives

2

1

Lipid lowering drugs

4

1

Thyroxine

3

1

Analgesics

2

1

Antidepressants

1

1

Comorbidities

Arthritis

Medications

Key: RYGBP: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; COPD, chronic obstructive
pulmonary disease; GORD, gastro-oesophageal reflux disease.
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BMI, RYGBP vs. SG
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Figure 3.9: Temporal changes in BMI in the RYGBP and SG groups. BMI in the
RYGBP (black, solid squares) and SG (black, open circles) pre-operatively and at 6, 12, 26,
and 52 weeks post-surgery. The table below the Figure panel demonstrates the n number of
subjects at each time-point for the RYGBP and SG groups. Key: RYGBP: Roux-en-Y gastric
bypass; SG: sleeve gastrectomy; BMI, body mass index.
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Table 3.10 Anthropometric characteristics and biochemistry for the RYGBP and SG groups pre-operatively, at 6 and 12 weeks post-surgery; mean±SEM.

RYGBP
Pre-operative

BMI (kg/m2)

6 Weeks

Mean ± SEM

Mean ± SEM

45.1 ± 1.6

40.1 ± 1.7

SG
12 Weeks

p

a

< 0.0001

Mean ± SEM

37.6 ± 1.5

Pre-operative
p

b

< 0.0001

6 Weeks
Mean ± SEM

45.7 ± 1.5

41.2 ± 1.6

p (between groups)

12 Weeks
p

c

< 0.0001

Mean ± SEM

pd

pe

pf

pg

39.1 ± 1.5

< 0.0001

0.81

0.65

0.48

Weight loss (kg)

13.3 ± 0.9

19.8 ± 0.9

13.56 ± 1.8

18.7 ± 2.5

0.90

0.66

%EWL (%)

27.9 ± 3.4

40.7 ± 3.4

26.2 ± 4.3

34.37 ± 4.4

0.75

0.27

2

246.8 ± 13.0

209.5 ± 11.8

< 0.0001

187.8 ± 10.9

< 0.0001

244.1 ± 11.1

207 ± 12.3

< 0.0001

194 ± 12.0

< 0.0001

0.88

0.89

0.70

Total fat mass (kg)

62.2 ± 3.4

53.8 ±3.2

< 0.0001

48.8 ± 3.0

< 0.0001

65.2 ± 2.8

53.3 ± 5.0

< 0.05

49.1 ± 4.0

< 0.01

0.5

0.93

0.96

Fasting leptin (ng/mL)

63.3 ± 5.6

38.3 ± 4.6

< 0.01

33.4 ± 3.6

< 0.001

64.7 ± 6.3

40.1 ± 4.7

< 0.01

34.8 ± 4.7

< 0.01

0.89

0.81

0.84

Fasting glucose (mmol/L)

4.91 ± 0.1

4.8 ± 0.2

0.53

4.9 ± 0.2

0.52

4.8 ± 0.2

4.7 ± 0.2

0.55

4.5 ± 0.2

0.01

0.53

0.59

0.08

HbA1c (%)

5.9 ± 0.1

5.5 ± 0.1

0.01

5.4 ± 0.1

0.01

5.8 ± 0.1

5.5 ± 0.1

0.26

5.4 ± 0.1

0.02

0.71

0.51

0.92

TC (mmol/L)

5.7 ± 0.4

5.2 ± 0.2

0.23

5.2 ± 0.2

0.18

5.3 ± 0.2

5.3 ± 0.2

0.71

5.8 ± 0.2

0.01

0.40

0.91

0.08

LDL (mmol/L)

3.7 ± 0.4

3.3 ±0.3

0.29

3.2 ± 0.3

0.11

3.5 ± 0.2

3.5 ± 0.2

0.95

3.8± 0.2

0.02

0.60

0.57

0.08

HDL (mmol/L)

1.3 ± 0.2

1.2 ±0.1

0.25

1.3 ± 0.2

0.62

1.4 ± 0.1

1.3 ± 0.1

0.19

1.5 ± 0.1

0.16

0.64

0.62

0.57

TG (mmol/L)

1.5 ± 0.2

1.6 ±0.2

0.63

1.5 ± 0.1

0.93

1.1 ± 0.1

1.0 ± 0.1

0.56

1.0 ± 0.1

0.38

0.05

0.02

0.01

TSH (mIU/L)

2.0 ± 0.2

1.6 ± 0.3

0.20

3.0 ± 1.4

0.49

1.7 ± 0.3

1.5 ± 0.3

0.26

1.6 ± 0.4

0.66

0.56

0.71

0.38

fT4 (pmol/L)

17.1 ± 1.3

15.0 ±1.8

0.10

16.2 ± 1.2

0.44

15.3 ± 0.4

14.7 ± 0.6

0.46

14.6 ± 0.5

0.32

0.16

0.88

0.26

VFA (cm )

Within-group analysis (One-way-ANOVA RM with Bonferroni post-hoc or Friedman test with Dunn’s post hoc): RYGBP (pa: 6 weeks vs. pre-operatively, pb: 12 weeks vs. preoperatively), SG: (pC: 6 weeks vs. pre-operatively, pd: 12 weeks vs. pre-operatively. Between-groups analysis (Student’s unpaired t-test or Mann–Whitney test), pe: RYGBP vs.
SG before surgery, pf: RYGBP vs. SG at 6 weeks post-surgery, pg: RYGBP vs. SG at 12 weeks post-surgery. Results are presented as mean ± SEM. Key: RYGBP: Roux-en-Y
gastric bypass; SG: sleeve gastrectomy; BMI: body mass index; EW: excess weight; VFA: visceral fat area; HbA1c: glycated haemoglobin; TC: total cholesterol; LDL: low3. 144
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3.3.B.2.3 The effects of RYGBP and SG on circulating fasting and mealstimulated glucose levels
There were no differences between the RYGBP and SG groups pre-operatively in
fasting glucose, 2hr post-prandial glucose, glucose AUC0-60, AUC60-180 and AUC0-180
(Table 3.11). Post-operatively, we observed no significant changes in fasting glucose
levels following either procedure vs. pre-surgery (Figures 3.10A-B & Table 3.11).
Both procedures resulted in a shift of the post-meal glucose responses upwards and
leftwards, with a steeper rise in glucose levels; and significantly greater glucose
concentrations at t15-30 post-meal ingestion at 6 and 12 weeks post-RYGBP (p <
0.05) vs. pre-operatively, and at 6 weeks post-SG (p < 0.05) (Figure 3.10A-B).
Glucose AUC0-60 was significantly greater from baseline post-RYGBP (One-wayANOVA RM: p = 0.002, 6 weeks vs. baseline: p < 0.01), while glucose AUC0-60 nonsignificantly increased post-SG (One-way-ANOVA RM: p = 0.10, 6 and 12 weeks vs.
baseline: p > 0.05) (Table 3.11).
Post-RYGBP and SG, 2-hr post-prandial glucose levels non-significantly declined
from baseline at 6 weeks, and this became significant at 12 weeks (p < 0.001 and p <
0.05 for the RYGBP and SG groups) (Figure 3.10A-B & Table 3.11). There was no
significant difference in 2-hr post-prandial glucose levels between the RYGBP and
SG groups at either the 6- or 12-week visits (Table 3.11).
The decline in glucose levels post-prandially towards basal (fasting) levels occurred
faster post-operatively, and started from t90 onwards post-RYGBP at 6 and 12 weeks;
with circulating plasma glucose at t90, t150 at 6 weeks, and t90-150 being
significantly lower from the corresponding time-points at the baseline visit (p < 0.05)
(Figure 3.10A). Glucose AUC60-180 was lower from baseline post-RYGBP, but this
only reached significance at the 12-week visit post-RYGBP (One-way-ANOVA RM: p
= 0.009, 12 weeks vs. baseline: p < 0.01) (Table 3.11). An earlier decline in glucose
towards fasting levels also occurred post-SG, with significantly lower glucose vs. preoperatively at t180 at 6 weeks, and t90-180 at 12 weeks (p < 0.05) (Figure 3.10B).
Glucose AUC60-180 declined post-SG, (One-way-ANOVA RM: p = 0.01, 12 weeks vs.
baseline: p < 0.05) (Table 3.11).
Glucose AUC0-180 declined in both the RYGBP and SG groups (RYGBP: One-wayANOVA RM: p = 0.004, 12 weeks vs. baseline: p < 0.05; SG: One-way-ANOVA RM: p
= 0.10, 6 and 12 weeks vs. baseline: p > 0.05) (Table 3.11). Between-groups
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comparison revealed no differences in fasting glucose, post-meal glucose or glucose
AUCS (0-60, 60-180, 0-180) at any of the study days (Table 3.11).
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Figure 3.10: The effects of RYGBP and SG on plasma glucose temporal profile in response to the
test-meal. (A, B) Temporal profile of glucose levels in response to the test-meal pre-operatively (solid,
black circles) and at 6 (solid, red triangles circles) and 12 weeks (solid, green triangles) postoperatively for the RYGBP (A) and SG groups (B). * denotes p < 0.05 for 6 weeks post-surgery vs.
pre-operatively. **denotes p < 0.01 for 6 weeks post-surgery vs. pre-operatively. † denotes p < 0.05 for
12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks post-surgery vs. preoperatively. †††† denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively. Key: RYGBP, Rouxen-Y gastric bypass; SG, sleeve gastrectomy.

3.3.B.2.4 The effects of RYGBP and SG on circulating fasting and mealstimulated insulin levels, HOMA-IR, insulinogenic and Matsuda indices
There were no differences in insulin levels pre-operatively between the two groups
(Figure 3.11C, Figure 3.12A-C & Table 3.11). Post-RYGBP circulating fasting
insulin non-significantly declined at both visits (p = 0.29 & p = 0.12, for 6 and 12weeks post-surgery vs. pre-surgery, respectively) (Figure 3.11A&C & Table 3.11).
SG led to significant declines in fasting insulin at 6 and 12 weeks vs. pre-operatively
(p = 0.02 & p = 0.004, respectively) (Figure 3.11B&C & Table 3.11).
3.3.B.2.4.1 The effects of RYGBP and SG on HOMA-IR
We observed a reduction in HOMA-IR post- RYGBP and SG, but this was significant
only post-SG (One-way-ANOVA: p = 0.001 & p = 0.18, respectively) (Figure 3.11D
& Table 3.11).
When comparing each individual post-operative visit to pre-operatively, again the
reductions in HOMA-IR remained non-significant for the RYGBP group; however,
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HOMA-IR was significantly lower at 6 and 12 weeks vs. pre-surgery (p < 0.05, for
both post-operative visits). Between-groups analysis revealed no difference in
HOMA-IR post-RYGBP vs. post-SG at any time-point (Figure 3.11D & Table 3.11).
3.3.B.2.4.2 The effects of RYGBP and SG on the early post-meal insulin
secretion
Both procedures resulted in recovery of the early post-meal insulin secretion,
reflected by an early, significantly augmented nutrient-stimulated insulin release
within the first 30 minutes post-meal post-RYGBP (t15-30, p < 0.05 for 6- & 12week vs. pre-operatively); and within the first 60 min post-meal in the SG group (t1560 for 6-week and t15-30 for 12-week visit vs. pre-operatively, p < 0.01, both visits)
(Figure 3.11A-B). Insulin AUC0-60 significantly increased post-RYGBP (One-wayANOVA RM: p = 0.001, 6 & 12 weeks vs. baseline: p < 0.05 for both) and SG (Oneway-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline: p < 0.001 and p < 0.01,
respectively) (Figure 3.12A & Table 3.11).
3.3.B.2.4.3 The effects of RYGBP and SG on the late post-meal insulin secretion
RYGBP resulted in a significant and sharp decline in post-meal insulin at t90-180 at 6
weeks, and at t120-180 at the 12-week visit (p < 0.05) vs. pre-operatively (Figure
3.11A); with significant reductions in insulin AUC60-180 at both post-operative visits
(One-way-ANOVA RM: p = 0.007, 6 and 12 weeks vs. baseline: p < 0.05, for both)
(Figure 3.11B & Table 3.11). Post-SG, the declines in insulin levels were observed
later post-meal, and occurred at a slower rate compared to RYGBP; resulting in
significantly lower insulin levels from baseline only at t150-180 at 6 weeks, and at
t180 at 12 weeks post-surgery (p < 0.05) (Figure 3.11B). Insulin AUC60-180 remained
unchanged post-SG (One-way-ANOVA RM: p = 0.98) (Figure 3.12B & Table 3.11).
Between-groups analysis revealed comparable fasting, meal-stimulated insulin and
insulin AUC for both the t0-60 and t60-180 min time-periods of insulin secretion
post-operatively (Figure 3.11C, Figure 3.12A-C & Table 3.11).
3.3.B.2.4.4 The effects of RYGBP and SG on the insulinogenic index (IGI)
The insulinogenic index remained unchanged following both operations (RYGBP:
One-way-ANOVA RM: p = 0.84; SG: One-way-ANOVA RM: p = 0.15). Moreover, we
observed no between-groups differences in the insulinogenic index (Table 3.11).
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3.3.B.2.4.5 The effects of RYGBP and SG on the Matsuda index
We observed no change in the Matsuda index post-RYGBP (RYGBP: One-wayANOVA RM: p = 0.71) (Table 3.11). In the SG group, we found a non-significant
decline in the Matsuda index at 6 weeks. Whereas at 12 weeks post-SG Matsuda
index increased (p = 0.08) compared to pre-operatively (SG: One-way-ANOVA RM: p
= 0.13) (Table 3.11). Between-groups analysis showed no differences in the Matsuda
index pre- and post-operatively (Table 3.11).
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Figure 3.11: The effects of RYGBP and SG on plasma insulin temporal profile in response to the
test-meal, fasting insulin and HOMA-IR. (A, B) Temporal profile of insulin levels in response to the
test-meal pre-operatively (solid, black squares) and at 6 (red, solid circles) and 12 weeks (green, solid
triangles) post-operatively for the RYGBP (A) and SG groups (B). (C) Fasting insulin levels, and (D)
HOMA-IR in the RYGBP (solid, black bars) and SG group (solid, grey bars) pre-operatively, and at 6
and 12 weeks post-surgery. * denotes p < 0.05 for 6 weeks post-surgery vs. pre-operatively. **denotes
p < 0.01 for 6 weeks post-surgery vs. pre-operatively. *** denotes p < 0.001 for 6 weeks post-surgery
vs. pre-operatively. † denotes p < 0.05 for 12 weeks post-surgery vs. pre-operatively. †† denotes p <
0.01 for 12 weeks post-surgery vs. pre-operatively. One-way-ANOVA stats for the overall phenomenon
within each group are indicated on the upper right corner of panels (C) & (D). Between groups and
between visits comparison stats are indicated over the corresponding graph bars. Key: RYGBP, Rouxen-Y gastric bypass; SG, sleeve gastrectomy; HOMA-IR, homeostasis model-assessment for insulin
resistance.
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Figure 3.12: The effects of RYGBP and SG on plasma insulin AUC in response to the test-meal.
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Table 3.11 Indices of glucose homeostasis for the RYGBP and SG groups pre-operatively, at 6 and 12 weeks post-surgery.

3.3.B.2.5 The effects of RYGBP and SG on circulating fasting and mealstimulated active GLP-1 levels
Both the RYGBP and SG groups had comparable fasting, post-prandial and active
GLP-1 AUC0-180 pre-operatively. Fasting active GLP-1 concentrations remained
unaltered following RYGBP and SG (Figure 3.13A&B & Table 3.12). However,
RYGBP resulted in marked increases in nutrient-stimulated active GLP-1 levels at
t15-150 post-meal (p < 0.05) and at t180 (p = 0.06) at both the 6 and 12-week postoperative visits compared to pre-operatively (Figure 3.13A). These increases in postprandial active GLP-1 concentrations were associated with significantly increased
active GLP-1 AUC0-180 at both 6 and 12 weeks post-surgery (One-way-ANOVA RM: p
< 0.0001, 6 and 12 weeks vs. baseline: p < 0.0001, for both) (Figure 3.13C & Table
3.12). Moreover, active GLP-1 peak levels increased by ~9-fold at both postoperative visits compared to baseline (p < 0.0001) (Figure 3.13D & Table 3.13).
Similarly, post-SG, active GLP-1 concentrations were significantly increased
compared to baseline between t15-90 post-prandially (p < 0.01) at 6 weeks postoperatively; and between t15-120 min post-meal at the 12-week visit (p < 0.05)
(Figure 3.13B). Active GLP-1 AUC0-180 significantly increased at 6 and 12 weeks
post-SG compared to baseline (One-way-ANOVA RM: p < 0.0001, 6 weeks vs.
baseline: p < 0.0001, 12 weeks vs. baseline: p < 0.001) (Figure 3.13C & Table 3.12),
with ~3.5-fold augmentation in active GLP-1 peak levels (p < 0.0001) (Figure 3.13D
& Table 3.13).
We observed no differences in fasting active GLP-1 concentrations between the
RYGBP and SG groups at either post-surgical visit (Figure 3.13A&B & Table 3.12).
In addition, between-groups analysis revealed that RYGBP resulted in superior
increases in active GLP-1 AUC0-180 compared to SG at 6 (p = 0.06) and 12 weeks
post-surgery (p = 0.0009) (Figure 3.13C & Table 3.12). Moreover, RYGBP resulted
in significantly greater peak active GLP-1 levels compared to SG at both the 6 and
12-week visits (p = 0.05 and p = 0.02, respectively) (Figure 3.13D & Table 3.13).
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Figure 3.13: The effects of RYGBP and SG on circulating active GLP-1 temporal profile in
response to the test-meal, GLP-1 AUC and on plasma peak GLP-1 concentrations. (A, B)
Temporal profile of active GLP-1 levels in response to the test-meal pre-operatively (solid, black
squares) and at 6 (red, solid circles) and 12 weeks (green, solid triangles) post-operatively for the
RYGBP (A) and SG groups (B). (C) Active GLP-1 AUC0-180 pre-operatively and at 6 and 12 weeks for
the RYGBP (solid, black bars) and SG (solid, grey bars) groups pre-operatively, and at 6 and 12 weeks
post-surgery. (D) Active GLP-1 peak concentrations (Pmax) in the RYGBP (solid, black bars) and SG
(solid, grey bars) pre-operatively and at 6 and 12 weeks post-surgery. * denotes p < 0.05 for 6 weeks
post-surgery vs. pre-operatively. **denotes p < 0.01 for 6 weeks post-surgery vs. pre-operatively. ***
denotes p < 0.001 for 6 weeks post-surgery vs. pre-operatively. † denotes p < 0.05 for 12 weeks postsurgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks post-surgery vs. pre-operatively. †††
denotes p < 0.001 for 6 weeks post-surgery vs. pre-operatively. One-way-ANOVA stats for the overall
phenomenon within each group are indicated on the upper right corner of panels (C) & (D). Between
groups and between visits comparison stats are indicated over the corresponding graph bars. Key:
RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; GLP-1, glucagon-like peptide 1; AUC,
area-under-the-curve; Pmax, peak GLP-1 levels.
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3.3.B.2.6 The effects of RYGBP and SG on circulating fasting and mealstimulated total GIP (T-GIP) levels
Pre-operatively, both the RYGBP and SG groups had comparable fasting, postprandial T-GIP levels and T-GIP AUCs (0-60, 60-180 and 0-180) (Table 3.12). We observed
no changes in circulating fasting T-GIP following either RYGBP or SG (Figure
3.14A-B & Table 3.12).
In the RYGBP group, nutrient-stimulated T-GIP levels significantly increased at t15
post-meal at 6 weeks (p = 0.03); and at t15-30 at 12 weeks post-surgery (p < 0.05)
(Figure 3.14A). T-GIP AUC0-60 increased at 6 and 12 weeks post-RYGBP compared
to baseline, but this failed to reach statistical significance (One-way-ANOVA RM: p =
0.24, 6 and 12 weeks vs. baseline: p > 0.05, for both) (Figure 3.15A & Table 3.12).
Though RYGBP did not alter the mean T-GIP peak levels, we observed a significant
decline in the time to reaching peak T-GIP levels post-meal at both post-operative
visits compared to baseline (p < 0.0001) (Figure 3.14A & Table 3.13).
In contrast to the observed increases in T-GIP levels early post-meal (t0-t60) in the
RYGBP group, we observed significant, sharp decreases in circulating T-GIP at t90180 post-meal at 6 weeks (p < 0.01) and 12 weeks (p < 0.001) post-RYGBP
compared to pre-operative levels (Figure 3.14A); with associated significant
reductions in T-GIP AUC60-180 at both post-operative visits compared to preoperatively (One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline: p <
0.0001, for both) (Figure 3.15B & Table 3.12).
In response to SG, meal-stimulated T-GIP levels significantly increased in the first 30
minutes post-meal at 6 and 12 weeks post-operatively compared to baseline (p <
0.05) (Figure 3.14B); with concomitant increases in T-GIP AUC0-60 from baseline at
both postoperative visits (One-way-ANOVA RM: p = 0.001, 6 and 12 weeks vs.
baseline: p < 0.01, for both) (Figure 3.15A & Table 3.12). Moreover T-GIP reached
peak levels earlier post-meal at both the 6 and 12-week visits post-SG as compared to
the pre-operative visit (p < 0.001 and p < 0.01, respectively) (Figure 3.14B & Table
3.13).
Post-SG, T-GIP levels showed a slower and delayed decline compared to RYGBP,
with T-GIP being significantly lower compared with baseline only between t150-180
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post-meal at both post-operative visits compared to pre-surgery (p < 0.05).
Interestingly, in contrast to RYGBP, T-GIP AUC60-180 remained unchanged post-SG
(One-way-ANOVA RM: p = 0.25, 6 and 12 weeks vs. baseline: p > 0.05, for both)
(Figure 3.14B, Figure 3.15B & Table 3.12).
Total GIP AUC0-180 was significantly lower post-operatively in the RYGBP group vs.
pre-surgery, (One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline: p <
0.0001 and p < 0.001, respectively). In contrast, post-SG we observed a nonsignificant increase in total GIP AUC0-180 (One-way-ANOVA RM: p = 0.80, 6 & 12
weeks vs. baseline: p > 0.05, for both) (Figure 3.15C & Table 3.12).
Between-groups analysis revealed significantly lower T-GIP levels post-meal at t90180 at 6 and 12 weeks in the RYGBP group compared to SG, along with significantly
lower T-GIP AUC0-180 (p = 0.03 for both visits). Moreover, RYGBP resulted in
greater reduction in T-GIP AUC60-180 and T-GIP AUC0-180 at 6 weeks (p = 0.007 and p
= 0.03, respectively), and at 12 weeks post-surgery (p = 0.02 and p = 0.03,
respectively) compared to post-SG; whereas, we observed no difference between the
two operations in total GIP AUC0-60 (Figure 3.15A-C & Table 3.12).
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Figure 3.14: The effects of RYGBP and SG on plasma T-GIP temporal profile in response to the
test-meal. (A-B) Temporal profile of T-GIP levels in response to the test-meal pre-operatively (black,
solid squares), and at 6 (red, solid circles) and 12 weeks (green, solid triangles) post-operatively for the
RYGBP (A) and SG groups (B). * denotes p < 0.05 for 6 weeks post-surgery vs. pre-operatively.
**denotes p < 0.01 for 6 weeks post-surgery vs. pre-operatively. *** denotes p < 0.001 for 6 weeks
post-surgery vs. pre-operatively. **** denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively
† denotes p < 0.05 for 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks
post-surgery vs. pre-operatively. ††† denotes p < 0.001 for 12 weeks post-surgery vs. pre-operatively.
†††† denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operativel. .Key: RYGBP, Roux-en-Y gastric
bypass; SG, sleeve gastrectomy; T-GIP, total-glucose-dependent insulinotropic peptide.
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Figure 3.15: The effects of RYGBP and SG on plasma T-GIP AUC in response to the test-meal.
(A) T-GIP AUC0-60 pre-operatively, and at 6 and 12 weeks post-operatively for the RYGBP (solid,
black bars) and SG (solid, grey bars) groups. (B) T-GIP AUC60-180 pre-operatively and at 6 and 12
weeks post-operatively for the RYGBP (solid, black bars) and SG (solid, grey bars) groups. (C) T-GIP
AUC0-180 pre-operatively and at 6 and 12 weeks post-operatively for the RYGBP (solid, black bars)
and SG (solid, grey bars) groups. One-way-ANOVA stats for the overall phenomenon within each
group are indicated on the upper right corner of panels (A-C). Between groups and between visits
comparison stats are indicated over the corresponding graph bars. Key: RYGBP, Roux-en-Y gastric
bypass; SG, sleeve gastrectomy; AUC, area-under-the-curve; T-GIP, total-glucose-dependent
insulinotropic peptide.
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surgery, pf: RYGBP vs. SG at 6 weeks post-surgery, pg: RYGBP vs. SG at 12 weeks post-surgery. Results are presented as mean ± standard error of the mean (SEM) and %
change from the baseline. Key: RYGBP: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; GIP, glucose-dependent insulinotropic peptide; GLP-1, glucagon-like peptide 1. IGIP data were generated by collaboration by Professor Jens J. Holst’s group.

90.3 ± 12.5
45491 ± 3566

53.6 ± 8.0

18750 ± 1571

23331 ± 1168

3972 ± 421

Intact GIP AUC60-180 (pg*min/mL)

24661 ± 2131

1945 ± 196

Intact GIP AUC0-60 (pg*min/mL)

132 ± 8.1

2223 ± 124

5910 ± 597

Intact GIP AUC0-180 (pg*min/mL)
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2433 ± 271
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p

Fasting total GIP (pg/mL)

GIP
60.5 ± 16

5.6 ± 0.9

Mean ± SEM

Active GLP-1

6 Weeks
Mean ± SEM

Pre-operatively

RYGBP

Table 3.12 Gut hormone levels for the RYGBP and SG groups pre-operatively, at 6 and 12 weeks post-surgery (mean±SEM).
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3.3.B.2.7 The effects of RYGBP and SG on circulating fasting and mealstimulated intact GIP (I-GIP) levels
To further characterise the effects of RYGBP and SG on circulating GIP levels, we
then measured the active form of GIP (I-GIP). GIP1-42 is rapidly inactivated by
DPP-4 generating inactive GIP3-42. In our study the collection of blood in chilled
syringes containing DPP-4 inhibitor resulted in blockade of DPP-4 activity ex vivo,
thus preserving I-GIP concentrations in our samples.
Both the RYGBP and SG groups had comparable fasting, post-meal I-GIP and I-GIP
AUC0-180 pre-operatively. Fasting I-GIP levels increased with a trend towards
significance at 12 weeks post-RYGBP (p = 0.07); (Figure 3.16A & Table 3.12),
whilst fasting I-GIP non-significantly decreased following SG (p = 0.29) (Figure
3.16A & Table 3.12). The profile of meal-stimulated I-GIP secretion at baseline and
at 12 weeks post-surgery mirrored that of T-GIP following both procedures (RYGBP:
r = 0.64 p < 0.0001; SG: r = 0.66 p = 0.0001) (Figure 3.16C&D).
Both RYGBP and SG resulted in significantly greater I-GIP AUC0-60 at 12 weeks
post-surgery compared to pre-operatively (p < 0.05 and p <0.01, respectively).
Nevertheless, mirroring the changes we observed in T-GIP, RYGBP induced a
significant decline in I-GIP AUC60-180 and I-GIP AUC0-180 (p < 0.01, p = 0.01,
respectively) at 12 weeks post-sugary compared to baseline; whereas neither of these
parameters changed post-SG (Table 3.12).
Between-groups analysis revealed higher I-GIP at t90 in the SG group compared to
RYGBP at 12 weeks post-surgery (p = 0.03), whereas there were no differences in the
I-GIP AUC0-180, AUC0-60 and AUC60-180 between the RYGBP and SG groups (Table
3.12).
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Figure 3.16: The effects of RYGBP and SG on plasma I-GIP temporal profile in response to the
test-meal, and the relationship between T-GIP and I-GIP levels in the RYGBP and SG groups.
(A) Temporal profile of I-GIP levels in response to the test-meal pre-operatively and at 12 weeks postsurgery in the RYGBP and SG groups (RYGBP: pre-operatively, solid, black squares; 12 weeks postsurgery, solid, green squares; SG: pre-operatively, solid, red circles; 12 weeks post-surgery, solid, blue
circles). (B, C) Correlation plots between T-GIP AUC0-180 and I-GIP AUC0-180 for the RYGBP (open,
red circles) (C) and SG group (open, blue squares). **denotes p < 0.01 for 12 weeks post-RYGBP vs.
pre-operatively. **** denotes p < 0.0001 for 12 weeks post-surgery vs. pre-operatively. † denotes p <
0.05 for 12 weeks post-SG vs. pre-operatively. †† denotes p < 0.01 for 12 weeks post-SG vs. preoperatively. ††† denotes p < 0.001 for 12 weeks post-SG vs. pre-operatively. Key: RYGBP, Roux-en-Y
gastric bypass; SG, sleeve gastrectomy; GIP, glucose-dependent insulinotropic peptide; T-GIP, total
GIP; I-GIP, intact GIP. I-GIP data were generated by collaboration by Professor Jens J. Holst’s
group.

3.3.B.2.8 The effects of RYGBP and SG on the ratio of intact GIP (I-GIP) to
total GIP (T-GIP) levels (expressed as %)
We found no difference in the fasting ratio of I-GIP to T-GIP level (I-GIP/T-GIP)
following either procedure (Figure 3.17A&B). Interestingly, we observed a
divergence of the impact of the two surgeries on the I-GIP/T-GIP ratio. Following
RYGBP, the I-GIP/T-GIP ratio significantly increased from baseline at t120-180 (p <
0.01) (Figure 3.17A). In the SG group, we observed non-significantly reduced IGIP/T-GIP ratio between t0-120, with a trend towards statistical significance seen at
t90 only (p = 0.08). However, at t180 post-meal the I-GIP/T-GIP increased compared
to the pre-surgery ratio (p = 0.02) (Figure 3.17B).
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The AUC0-180 for I-GIP/T-GIP significantly increased following RYGBP compared to
pre-surgery (p = 0.008), whereas it declined in the SG group (p = 0.07) (Figure 3.17D
& Table 3.14).
Comparing the two surgeries, there were no significant differences in the ratio of IGIP/T-GIP levels pre-operatively (Table 3.14). At 12 weeks following surgery, we
noticed a significantly higher I-GIP/T-GIP ratio in the RYGBP group compared to
SG at t120-180 (p < 0.01) (Figure 3.17D & Table 3.14). Moreover, the AUC0-180 for
I-GIP/T-GIP was significantly higher in the RYGBP group compared to SG at 12
weeks post-surgery (p = 0.005) (Figure 3.17D &Table 3.14).
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Figure 3.17: The effects of RYGBP and SG on the ratio of circulating I-GIP to T-GIP temporal
profile in response to the test-meal and AUC. (A) Temporal profile of I-GIP/T-GIP ratio in response
to the test-meal pre-operatively (black, solid squares) and at 12 weeks post-RYGBP (green, solid
triangles). (B) Temporal profile of I-GIP/T-GIP ratio in response to the test-meal pre-operatively
(black, solid squares) and at 12 weeks post-SG (green, solid triangles). (C) Temporal profile of IGIP/T-GIP ratio in response to the test-meal 12 weeks post-RYGBP (red, open circles) and at 12
weeks post-SG (blue, open squares). (D) I-GIP/T-GIP AUC0-180 for the RYGBP (solid, black bars) and
SG group (solid, grey bars) pre-operatively, and at 12 weeks post-surgery. * denotes p < 0.05 at weeks
vs. pre-operatively. **denotes p < 0.01 at 12 weeks vs. pre-operatively. *** denotes p < 0.001 at 12
weeks vs. pre-operatively. Between groups and between visits comparison stats are indicated over the
corresponding graph bars. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; AUC,
area-under-the-curve; T-GIP, total GIP; I-GIP, intact GIP. I-GIP data were generated by
collaboration by Professor Jens J. Holst’s group.
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surgery, at 6 and 12 weeks post-operatively; comparison between RYGBP and SG. Within group analysis (one-Way-ANOVA RM with Bonferroni post-hoc or Friedman test
with Dunn’s post hoc): RYGBP (pa: 6 weeks vs. pre-operatively, Pb: 12 weeks vs. pre-operatively), SG: (pC: 6 weeks vs. pre-operatively, pd: 12 weeks vs. pre-operatively. Betweengroups analysis (Student’s unpaired t-test or Mann–Whitney test): pe: RYGBP vs. SG before surgery, pf: RYGBP vs. SG at 6 weeks post-surgery, pg: RYGBP vs. SG at 12 weeks
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Nadir acyl-ghrelin (pg/mL)

105 ± 11.1

2.86 ± 0.55

Insulin AUC0-180 / intact GIP AUC0-180 ratio

Ghrelin

0.19 ± 0.03

99 ± 11

Insulin AUC0-180 / total GIP AUC0-180 ratio

Time to Peak total GIP (min)

Peak total GIP (pg/mL)

640 ± 63.4

52.5 ± 8.1

Time to Peak active GLP-1 (min)

GIP

8.8 ± 1.6

Peak active GLP-1(pmol/L)

Active GLP-1

Mean ± SEM

Pre-operatively

RYGBP

Table 3.13 Gut hormone results for the RYGBP and SG groups pre-operatively, at 6 and 12 weeks post-surgery (mean±SEM).
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3.3.B.2.9 The effects of RYGBP and SG on the ratios of insulin AUC0-180 / active
GLP-1 AUC0-180, insulin AUC0-180 / T-GIP AUC0-180 and insulin AUC0-180 / I-GIP
AUC0-180
In order to determine whether the relationship between GLP-1 and insulin and I-GIP
and insulin were altered post-surgery we calculated the ratio of insulin AUC0-180:
active GLP-1AUC0-180 and similarly for T-GIP. We found that RYGBP resulted in a
marked reduction in the ratio of post-prandial insulin AUC0-180: active GLP-1AUC0180

(One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline: p < 0.0001, for

both) (Table 3.13).
Following SG the post-prandial insulin AUC0-180: active GLP-1AUC0-180 was also
reduced (One-way-ANOVA RM: p = 0.0002, 6 and 12 weeks vs. baseline: p < 0.001
and p < 0.01, respectively) (Table 3.13).
When examining the post-prandial insulin AUC0-180 / T-GIPAUC0-180 ratio, we found
significant increases (One-way-ANOVA RM: p = 0.03, 6 weeks vs. baseline: p < 0.05)
(Table 3.13); whilst the ratio of insulin AUC0-180: T-GIP AUC0-180 remained
unchanged post-SG (One-way-ANOVA RM: p = 0.20) (Table 3.13).
On the other hand when we examined the ratio of insulin AUC0-180 / I-GIP AUC0-180,
we found that both RYGBP and SG resulted in non-significant increases in the insulin
AUC0-180: I-GIP AUC0-180. at 12 weeks compared to pre-operative levels (Table 3.13).
We found no significant difference in the insulin / I-GIP AUC0-180 at either preoperative or 12-week post surgery visits between the RYGBP and SG groups (p =
0.89 and p = 0.72 respectively) (Table 3.13).
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3.3.B.2.10 The effects of RYGBP and SG on circulating fasting and mealstimulated glucagon levels
Pre-operatively both the RYGBP and SG groups had comparable fasting and nutrientstimulated glucagon levels and glucagon AUC0-180 (Figure 3.18 & Table 3.11). At 6
weeks, both groups exhibited no change in fasting glucagon levels (Figure 3.18A-B
& Table 3.11), whereas at 12 weeks post-operatively fasting glucagon levels
increased compared to pre-operatively in both groups (p = 0.06 and p < 0.05 for
RYGBP and SG respectively) (Figure 3.18A-B & Table 3.11).
In the RYGBP group we observed significant increases in nutrient-stimulated plasma
glucagon levels from pre-operative values at all time-points post-meal (t15-180) at 6
weeks, and between t15-120 at 12-week post-surgery (p < 0.05) (Figure 3.18A). In
line with these changes glucagon AUC0-180 significantly rose from baseline at both
post-operative assessments (p < 0.0001 at 6 weeks and p < 0.001 at 12 weeks postsurgery vs. baseline; One-way-ANOVA RM: p < 0.0001) (Figure 3.18C &Table 3.11)
SG resulted in increased post-meal glucagon levels compared to pre-surgery at t15
and t60-150 at the 6-week visit, and at t90 at the 12-week visit (p < 0.05) (Figure
3.18B). SG also induced increases in glucagon AUC0-180 (One-way-ANOVA RM: p =
0.02), but glucagon AUC0-180 was significantly higher from baseline only at the 6week visit (p < 0.01) (Figure 3.18C &Table 3.11).
Between-groups analysis revealed significantly higher glucagon AUC0-180 in the
RYGBP group at 12 weeks post-surgery compared to SG (p = 0.04), with a trend
towards higher glucagon AUC0-180 also seen at 6 weeks post-operatively (p = 0.09)
(Figure 3.18C). RYGBP also resulted in greater post-meal glucagon levels compared
to SG at t30, 12 weeks post-surgery (p < 0.05), with a trend towards significance also
seen at t15, t60-120 and at t180 at 12 weeks (p < 0.10); as well as between t30-60 at
the 6-week post-operative assessment (P < 0.10).
Given the known glucagonostatic role of GLP-1, we then calculated the glucagon /
active GLP-1 AUC0-180 ratio. Both RYGBP and SG resulted in a significant reduction
in the glucagon / GLP-1 AUC0-180 ratio at 6 weeks (p < 0.05 and p < 0.01,
respectively) and 12 weeks (p < 0.001 and p < 0.01, respectively) post-operatively
compared to pre-surgery values (Figure 3.18 & Table 3.13). Between groups
comparison revealed no difference in the glucagon / GLP-1 AUC0-180 ratio at the presurgery and 6-week visits. However at the 12-week visit, the RYGBP group exhibited
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a non-significantly lower glucagon / GLP-1 AUC0-180 ratio compared to SG (p = 0.09)
(Figure 3.18 & Table 3.13).
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Figure 3.18: The effects of RYGBP and SG on plasma glucagon temporal profile in response to
the test-meal, glucagon AUC0-180 and on glucagon to active GLP-1 AUC0-180 ratio. (A, B) Temporal
profile of glucagon levels in response to the test-meal pre-operatively (solid, black squares) and at 6
(red, solid circles) and 12 weeks (green, solid triangles) post-operatively for the RYGBP (A) and SG
groups (B). (C) Glucagon AUC0-180 for the RYGBP (solid, black bars) and SG (solid, grey bars) groups
pre-operatively, and at 6 and 12 weeks post-surgery. (D) Glucagon to active GLP-1 AUC0-180 ratio for
the RYGBP (solid, black bars) and SG (solid, grey bars) groups pre-operatively, and at 6 and 12 weeks
post-surgery. * denotes p < 0.05 for 6 weeks post-surgery vs. pre-operatively. **denotes p < 0.01 for 6
weeks post-surgery vs. pre-operatively. *** denotes p < 0.001 for 6 weeks post-surgery vs. preoperatively **** denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively. † denotes p < 0.05
for 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks post-surgery vs. preoperatively. ††† denotes p < 0.001 for 12 weeks post-surgery vs. pre-operatively. One-way-ANOVA
stats for the overall phenomenon within each group are indicated on the upper right corner of panels
(C) & (D). Between groups and between visits comparison stats are indicated over the corresponding
graph bars. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; AUC, area-under-thecurve; GLP-1, glucagon-like peptide 1.
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3.3.B.2.11 The effects of RYGBP and SG on circulating fasting and mealstimulated acyl-ghrelin levels
We observed comparable fasting, post-prandial acyl-ghrelin levels and acyl-ghrelin
AUC0-180 in both RYGBP and SG groups pre-surgery (Figure 3.19 & Table 3.12).
Fasting plasma acyl-ghrelin levels declined at 6 weeks post-RYGBP compared to preoperative levels (p = 0.05) (Figure 3.19A & Table 3.12). At 12 weeks post-RYGBP
fasting circulating acyl-ghrelin rose towards the pre-operative values, with a
significant increase in fasting acyl-ghrelin at 12 weeks post-surgery as compared to
the 6-week visit (p = 0.03) (Figure 3.19A & Table 3.12).
Post-RYGBP acyl-ghrelin levels at t30 min post-meal were significantly lower
compared to baseline at both post-operative visits (p = 0.02 for both) (Figure 3.19A).
There was no significant change in acyl-ghrelin AUC0-180 post-RYGBP compared to
pre-operatively (One-way-ANOVA RM: p = 0.75) (Figure 3.19C & Table 3.12).
Following SG we detected marked reductions in fasting acyl-ghrelin levels (p = 0.02
and p = 0.01 at 6 and 12 weeks respectively), as well as significant reductions in postmeal acyl-ghrelin levels between t15-60 at 6 weeks and at 12 weeks post-surgery (p <
0.05) (Figure 3.19B & Table 3.12). In the SG group we observed significant
decreases in acyl-ghrelin AUC0-180 from baseline at 6 weeks post-operatively
compared to pre-surgery (One-way-ANOVA RM: p = 0.07, at 6 and 12 weeks postsurgery vs. baseline, p = 0.05 and p > 0.05, respectively) (Figure 3.19C & Table
3.12).
Between-groups analysis revealed that at both post-operative visits, the SG group
exhibited significantly lower fasting acyl-ghrelin levels (6 weeks: p < 0.05; 12 weeks:
p < 0.001); along with significantly lower nutrient-stimulated acyl-ghrelin levels in
comparison to the RYGBP group between t15-150 min at 6 weeks; and at 12 weeks
between t15-180 min (p < 0.05). Moreover, the SG group exhibited significantly
lower acyl-ghrelin AUC0-180 compared to the RYGBP group at both 6 and 12 weeks
post-surgery (p = 0.01 and p = 0.006, respectively) (Figure 3.19C & Table 3.12).
Though pre-operatively nadir acyl-ghrelin levels were comparable between the
RYGBP and SG groups (p = 0.94), nadir acyl-ghrelin was significantly lower postSG compared to post-RYGBP (p = 0.03, p = 0.02, at 6 & 12 weeks, respectively)
(Figure 3.22D & Table 3.13).
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Figure 3.19: The effects of RYGBP and SG on plasma fasting and meal-stimulated acyl-ghrelin
levels, acyl-ghrelin AUC0-180 and on nadir acyl-ghrelin concentrations. (A & B) Temporal profiles
of acyl-ghrelin levels in response to the test-meal pre-operatively (solid, black squares), and at 6 (red,
solid circles) and 12 weeks (solid, green triangles) post-RYGBP (A) and post-SG (B). (C) Acylghrelin AUC0-180 for the RYGBP (solid, black bars) and SG group (solid, grey bars) pre-operatively,
and at 6 and 12 weeks post-surgery. (D) Nadir acyl-ghrelin concentrations for the RYGBP (solid, black
bars) and SG groups (solid, grey bars) pre-operatively, and at 6 and 12 weeks post-surgery. * denotes p
< 0.05 at 6 weeks post-surgery vs. pre-operatively. **denotes p < 0.01 at 6 weeks vs. pre-operatively. †
denotes p < 0.05 at 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 at 12 weeks vs. preoperatively. ‡ denotes P < 0.05 for 12 weeks vs. 6 weeks post-surgery. One-way-ANOVA stats for the
overall phenomenon within each group are indicated on the upper right corner of panels (C) & (D).
Between groups and between visits comparison stats are indicated over the corresponding graph bars.
Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; AUC: area-under-the-curve.
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3.3.B.2.12 The effects of RYGBP and SG on the fasting and meal-stimulated
levels of the satiety hormone PYY3-36
Both groups had comparable fasting PYY3-36 and PYY3-36 AUC0-180 before surgery.
Only RYGBP induced significant increases in the fasting levels of the satiety
hormone PYY3-36 at 6 and 12 weeks post-operatively (One-way-ANOVA RM, p <
0.01, at 6 and 12 weeks compared to baseline, p < 0.01 and p < 0.05, respectively),
whereas there were no changes in fasting PYY3-36 following SG (One-way-ANOVA
RM: p = 0.29) (Figure 3.20A-C & Table 3.12).
Following both RYGBP and SG surgeries, we observed significant rises in postprandial PYY3-36 levels at all time-points (t15-180) at 6 and 12 weeks postoperatively (p < 0.05) (Figure 3.20A-B & C). PYY3-36 AUC

0-180

was significantly

enhanced by ~2.4 folds compared to baseline at 6 and 12 weeks post-RYGBP (Oneway-ANOVA RM, p < 0.0001, at 6 and 12 weeks compared to baseline, p < 0.0001
and p < 0.001, respectively) and by ~1.6 folds post-SG (One-way-ANOVA RM, p <
0.0001, 6 and 12 weeks compared to baseline, p < 0.01, both visits) (Figure 3.20C,
Table 3.12).
When comparing RYGBP and SG, both operations resulted in similar levels of
fasting PYY3-36. However, the RYGBP group exhibited significantly greater
concentrations of circulating PYY3-36 between t60-150 post-meal at 6 weeks postsurgery; and between t120-180 post-meal at 12 weeks post-surgery (p < 0.05) (Figure
3.20A-B). Moreover, the RYGBP group displayed significantly greater PYY3-36
AUC0-180 at 6 (p = 0.003) and 12 weeks post-operatively (p = 0.03) as compared to
SG (Figure 3.20C).
PYY3-36 peak levels Pmax were significantly higher post-RYGBP compared to postSG at both 6 and 12 weeks post-surgery (p = 0.004 and p = 0.02 respectively) (Table
3.13).
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Figure 3.20: The effects of RYGBP and SG on fasting and meal-stimulated plasma PYY3-36 levels
and on plasma PYY3-36 AUC0-180. (A) Temporal profile of PYY3-36 levels in response to the test-meal
pre-operatively (solid, black squares) and at 6 (red, solid circles) and 12 weeks post-RYGBP (solid,
green triangles) post-RYGBP. (B) Temporal profile of PYY3-36 levels in response to the test-meal preoperatively (solid, black squares) and at 6 (red, solid circles) and 12 weeks post-RYGBP (solid, green
triangles) post-SG (C) PYY3-36 AUC0-180 for the RYGBP (solid, black bars) and SG group (solid, grey
bars) pre-operatively, and at 6 and 12 weeks post-surgery. * denotes p < 0.05 at 6 weeks post-surgery
vs. pre-operatively. **denotes p < 0.01 at 6 weeks vs. pre-operatively. *** denotes p < 0.001 at 6
weeks vs. pre-operatively. **** denotes p < 0.0001 at 6 weeks vs. pre-operatively † denotes p < 0.05 at
12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 at 12 weeks vs. pre-operatively. †††
denotes p < 0.001 at 12 weeks vs. pre-operatively. †††† denotes p < 0.0001 at 12 weeks vs. preoperatively. One-way-ANOVA stats for the overall phenomenon within each group are indicated on the
upper right corner of panels (C) & (D). Between groups and between visits comparison stats are
indicated over the corresponding graph bars. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve
gastrectomy; PYY, peptide tyrosine tyrosine; AUC, area-under-the-curve.
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Table 3.14 Summary of changes in circulating gut hormones levels; RYGBP vs. SG. (Study II)

6 weeks
RYGBP
Fasting GLP-1 (pmol/L)

SG

12 weeks
RYGBP

p value

SG

6 weeks

12 weeks

çè

çè

çè

çè

0.40

0.34

GLP-1 AUC 0-180 (pmol*min/L)

é

é

é

é

0.06

0.0009

Peak active GLP-1 (pmol/L)

é

é

é

é

0.05

0.02

çè

çè

çè

çè

0.73

0.88

Total GIP AUC0-180 (pmol*min/L)

ê

ê

çè

çè

0.03

0.03

Total GIP AUC0-60 (pmol*min/L)

NS

NS

é

é

0.90

0.95

Total GIP AUC60-180 (pmol*min/L)

ê

ê

çè

çè

0.007

0.02

çè

çè

é

é

0.37

0.20

Fasting total GIP (pmol/L)

peak total GIP (pg/mL)
Fasting intact GIP (pmol/L)

NS

çè

Intact GIP AUC 0-180 (pmol*min/L)

ê

çè

0.18

çè

çè

0.72

é

NS

0.005

Insulin AUC0-180 / intact GIP AUC0-180 ratio
% of intact GIP/total GIP ratio
Fasting acyl-ghrelin (pg/mL)

0.05

ê

çè

ê

ê

0.047

0.0007

Acyl-ghrelin AUC 0-180 (pg*min/L)

çè

çè

ê

çè

0.01

0.006

Nadir acyl-ghrelin (pg/mL)

çè

çè

çè

NS

0.03

0.02

Fasting PYY 3-36 (pg/mL)

ê

ê

çè

çè

0.24

0.62

PYY3-36 AUC0-180 (pg*min/L)

ê

ê

ê

ê

0.003

0.03

(é) indicates increased levels, (ê) indicates decreased levels, (çè) indicates no changes (p > 0.1)
and (NS) denotes non-significant changes where p > 0.05 and < 0.10. Key: RYGBP, Roux-en-Y gastric
bypass; SG, sleeve gastrectomy; AUC: area-under-the-curve; GLP-1, glucagon-like peptide 1; GIP,
glucose-dependant insulinotropic peptide; PYY, peptide tyrosine tyrosine.
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Table 3.15 Summary of changes in insulin, glucagon and indices of glycaemia; RYGBP vs. SG. (Study II)

6 weeks
RYGBP

SG

12 weeks
RYGBP

p value

SG

6 weeks

12 weeks

Fasting glucose (mmol/L)

NS

çè

çè

çè

0.61

0.61

Glucose 2hr (mmol/L)

NS

ê

çè

ê

0.66

0.13

Glucose AUC0-60 (mmol*min/L)

NS

çè

é

çè

0.65

0.80

Glucose AUC60-180 (mmol*min/L)

çè

ê

NS

ê

0.57

0.43

Glucose AUC0-180 (mmol*min/L)

çè

ê

çè

NS

0.81

0.72

Fasting insulin (mU/L)

çè

çè

ê

ê

0.99

0.60

Insulin AUC0-60 (mU*min/L)

é

é

é

é

0.69

0.75

Insulin AUC60-180 (mU*min/L)

ê

ê

çè

çè

0.21

0.39

Insulin AUC0-180 (mU*min/L)

çè

çè

çè

çè

0.30

0.42

Insulin Pmax (mU/L)

NS

é

é

é

0.75

0.81

Insulin peak time (min)

ê

ê

ê

çè

0.76

0.98

Insulin AUC0-180 /active GLP-1 AUC 0-180 ratio

ê

ê

ê

ê

0.11

0.21

Insulin AUC0-180 /total GIP AUC 0-180 ratio

NS

é

NS

é

0.70

0.76

Fasting Glucagon (pg/mL)

çè

NS

çè

ê

0.94

0.30

Glucagon AUC0-180 (pg*min/mL)

é

é

é

çè

0.09

0.04

Glucagon AUC 0-180 /active GLP-1 AUC 0-180 ratio

ê

ê

ê

ê

0.42

0.09

HOMA-IR

çè

NS

ê

çè

0.78

0.80

Insulinogenic Index

çè

çè

çè

çè

0.22

0.89

Matsuda Index

çè

çè

çè

çè

0.46

0.65

(é) indicates increased levels, (ê) indicates decreased levels, (çè) indicates no changes (p > 0.1)
and (NS) denotes non-significant changes where p > 0.05 and < 0.10. Key: RYGBP, Roux-en-Y gastric
bypass; SG, sleeve gastrectomy; AUC: area-under-the-curve; HOMA-IR, homeostasis modelassessment for insulin resistance; Glucose 2hr, 2hours post-prandial glucose; GLP-1, glucagon-like
peptide 1; GIP, glucose-dependant insulinotropic peptide.
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3.3.B.2.13 Relationship between changes in subjective appetite, gut hormones
and anthropometric indices in the early post-operative period
3.3.B.2.13.1 Relationship between plasma active GLP-1, anthropometric indices
and appetite measures
In the SG group we observed a positive correlation between Δ active GLP-1 AUC0-180
and WL at 6 weeks post-surgery (r = 0.66, p = 0.04); the greater the post-operative
active GLP-1 enhancements, the greater the weight-loss achieved in the SG group
(Figure 3.21A & Table 3.16).
In the RYGBP group we only observed a trend towards a negative correlation
between active GLP-1 AUC0-180 and hunger AUC0-180 at 6 weeks post-surgery (r = 0.45, p = 0.20), (Figure 3.21B & Table 3.16). Whereas, post-SG we detected a
significant negative association between hunger AUC0-180 and active GLP-1 AUC0-180
at 6 weeks (r = - 0.48, p =0.008), with a trend also seen at 12 weeks post-surgery (r =
0.55, p = 0.10) (Figure 3.21C&D & Table 3.16). Moreover, following SG we also
found a negative association between active GLP-1 AUC0-180 and prospective food
intake AUC0-180 at using combined post-operative visits (r = - 0.47 p = 0.04) (Figure
3.21E & Table 3.16).

3.3.B.2.13.2 Relationship between plasma T-GIP and anthropometric indices
T-GIP AUC

0-180

positively correlated with BMI at 6 weeks post-SG (r = 0.64, p =

0.049) and VFA (r = 0.64, p = 0.045), whereas it negatively associated with EWL (r =
- 0.59, p = 0.07) (Figure 3.22A-C & Table 3.16). Thus, the greater the circulating
levels of T-GIP post-SG the less the weight-loss and the higher the BMI and VFA.
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Figure 3.21: Relationship between plasma active GLP-1 with anthropometric indices, appetite
measures and gut hormone levels. (A) Correlation between Δ active GLP-1 AUC0-180 and WL at 6
weeks post-SG (open, blue squares). (B) Correlation between active GLP-1 AUC0-180 and hunger
AUC0-180 at 6 weeks post-RYGBP (open, red circles). (C) & (D) Correlation plot between active GLP1 AUC0-180 and hunger AUC0-180 post-SG (open blue squares) at 6 weeks (C) and at 12 weeks (D) postsurgery. (E) Correlation between active GLP-1 AUC0-180 and PFC AUC0-180 in RYGBP group using
combined 6 and 12 weeks data post-surgery: Pearson’s correlation coefficient. Key: RYGBP, Roux-enY gastric bypass; SG, sleeve gastrectomy; AUC, area-under-the-curve; GLP-1, glucagon-like peptide1; PFC, prospective food consumption; WL, weight-loss.

3.3.B.2.13.3 Relationship between plasma acyl-ghrelin levels and total GIP
Following SG we detected a positive association with a trend towards significance
between total GIP AUC0-180 and acyl-ghrelin AUC0-180 at 6 weeks following SG (r =
0.61, p = 0.06) (Figure 3.22D & Table 3.16). Whereas, we no correlation was
observed following RYGBP.
3.3.B.2.13.4 Relationship between plasma PYY3-36 and anthropometric indices
Following SG we detected a negative correlation between the anorexigenic hormone,
PYY3-36 with BMI and VFA 12 weeks post-surgery (r = - 0.48, p = 0.03, and r = 0.32, p = 0.09, respectively) (Figure 3.22E-F & Table 3.16)
We found no correlations between PYY3-36 with anthropometric, appetite measures
and other hormones in the RYGBP group.
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Figure 3.22: Relationship between plasma total GIP AUC0-180, PYY3-36 AUC0-180 and anthropometric
indices. (A) Correlation between total GIP AUC0-180 and BMI at 6 weeks post-SG (open, blue squares). (B)
Correlation between total GIP AUC0-180 and %EWL at 6 weeks post-SG (open, blue squares). (C)
Correlation plot between total GIP AUC0-180 and VFA at 6 weeks post-SG (open blue squares). (D)
Correlation plot between total GIP AUC0-180 and acyl-ghrelin AUC0-180, 6 weeks post-SG (open blue
squares). Correlation plots 12 weeks post-SG group (open, blue squares) between PYY3-36 AUC0-180 with
VFA (E), and BMI (F). r: Pearson’s correlation coefficient. Key: SG, sleeve gastrectomy; AUC, areaunder-the-curve; VFA, visceral fat area; BMI, body mass index; EWL, excess weight-loss; GIP, glucosedependent insulinotropic peptide; PYY, peptide tyrosine tyrosine.
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Table 3.16 Summary of correlation analysis between circulating gut hormones levels, subjective appetite
scores and anthropometric indices; RYGBP vs. SG. (Study II)

RYGBP

SG

Fisher's
coefficient

Correlations between active GLP-1 & VAS scores
Δ GLP-1 AUC0-180 & WL (6 weeks)

r = - 0.63

p = 0.49

r = 0.66

p = 0.04

Z = - 2.87

p = 0.004

Δ GLP-1 AUC0-180 & hunger AUC0-180 (6 weeks)

r = - 0.46

p = 0.19

r = - 0.48

p = 0.008

Z = 0.05

p = 0.96

Δ GLP-1 AUC0-180 & hunger AUC0-180 (12 weeks)

r = - 0.55

p = 0.10

r = - 0.41

p = 0.24

Z = - 0.34

p = 0.73

Δ GLP-1 AUC0-180 & PFC AUC0-180 (6 & 12 weeks)

r = - 0.19

p = 0.44

r = - 0.47

p = 0.04

Z = 0.59

p = 0.56

Correlations between total-GIP & anthropometric indices
Total-GIP AUC0-180 & BMI (6 weeks)

r = 0.18

p = 0.62

r = 0.64

p = 0.049

Z = - 1.08

p = 0.28

Total-GIP AUC0-180 & %EWL (6 weeks)

r = - 0.40

p = 0.26

r = - 0.59

p = 0.07

Z = 0.48

p = 0.63

Total-GIP AUC0-180 & VFA (6 weeks)

r = - 0.09

p = 0.80

r = 0.64

p = 0.045

Z = - 1.59

p = 0.11

Total-GIP AUC0-180 & acyl-ghrelin AUC0-180 (6 weeks)

r = - 0.23

p = 0.52

r = 0.61

p = 0.06

Z = - 1.76

p = 0.08

Correlations between PYY 3-36 & anthropometric indices
PYY3-36 AUC0-180 & % BMI (12 weeks)

r = 0.09

p = 0.80

r = - 0.48

p = 0.03

Z = 1.15

p = 0.25

PYY3-36 AUC0-180 & % VFA (12 weeks)

r = 0.13

p = 0.72

r = - 0.32

p = 0.09

Z = 0.87

p = 0.38

Key: RYGBP, Roux-en-Y gastric bypass; SG sleeve gastrectomy; BMI, body mass index; EW, excess weight;
VFA, visceral fat area; %EWL, percentage excess weight-loss; AUC, area under the curve; GLP-1 glucagonlike peptide 1; r, Pearson’s correlation co-efficient; p, Pearson’s correlation significance; Z, Fischer’s Z
extract for the difference in the correlation co-efficient.

3.4 The effects of RYGBP and SG on subjective appetite
In the studies described in this thesis we used the validated VAS appetite
questionnaires (Flint et al., 2000, Batterham et al., 2006b) to examine the effects of
the two procedures, RYGBP and SG on subjective appetite, and in particular on
perceived hunger, prospective food-intake, fullness (satiety) and sickness in the fasted
and fed states. VAS data are presented from combined matched for baseline
anthropometric characteristics, baseline appetite and age subjects across the studies,
n= 20 for SG and n=16 for RYGBP (Table 3.17). Baseline matching is a key strength
of our study in relation to evaluating the effects of RYGBP and SG on appetite, the
differences in appetite between the RYGBP and SG groups noted post-surgery reflect
the effects of each procedure per se on the different aspects of appetite, without being
confounded by any pre-existing group-differences in appetite before surgery.
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3.4.1 The effects of RYGBP and SG on subjective hunger
We observed significantly lower fasting hunger at 6 and 12 weeks post-RYGBP
group as compared to baseline (p < 0.01) (Figure 3.23A & Table 3.17). In contrast,
post-SG we found no change in fasting hunger from baseline, at 6 weeks postsurgery. Whereas, fasting hunger VAS non-significantly increased at 12 weeks postSG in comparison to pre-surgery (p = 0.68) (Figure 3.23B & Table 3.17).
In response to the same caloric load, post-RYGBP we found significantly lower
hunger perception at all time points post-meal, t15-180, at the 6- and 12-week postoperative visit vs. pre-operatively (p < 0.01) (Figure 3.23A). Coincident with these
changes, hunger AUC0-180 was reduced post-RYGBP, being significantly lower from
baseline at 6 & 12 weeks post-surgery (One-way-ANOVA RM: p < 0.0001, 6 and 12
weeks vs. baseline, p < 0.0001, both) (Table 3.17)
Similarly, at both the 6 and 12-week postoperative assessments, SG resulted in
significantly lower hunger compared to pre-surgery at all time-points post-meal, t15180, (p < 0.0) (Figure 3.23B). Hunger AUC0-180 was also significantly lower
compared to the pre-operative visit at the 6- and 12-week post-operative visits (Oneway-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline, p < 0.0001, both) (Table
3.17)
Between-groups comparison revealed that the RYGBP group exhibited lower fasting
hunger VAS at 6 weeks (p = 0.02) and 12 weeks (p = 0.09) post-surgery compared to
the SG group (Table 3.17). Moreover, meal-stimulated hungers VAS were nonsignificantly lower at t15 post-meal in the RYGBP vs. the SG group (p <0.10) at both
post-operative visits. There were no differences between the two groups in relation to
hunger AUC0-180 at 6 and 12 weeks post-surgery (Table 3.17).
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Table 3.17 Combined anthropometric and subjective appetite scores data (VAS) of the RYGBP & SG groups, pre-operatively, and at 6 & 12 weeks post-surgery
(mean ± SEM).

RYGBP
Pre-operatively
Mean ± SEM

Age
Anthropometrics
BMI (kg/m2)
Weight Loss (kg)
%EWL (%)
Total fat mass (kg)
Corrected total fat mass (kg/height2)
VFA (cm2 )
Corrected VFA (cm/height2)

6 Weeks
Mean ± SEM

SG
12 Weeks

pa

Mean ± SEM

Pre-operatively
pb

44.2 ± 2.7

46.3 ± 1.3

6 Weeks
Mean ± SEM

p
(between groups)

12 Weeks
pc

Mean ± SEM

pd

43.5 ± 2

41.8 ± 1.2

< 0.0001

14.2 ± 1.1

38.8 ± 1.2

< 0.0001

47.7 ± 1.7

19.6 ± 0.7

26 ± 2.1

pf

pg

0.69

0.38

0.92

0.88

0.84

42.7 ± 1.8

< 0.0001

14.4 ± 1.1

37.4 ± 2.8

pe

40.1 ± 1.7

< 0.0001

0.51

19.8 ± 1.3

0.92

0.43

65.2 ± 2.8

57.1 ± 2.4

< 0.0001

51.9 ± 2.4

< 0.0001

69.6 ± 2.9

25.6 ± 2.7
58.7 ± 3.6

< 0.0001

57.2 ± 3.3

33.9 ± 3
< 0.0001

0.27

0.71

0.25

24.4 ± 1

21.3 ± 0.9

< 0.0001

19.5 ± 0.9

< 0.0001

24.9 ± 1.2

21.1 ± 1.4

< 0.0001

20.5 ± 1.3

< 0.0001

0.73

0.88

0.58

256 ± 10

221 ± 8

< 0.0001

199 ± 8.3

< 0.0001

263 ± 11.2

227 ± 12

< 0.0001

211 ± 11.6

< 0.0001

0.61

0.73

0.46

95.7 ± 3.6

81.9 ± 3

< 0.0001

74.8 ± 3.1

< 0.0001

94.2 ± 4.5

81.1 ± 4.6

< 0.0001

75.6 ± 4.4

< 0.0001

0.79

0.90

0.90

51.4 ± 6.5
5427 ± 882

15.5 ± 3.6
1886 ± 244

0.00003
< 0.0001

21.6
1968 ± 525

0.0002
< 0.0001

44.3 ± 4.2
3608 ± 495

30.8 ± 4.9
0.048
2146 ± 356 < 0.0001

38.1 ± 6.6
2452 ± 317

0.37
< 0.001

0.36
0.86

0.02
0.15

0.09
0.42

45.1 ± 6.7
6273 ± 856

19.6 ± 3.1
1583 ± 257

0.004
< 0.0001

19.3 ± 3.4
2225 ± 589

0.003
< 0.0001

44 ± 3
6543 ± 708

26.7 ± 2.7
0.0005
2437 ± 373 < 0.0001

34.2 ± 5.1
2733 ± 318

0.12
< 0.0001

0.88
0.81

0.09
0.08

0.03
0.43

20.6 ± 4.6
6815 ± 748

42.9 ± 6.3
0.001
12534 ± 808 < 0.0001

35.9 ± 7.5
11409 ± 1227

0.09
< 0.0001

16.9 ± 3.3
6027 ± 705

34.1 ± 6
0.02
11930 ± 816 < 0.0001

28.8 ± 5.3
0.07
11101 ± 761 < 0.0001

0.52
0.45

0.32
0.60

0.44
0.82

14.5 ± 4.4
2461 ± 468

7.3 ± 1.5
5989 ± 716

6.1 ± 0.8
5899 ± 676

0.36
< 0.0001

5.9 ± 0.2
4.8 ± 0.2

0.24
0.5

0.30
0.52

0.75
0.27

Hunger VAS Scores
Fasting hunger VAS (mm)
Hunger VAS AUC0-180 (mm*min)

PFC VAS Scores
Fasting PFC VAS (mm)
PFC VAS AUC0-180 (mm*min)

Fullness VAS Scores
Fasting fullness VAS (mm)
Fullness VAS AUC0-180 (mm*min)

Sickness VAS Scores
Fasting sickness VAS (mm)
Sickness VAS AUC0-180 (mm*min)

0.13
< 0.0001

5.6 ± 0.1
4.6 ± 0.2

0.47
< 0.02

5.5 ± 0.0
4.6 ± 0.2

0.20
0.15

Within-groups analysis (One-way-ANOVA RM with Bonferroni post-hoc or Friedman test with Dunn’s post hoc): RYGBP pa: 6 weeks vs. pre-operatively, pb: 12 weeks vs. preoperatively), SG: (pC: 6 weeks vs. pre-operatively, pd:12 weeks vs. pre-operatively. Between-groups analysis (Student’s unpaired t-test or Mann–Whitney test), pe: RYGBP vs. SG
before surgery, pf: RYGBP vs. SG at 6 weeks post-surgery, pg: RYGBP vs. SG at 12 weeks post-surgery. Results are presented as mean ± SEM and % change from the baseline.
Key: RYGBP: Roux-en-Y gastric bypass; SG: sleeve gastrectomy; VAS, visual analogue scales; PFC, prospective food consumption; AUC: area-under-the curve.
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Table 3.18 Summary of changes in subjective appetite scores (VAS); RYGBP vs. SG.
(combined data)

6 weeks
RYGBP

SG

12 weeks
RYGBP

P value

SG

6 weeks

12 weeks

Fasting Hunger (mm)

ê

ê

ê

çè

0.02

0.09

Hunger AUC 0-180 (mm*min)

ê

ê

ê

ê

0.15

0.42

Fasting PFC (mm)

ê

ê

ê

çè

0.09

0.03

PFC AUC0-180 (mm*min)

ê

ê

ê

ê

0.08

0.43

Fasting Fullness (mm)

é

NS

é

NS

0.32

0.44

Fullness AUC0-180 (mm*min)

é

é

é

é

0.60

0.82

çè

çè

çè

çè

0.30

0.75

é

é

é

çè

0.52

0.27

Fasting Sickness (mm)
Sickness AUC 0-180 (mm*min)

Table 3.18: Summary of post-operative changes in subjective appetite scores (VAS), RYGBP vs.
SG. Key: (é) indicates increased levels, (ê) indicates decreased levels, (çè) indicates no changes
(p > 0.1) and (NS) denotes non-significant changes where p > 0.05 and < 0.10. Key: RYGBP, Roux-enY gastric bypass; SG, sleeve gastrectomy; PFC, prospective food consumption; AUC, area-under-thecurve.

3.4.2 The effects of RYGBP and SG on subjective prospective food consumption
(PFC)
Despite the marked weight-loss post-RYGBP, fasting prospective food consumption
VAS was significantly reduced at 6 & 12 weeks post-RYGBP (p <0.01, both) (Figure
3.23C & Table 3.17). Post-SG we observed a significant reduction in fasting PFC
VAS at 6 weeks (p < 0.001); whereas at 12 weeks post-surgery fasting PFC
perception rose towards baseline but remained non-significantly lower compared to
pre-operative levels (p = 0.05) (Figure 3.23C & Table 3.17). In response to the testmeal, meal-stimulated PFC VAS were significantly lower from pre-operative values
at all time-points post-meal at 6 & 12 weeks post-RYGBP (p < 0.01) (Figure 3.23C).
These changes reflected in significant reduction in PFC AUC0-180 at both postoperative visits compared to pre-surgery values (One-way-ANOVA RM: p < 0.0001, 6
and 12 weeks vs. baseline, p < 0.0001, both) (Table 3.17).
Similar to RYGBP, meal-stimulated PFC VAS were significantly reduced from preoperative values in the SG group at all time points following 6 & 12 weeks visits (p
<0.01) (Figure 3.23D). PFC AUC0-180 was also significantly reduced at 6 and 12
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weeks (One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline, p < 0.0001,
both) post-SG compared to pre-operatively (Table 3.17).
In comparison to SG, RYGBP induced greater reductions in fasting PFC VAS at 6 (p
= 0.08) and 12 weeks (p = 0.03) post-surgery (Table 3.17). There were no significant
between-groups differences in meal-stimulated VAS at the 6- or 12-week visits.
However RYGBP resulted in a non-significantly lower PFC AUC0-180 perception at 6
weeks post-surgery, whereas no difference in PFC AUC0-180 between the two
procedures was noted in the 12-week post operative visit (p = 0.43) (Table 3.17).
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Figure 3.23: The effects of RYGBP and SG on hunger and PFC temporal profiles in response to
the test-meal. (A, B) Hunger VAS (mm) temporal profile pre-operatively (black, solid squares), at 6
(red, solid circles) and 12 weeks (green, solid triangles) post-operatively for the RYGBP (A) and SG
group (B). (C, D) PFC VAS (mm) temporal profile pre-operatively (solid, black squares), at 6 (red,
solid circles) and 12 weeks (green, solid triangles) post-operatively for the RYGBP (C) and SG group
(D). * denotes p < 0.05 for 6 weeks post-surgery vs. pre-operatively. **denotes p < 0.01 for 6 weeks
post-surgery vs. pre-operatively. *** denotes p < 0.001 for 6 weeks post-surgery vs. pre-operatively. †
denotes p < 0.05 for 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks postsurgery vs. pre-operatively; **** denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively. †
denotes p < 0.05 for 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks postsurgery vs. pre-operatively. ††† denotes p < 0.001 for 6 weeks post-surgery vs. pre-operatively. Key:
RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; VAS, visual analogue scales; PFC,
prospective food consumption.
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3.4.3 The effects of RYGBP and SG on subjective satiety
Following RYGBP and SG, we observed a significant increases in fasting fullness
VAS at 6 weeks post-surgery compared to pre-operatively (p = 0.0001, p = 0.02,
respectively), while at 12 weeks both procedures resulted in a non-significant rise in
fasting fullness (p = 0.09, p = 0.07, respectively) compared to pre-operative
assessment (Figure 3.24A-B and Table 3.17).
In response to the STM, both the RYGBP and SG groups exhibited significantly
greater fullness ratings between at all post-meal time, t15-180, at 6- & 12-week postoperative visits (p < 0.01); and at t30, t90-120 and t180 post-meal at the 12-week
post-operative visit (p < 0.05) (Figure 3.24A-B). Coinciding with these changes,
fullness AUC0-180 significantly increased at 6 and 12 weeks following both surgeries
(One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs. baseline, p < 0.0001, both)
compared to pre-operative assessment levels (Table 3.17).
Between-groups comparison revealed no difference in either fasting or fullness
AUC0-180 . However, meal-stimulated fullness VAS lower at t15 (p = 0.04) and t30 (p
= 0.06) post-meal in the RYGBP vs. the SG group at the 6-week post-operative visit
(Table 3.17).

3.4.4 The effects of RYGBP and SG on subjective sickness
Neither RYGBP, nor SG altered fasting sickness perception at either of the postoperative visits compared to pre-operative assessment (Figure 3.24C&D and Table
3.17). However, following RYGBP surgery, patients exhibited significantly greater
sickness perception at t15-90 post-meal at 6 weeks post-surgery (p < 0.01); and at
t15-90 at the 12-week post-operative visit (p < 0.05) (Figure 3.24C). Sickness AUC0180

was significantly greater in the RYGBP group at 6 & 12 weeks post-surgery

compared to pre-operatively (One-way-ANOVA RM: p < 0.0001, 6 and 12 weeks vs.
baseline, p < 0.0001, both) (Table 3.17).
Following SG, meal-stimulated sickness VAS significantly increased from baseline at
t15-90 at 6 weeks (p < 0.01); and at t15-60 at 12 weeks post-surgery (p < 0.05)
(Figure 3.24D). Sickness AUC0-180 was significantly only at the 6week post-operative
visit in comparison to baseline values (p = 0.02) (Table 3.17).
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Between-groups comparison revealed no difference in either fasting or mealstimulated fullness VAS or fullness AUC0-180 (Table 3.17).
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Figure 3.24: The effects of RYGBP and SG on fullness and sickness temporal profiles in response
to the standard test-meal. (A, B) Fullness VAS (mm) temporal profile pre-operatively (solid, black
squares) and at 6 (solid, red circles) and 12 weeks (solid, green triangles) post-operatively for the
RYGBP (A) and SG group (B). (C-D) Sickness VAS (mm) temporal profile pre-operatively (solid,
black squares) and at 6 (solid, red circles) and 12 weeks (solid, green triangles) post-operatively for the
RYGBP (C) and SG group (D). * denotes p < 0.05 for 6 weeks post-surgery vs. pre-operatively.
**denotes p < 0.01 for 6 weeks post-surgery vs. pre-operatively. *** denotes p < 0.001 for 6 weeks
post-surgery vs. pre-operatively. **** denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively.
† denotes p < 0.05 for 12 weeks post-surgery vs. pre-operatively. †† denotes p < 0.01 for 12 weeks
post-surgery vs. pre-operatively. †††† denotes p < 0.0001 for 6 weeks post-surgery vs. pre-operatively.
‡ denotes p < 0.05 for 12 weeks vs. 6 weeks post-surgery. Key: RYGBP, Roux-en-Y gastric bypass;
SG, sleeve gastrectomy; VAS, visual analogue scales.
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3.5 Discussion
The effects of RYGBP & SG on anthropometrics & circulating leptin: In these
prospective, parallel-group studies, RYGBP and SG resulted in marked and
comparable BMI and adiposity reductions at 6, and 12 weeks. Weight data extending
to 26 & 52 weeks post-surgery also showed comparable efficacy in %EWL for
RYGBP and SG. As anticipated, the reductions in body fat mass resulted in
significant comparable circulating leptin declines at 6 and 12 weeks following both
procedures, with leptin positively associating with the adiposity traits of BMI, fat
mass and VFA for the RYGBP and SG groups. However, despite the comparable
weight reductions, we observed post-operative differences in subjective appetite and
circulating gut hormones between the RYGBP and SG groups. The matched adiposity
between the two groups at the studied time-points indicates that these differences in
appetite and gut hormone profiles are weight and adiposity-independent, and relate to
changes engendered by the surgical procedures per se.
The effects of RYGBP & SG on glycaemia and circulating insulin: A prominent
feature of bariatric surgery is the ability to improve glucose tolerance in T2DM, but
changes in glucose have also been reported in normal glucose tolerance subjects
(Jorgensen et al., 2012, Dirksen et al., 2013a). In our studies neither procedure altered
fasting glucose levels, but post-meal glucose excursions dramatically changed
following both operations. Specifically in both studies I & II and at both postoperative assessments the RYGBP and SG groups exhibited a leftward shift of mealstimulated glucose responses vs. time; with steeper rises early post-meal; higher peak
plasma glucose levels; faster declines in glucose concentrations from peak glucose;
and markedly reduced late post-prandial glucose levels. Moreover, 2hr post-prandial
plasma glucose concentrations declined following both procedures, indicating
improved glucose tolerance. Reflecting these changes, glucose AUC0-60 was enhanced
whereas glucose AUC60-180 declined from pre-surgery following both procedures.
These alterations in glucose dynamics have previously been reported, and examined
in more detail with flux analysis with tracers (Rodieux et al., 2008, Jacobsen et al.,
2013). These changes in glucose temporal profile are thought to reflect anatomical
and functional changes in the GI tract engendered by surgery. Acetaminophen
absorption and scintigraphy studies report that in addition to nutrients passing more
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rapidly to the gut post-RYGBP, glucose absorption rate is enhanced; with the net
effect of these reflected in the steeper, earlier and greater glucose rises post-meal
(Falken et al., 2011, Dirksen et al., 2013b). In a similar manner, SG by accelerating
gastric emptying (Braghetto et al., 2009) also allows faster nutrient-passage, which
explains the early post-meal rises in glucose levels. Parameters underlying the
changes in the later glucose profile time-points, include effects of surgery on insulin
secretion and sensitivity, endogenous glucose production (EGP) and insulin
disposition (Bojsen-Moller et al., 2013).
We observed no effects of the procedures on fasting plasma insulin. However, similar
to plasma glucose, plasma insulin curves were substantially altered by RYGBP and
SG, with both groups exhibiting accelerated insulin secretion in response to the meal
post-operatively. Exaggerated insulin responses have been previously described and
reported to occur within the first weeks post-surgery in individuals with normal
glucose tolerance and T2DM (Dirksen et al., 2013a). They are thought to be mediated
by the effects of enhanced glucose excursions post-meal, and the incretinic effects of
the exaggerated GLP-1 responses. Moreover, changes in other gut hormones,
including PYY and GIP, and attenuation of glucotoxic and lipotoxic effects on the βcells post-surgery have been suggested to potentially play a role (Bojsen-Moller et al.,
2013). Comparative studies of the effects of oral vs. i.v. glucose load, and clamp
studies without, and with concurrent i.v. arginine load or oral mixed meal-intake,
have provided evidence for a key role for the oral route to the post-surgery
exaggerated insulin responses. Specifically these studies have shown that insulin
responses to i.v. glucose gradually improve or are unchanged in T2DM patients, and
decline in normal glucose tolerance subjects post-surgery. However, they are
markedly enhanced in response to oral glucose and oral nutrient-intake (Reed et al.,
2011, Morinigo et al., 2006, Garcia-Fuentes et al., 2006, Lin et al., 2010, Salinari et
al., 2013, Dirksen et al., 2013a). These observations suggest that phenomena linked to
the oral route, rather than improved sensitivity of β-cells to glucose and non-glucose
nutrients (i.e. arginine), are key for the enhancements in insulin secretion postoperatively. Of note, despite the marked changes in the insulin temporal profiles postsurgery in both groups, the insulinogenic index was unaffected by either procedure.
Though long and widely used, the validity of the insulinogenic index has been
previously questioned (Tura et al., 2006). Furthermore, the index was developed in
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non-bariatric patients, and therefore has not been designed to capture the substantial
physiological and metabolic alterations induced by bariatric surgery. Thus, it should
be used and interpreted with particular caution in bariatric patients.
In our studies both procedures associated with a decline in HOMA-IR, a commonly
used surrogate for hepatic insulin resistance. Though within-groups analysis showed
that the reductions in HOMA-IR were more significant in the SG group, betweengroups comparison revealed that the two groups displayed comparable HOMA-IR
post-operatively. Our results of reduced HOMA-IR remain in line with previous
reports of decreases in hepatic insulin resistance post-operatively, evaluated by either
use of surrogate markers or by clamp studies. These improvements in hepatic insulin
sensitivity have been reported to occur early, within one week post-surgery (Lim et
al., 2011, Petersen et al., 2005, Kirk et al., 2009, Bojsen-Moller et al., 2013). Of note
decreases in hepatic insulin sensitivity of similar magnitude can be induced by caloric
restriction in obese patients, regardless of glucose tolerance status, and associate with
early diet-induced decreases in liver fat (Lim et al., 2011, Petersen et al., 2005, Kirk
et al., 2009, Bojsen-Moller et al., 2013). These observations have led to the
speculation that the increased hepatic insulin sensitivity post-surgery is related to
caloric restriction. However, Chambers et al., in a rodent study that compared
RYGBP, SG and weight-loss by pair feeding in non-operated animals, found
comparable improvements in hepatic insulin resistance in the RYGBP and SG
groups; and superior to those achieved by equivalent weight-loss by dieting in the
pair-fed group (Chambers et al., 2011). Thus, these observations suggest that effects
relating to the surgery per se, in addition to caloric restriction underlie the decreases
in hepatic insulin resistance.
Bariatric surgery alters additional aspects of insulin/glucose metabolism, including
peripheral insulin sensitivity, insulin clearance and EGP (Castillo et al., 1994, BojsenMoller et al., 2013, Dunn et al., 2012, Camastra et al., 2013, Campos et al., 2010,
Salinari et al., 2013, Bradley et al., 2012). Increased insulin clearance occurs postRYGBP as early as in first week in T2DM patients and glucose normo-tolerant
subjects; an effect suggested to be due to receptor-mediated endocytosis, although
mechanistic proof for this is lacking (Castillo et al., 1994, Bojsen-Moller et al., 2013).
The effects of bariatric surgery on EGP are less clear, with one study reporting
reduced EGP at one month post-RYGBP (Dunn et al., 2012), another study reporting
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no changes at 2 weeks post-RYGBP (Camastra et al., 2011), and two more recent
studies reporting increased EGP post-RYGBP (Camastra et al., 2013, Bradley et al.,
2012). In clamp studies, peripheral insulin resistance has been reported to decrease
post-RYGBP, after four weeks when weight-loss is pronounced (Camastra et al.,
2013, Campos et al., 2010, Salinari et al., 2013, Bradley et al., 2012). In our study a
surrogate of peripheral insulin resistance, Matsuda Index, was unaltered post-RYGBP
and SG. However, like with the insulinogenic index, Matsuda index results should be
interpreted with caution in bariatric patients, since the index has been developed in
non-bariatric subjects. Furthermore, since our study did not include insulin clamp
assessments and moreover, did not measure C-peptide levels, which would enable
mathematical modelling of β-cell function/activity (Camastra et al., 2013), we cannot
draw any conclusions relating to the effects of RYGBP and SG on peripheral insulin
resistance, insulin clearance and EGP.
The effects of RYGBP & SG on circulating levels of the L-cell derived hormones,
GLP-1 & PYY: PYY and GLP-1 are synthesised from the distal gut specialised
enteroendocrine L-cells. Few studies have examined the effects of RYGBP on
circulating PYY3-36, the appetite-reducing form of PYY. Our studies are the first to
examine the effects of SG on PYY3-36 concentrations, and to directly compare
changes in PYY3-36 post-RYGBP and SG. We found that RYGBP and SG resulted in
marked increases in nutrient-stimulated PYY3-36 vs. pre-operatively. However, a
greater post-prandial PYY3-36 AUC0-180 with a more sustained release pattern was
observed following RYGBP vs. SG. These findings can be explained by the
significant anatomical differences between these two procedures, and suggest that
factors originating both from foregut and hindgut regulate different aspects of PYY336

levels. Our findings of greater PYY3-36 levels post-RYGBP compared to post-SG

are in agreement with Valderas et al., for total-PYY (Valderas et al., 2010, Valderas
et al., 2011). However, they are at odds with other studies reporting comparable total
PYY post-prandial responses post-RYGBP and SG (Peterli et al., 2009, Romero et
al., 2012). These discrepancies could be due to the different PYY isoforms assessed
(total PYY vs. PYY3-36 in our study), differences in surgical techniques, postoperative
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standardization, and differences in the subjects’ glycaemic status pre-surgery.

3. 183

Like with the L-cell derived PYY, we also found that both RYGBP and SG increased
nutrient-stimulated levels of the L-cell active GLP-1. Similar to PYY3-36, RYGBP
was associated with more enhanced and sustained increases in active GLP-1
compared to SG. These findings are at odds with a study comparing SG and RYGBP
in obese rats by Chambers et al., who observed similar increases in nutrientstimulated circulating active GLP-1 between the two procedures (Chambers et al.,
2011). Several factors could explain these discrepancies. Firstly, as mentioned above
it is important to consider structural and morphological differences between rodent
and human stomach, when comparing findings from rodent studies to human studies.
Secondly, Chambers and colleagues examined rodents at 5 months post-surgery in
weight-stable rats, whereas our studies were undertaken during the active weight-loss
phase. Moreover, it is unclear whether Chambers and colleagues used DPP-4
inhibitor to prevent ex vivo degradation of active GLP-1. Two human studies by
Peterli et al., have examined the effects of RYGBP and SG on active GLP-1 (Peterli
et al., 2009, Peterli et al., 2012). In their first study the authors reported greater mealstimulated active GLP-1 post-RYGBP compared to post-SG at 1 week post-surgery,
with non-significantly increased post-meal GLP-1 levels at 12 weeks post-surgery. In
their second study they reported non-significantly greater post-prandial active GLP-1
peak concentrations and AUC in the RYGBP group. Discrepant methodologies and/or
differences related to subjects’ characteristics might underlie these differences in
results.
Several mechanisms can explain the post-operative increases in the L-cell derived
hormones PYY and GLP-1. RYGBP creates an anatomical short-cut for nutrients to
the distal gut, and also results in accelerated gastric emptying (Dirksen et al., 2013b)
Moreover, RYGBP decelerates bowel transit (Dirksen et al., 2013b). Together these
factors result in rapid and prolonged exposure of the L-cells to nutrients with
subsequent L-cell overstimulation. This theory is supported by findings by Lindqvist
et al., who examined gut hormones responses post-RYGBP following an oral mixed
meal vs. administration of the meal via a gastrostomy tube, placed in the excluded
stomach fundus via access through the abdominal wall. With this approach the
authors removed confounding influences of reduced nutrient intake, alterations in
inflammatory status and the impact of weight-loss post-surgery. They found that oral
administration related to significantly higher GLP-1 levels compared to the
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gastrostomy tube; supporting the notion that gut shortening during RYGBP with
expedited delivery of nutrients to the L-cells plays a key role in enhancing L-cell
responses to nutrient intake (Lindqvist et al., 2013). SG also increases gastric
emptying, and thus results in over-exposure of the L-cells to ingested nutrients
(Melissas et al., 2007, Baumann et al. 2011). This enhanced L-cell exposure to
nutrients post-RYGBP and SG, is suggested to result in enhanced hindgut hormone
release, and constitutes the basis of the ‘hind-gut theory’, one of the highly cited
theories for the weight-loss and metabolic benefits of bariatric surgery (Scott and
Batterham, 2011). The hindgut theory is supported by marked increases in post-meal
PYY and GLP-1 levels (Strader et al., 2005) following ileal transposition, a procedure
that transposes an ileal segment into the proximal small bowel. Supporting the
argument for accelerated nutrient passage and foregut bypass as a key mediator for
enhanced GLP-1 levels post-RYGBP, reactive GLP-1 mediated hypoglycaemia has
been reported post-gastrectomy, a procedure that also allows rapid delivery of
nutrients to the gut (Miholic et al., 1991); whereas hypoglycaemic symptoms after
RYGBP improve with delivery of nutrients into the stomach remnants via
gastrostomy tube vs. orally (McLaughlin et al., 2010). In a similar manner, post-SG
enhanced gastric emptying could also result in hindgut L-cell over-stimulation
(Braghetto et al., 2009). Furthermore, decreased HCL production, with consequently
enhanced gastrin release could augment the early-phase of GLP-1 secretion, since
gastrin serves as a stimulus for GLP-1 secretion (Basso et al., 2011). An additional
postulation for the post-operative rises in GLP-1 levels is gastrointestinal adaptation
with enteroendocrine cell hypertrophy or hyperplasia (le Roux et al., 2010), though
these effects require the lapse of sufficient time, whereas GLP-1 increments occur
within days post-surgery (Karra et al., 2010). Weight-independent increments in
GLP-1 have been reported post-duodenal endoluminal sleeve insertion, implicating
foregut exclusion in the post-operative enhancements in GLP-1 (Habegger et al.,
2013). Our results of sizable increases in GLP-1 post-SG, though inferior to those
achieved by RYGBP, suggest that foregut exclusion contributes to the post-operative
increments in GLP-1, albeit it does not appear to be a perquisite or the only factor
mediating these effects.
An additional mechanism post-SG that could contribute to the enhanced GLP-1
responses is decreased HCL production. This may act on the innervated antrum to
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produce gastrin-releasing peptide, which in its turn mediates the early-phase of GLP1 secretion (Basso et al., 2011). Finally, another explanation for the post-operative
rises in PYY and GLP-1 levels is gastrointestinal adaptation with enteroendocrine cell
hypertrophy or hyperplasia (le Roux et al., 2010). However, establishment of
gastrointestinal adaptation is not a rapid process and could not explain observations
of early rises in PYY and GLP-1, reported to occur as early as post-operative day two
following RYGBP (Karra et al., 2010).
The primary role of GLP-1 is that of an incretin hormone, mediating glucosedependent insulin release (Karra et al., 2010). However, despite the greater
enhancements in post-prandial active GLP-1 post-RYGBP vs. SG, we observed
similar post-prandial insulin responses in both groups. These findings suggest that the
incretin effect of GLP-1 is non-linear, and that potentially a set-threshold may exist,
beyond which there no additional insulin-stimulatory effects of GLP-1 occur.
Alternatively, non-GLP-1 dependent mechanism(s) may contribute to the insulin
responses post-SG. The reduced acyl-ghrelin concentrations post-SG could be a
potential candidate, as ghrelin exerts pro-diabetic properties, including suppression of
the insulin-sensitizer adiponectin and inhibition of insulin secretion (Castaneda et al.,
2010).
The marked changes in the temporal profile of the glucose curves, with earlier,
steeper and greater rises in glucose likely reflect the more rapid entry of glucose in
the gut post-surgery. The earlier fall of post-meal glucose towards fasting glucose
levels, together with the reduced 2hr post-prandial glucose following both procedures
indicate post-operative improvements in glucose tolerance. The decline in the late
phase of insulin release post-RYGBP may indicate post-operative amelioration in
insulin resistance. A fundamental difference between RYGBP and SG is exclusion of
the duodenum from the alimentary tract in the former. It is therefore likely that a
candidate molecule of duodenal origin could mediate the post-surgical increases in
the late phase of insulin release following SG. Both operations resulted in comparable
reductions in HOMA-IR. Moreover, both procedures comparably enhanced the first
phase of insulin secretion, which represents enhanced insulin production. RYGBP
induced decreases in the late phase of insulin secretion, whereas post-SG insulin
AUC60-180 non-significantly increased. Though there was no significant difference in
insulin AUC60-180 between the two groups, these results could indicate that RYGBP
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may have superior effects on insulin profile. Future studies with longitudinal accurate
assessment of insulin secretion and resistance with clamp studies and/or glucose
tracer studies) for a detailed characterisation of glucose homeostasis phenotypic
changes following the two procedures.
The insulinotropic effects of GLP-1 have been shown to be retained post-RYGBP in
hyperglycaemic clamp studies with concurrent i.v. GLP-1 infusion (Dirksen et al.,
2013a). Furthermore, studies of pharmacological blockade of GLP-1R post-RYGBP
and SG by exendin 9-39 report substantial reductions in insulin production
(Chambers et al., 2011, Troy et al., 2008, Jimenez et al., 2013, Jorgensen et al., 2013,
Shah et al., 2013). The effects of GLP-1 on insulin sensitivity post-surgery are less
clear. Exendin 9-39 administration failed to alter insulin sensitivity in enterogastric
anastomosis mice (Troy et al., 2008). However, Chambers et al., found that obese rats
subjected to SG and RYGBP exhibited blockade of the incretinic effect of GLP-1
when treated with exendin 9-39, but the glucose levels in the RYGBP and SG animals
post-exendin 9-39 were lower compared the pair-fed control group. Therefore, this
observation suggests an element of disproportionate sensitivity to the incretinic
effects of GLP-1 in the surgically treated groups vs. the pair-fed animals, and
indicates that RYGBP and SG may alter β-cell sensitivity to GLP-1 (Chambers et al.,
2011).

Furthermore, a role for GLP-1 in the post-surgery changes in insulin

resistance/sensitivity is supported by the facts that: i) overexpressing GLP-1 in
rodents increases insulin sensitivity and up-regulates the expression of insulin
receptor substrate (IRS)-1 in the liver and activation of IRS-1 and protein kinase C by
insulin in liver and muscle (Lee et al., 2007); ii) peripheral delivery of GLP-1 in
humans suppresses hepatic glucose production (Prigeon et al., 2003); and iii) GLP-1
enhances hepatic insulin sensitivity in rodents (Sandoval et al., 2008).
In light of the above evidence, we speculate that our observed increments in GLP-1
levels post-RYGBP and SG may have translated into enhanced insulin secretion by
the β-cells, and potentially contributed to the changes in insulin sensitivity postsurgery. However, the extent to which GLP-1 mediates the post-operative
improvements in glycaemia remains subject to debate (Knop and Taylor, 2013). A
common argument against the post-surgery elevations of GLP-1 secretion being an
important
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metabolic

improvements

is

that
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administration of GLP-1 receptor agonists, resulting in peripheral plasma
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concentrations comparable to those observed after RYGBP, only modestly improves
glycaemic control (Knop and Taylor, 2013). However, because of extensive
degradation of GLP-1 by DPP-4, only 10–15% of the endogenously produced GLP-1
reaches the peripheral circulation, whereas the levels of GLP-1 in the intestinal and
portal circulation are substantially elevated to approximately 20-fold higher-thannormal peripheral concentrations (Knop and Taylor, 2013). Other arguments against a
dominant role for GLP-1 to the post-surgery metabolic ameliorations come from
evidence from transgenic rodent studies. A study from Randy Seeley’s group reported
that GLP-1R signalling is not strictly necessary for the effects of SG in mice.
Specifically, in this study two distinct mouse models of GLP-1R deficiency (global
KO) subjected to SG showed equal responses to the surgery compared to wild type
mice in terms of bodyweight and fat reductions, shifts in food choices and glycaemia
ameliorations. Therefore, SG overcame the pre-surgery glucose intolerance in GLP1R KO mice, and large magnitude of the beneficial effects in glucose tolerance
occurred in the absence of GLP-1 receptor signalling (Wilson-Perez et al., 2013).
This study, like all lack of function experiments, tested whether a factor in question,
in this case GLP-1R, is necessary for the effect of interest, in this case SG-induced
glycaemia ameliorations and adiposity reductions. The results of the study suggested
that GLP-1R is not essential to these effects (Wilson-Perez et al., 2013). However,
this study does not address whether GLP-1R signalling is sufficient for the effect of
interest (SG-induced glycaemia ameliorations and adiposity reductions) or may play
some contributory role (Wilson-Perez et al., 2013). Moreover, the importance of
GLP-1 mediated effects cannot be confidently undermined by these findings, in light
of more recent work, which revealed the importance of two biologically active GLP-1
derivatives, GLP-1 (9-36) and GLP-1 (28-36) (Tomas et al., 2011, Tomas and
Habener, 2010, Ip et al., 2013, Shao et al., 2013). These arise from downstream
degradation of the traditionally known bioactive GLP-1 fragments, GLP-1 (7-37) and
GLP-1 (7-36). These peptides improve glucose homeostasis, decrease hepatic
steatosis, suppress hepatic glucose production and attenuate weight gain through
GLP-1R independent pathways (Tomas et al., 2011, Tomas and Habener, 2010, Ip et
al., 2013, Shao et al., 2013). Furthermore, like with any other global loss of function
mouse model, effects pertaining to developmental compensation need to be
considered. Indeed in transgenic GLP-1R KO mice studies, two such effects have
been reported: i) enhanced GLP-2 action (Lovshin et al., 2001) and ii) enhanced
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secretion and insulinotropic action of GIP (Pederson et al., 1998). Such
developmental compensation-related effects need to be considered with caution
before drawing any conclusions Mokadem et al., examined the effects of RYGBP in
two functional models of GLP-1 deficiency, GLP-1R global KO mice and mice
lacking α Gustducin. α Gustducin is a G protein co-expressed in the L-cells with
GLP-1, and has a role in coupling sweet and bitter taste receptors of the lingual
epithelium to intracellular signalling and taste perception (Mokadem et al., 2013). αGust null mice do not exhibit the physiologically expected GLP-1 increases in
response to oral glucose load (Mokadem et al., 2013). Therefore with these two
mouse models Mokadem et al., were able to delineate the effects of GLP-1 via the
classical GLP-1R pathway (GLP-1R KO), and GLP-1 effects via GLP-1 dependent
and independent pathways (α-Gust null mice). They found that post-RYGBP α-Gust
null did not experience the expected rises in GLP-1, and thus circulating levels for all
GLP-1 fragments, including the GLP-1 (9-36) and GLP-1 (28-36) were low. They
observed that RYGBP reduced bodyweight and improved glucose homeostasis in
both transgenic models to levels observed in DIO wild-type RYGBP operated mice
and lean control mice. Thus, in agreement with the findings Seeley and colleagues
(Wilson-Perez et al., 2013), this study (Mokadem et al., 2013) also suggested a nondominant role for GLP-1 to the weight-loss and glycaemia improvements postRYGBP.

However, these results do not necessarily preclude some GLP-1

contribution to these effects, and potential caveats relating to developmental
compensation issues need to be considered in global loss of function mouse models.
On a final note, in the study by Mokadem et al., (Mokadem et al., 2013) glucose
homeostasis was assessed at 10 weeks post-RYGBP, when the mice had lost
substantial weight, making it impossible to disentangle weight-independent GLP-1
related effects from weight-loss dependent effects on glycaemia.
PYY3-36 is a key satiety factor, but also plays a role in glucose homeostasis. In support
to the latter, Pyy is expressed in pancreatic islets (Bottcher et al., 1984). Secondly,
mice generated by crossing transgenic Pyy overexpressing mice with genetically
obese ob/ob leptin-deficient mice exhibit -in addition to bodyweight and adiposity
reductions- improved glucose homeostasis (Boey et al., 2008), whereas islets of Pyy
null mice display hyperinsulinaemia (Boey et al., 2006). Thirdly, intravenous infusion
of PYY3-36 to HFD fed mice during a hyperinsulinaemic euglycaemic clamp
3. 189

reinforces the effects of insulin on glucose disposal (van den Hoek et al., 2004).
Fourthly, repeated peripheral administration of either PYY3-36 or Y2 receptor agonist
improves glycaemia (Pittner et al., 2004, Ortiz et al., 2007). In previous work from
the Batterham lab, peripheral (i.p.) administration of PYY3-36 or Y2R agonist to fed
mice enhanced insulin secretion and ameliorated nutrient-stimulated glucose
tolerance, via stimulating active GLP-1 levels in the portal vein (Chandarana et al.,
2013); effects abrogated by Y2R antagonist administration, and not present in fasted
mice. These findings suggested that these effects of PYY3-36 on glucose homeostasis
are mediated by the Y2R and occur in a nutrient-dependent manner (Chandarana et
al., 2013). Critically, while bariatric surgery by enterogastric anastomosis (EGA) in
wild-type mice ameliorated glycaemia compared to sham controls, these effects were
absent in Pyy-null mice subjected to EGA, supporting a key role for PYY to these
effects. However, to date no glucoregulatory effects have been reported in response to
PYY1-36 and PYY3-36 infusion to humans, albeit these studies were undertaken in the
fasted state when levels of PYY are low (Batterham et al., 2002, Batterham et al.,
2003, Sloth et al., 2007). Furthermore, the effects of the PYY1-36 on glucose
homeostasis appear to oppose those of PYY3-36, with in vitro exposure of islets to
PYY1-36 dose-dependently inhibiting insulin secretion (Bottcher et al., 1989); while
systemic PYY1-36 administration has no effects on insulin secretion and glucose
homeostasis (Chandarana et al., 2013). Together these data suggest that the increases
in PYY3-36 experienced by both groups post-surgery favorably impacted on glucose
homeostasis. However, in light of the opposing effects of PYY1-36 to those of PYY336,

it would be important to gain further understanding on how intra-islet PYY, as

well as DPP-4 activity is regulated by different types bariatric surgery.
The effects of RYGBP & SG on circulating GIP: The literature reports conflicting
results on the circulating levels of GIP following bariatric surgery, with some
investigators reporting no changes in circulating fasting and or meal-stimulated GIP
post-RYGBP and restrictive surgery including SG, in humans and rodents (Whitson
et al., 2007, Kashyap et al., 2010, Hansen et al., 2011, Rubino et al., 2004, Jorgensen
et al., 2012, Wang et al., 2011, Haluzikova et al., 2013, Al-Sabah et al., 2013); others
reporting decreases (Kim et al., 2012a, Bose et al., 2010, Rubino et al., 2004,
Clements et al., 2004, Vetter et al., 2009); and others increases (Laferrere et al., 2008,
Jorgensen et al., 2012, Salinari et al., 2013). Korner et al., reported comparably
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decreased T-GIP after RYGBP and SG (Korner et al., 2007); whereas in another
study in obese T2DM patients by Romero et al., reported no changes in fasting GIP
following either RYGBP or SG, non-significant increases in GIP AUC post-RYGBP
and a trend towards significantly lower GIP AUC post-SG at 6 weeks (Romero et al.,
2012). Of note most studies to date measured T-GIP, with only one study determining
I-GIP post-RYGBP (Jacobsen et al., 2012). Moreover, there is limited data on the
effects of SG on circulating T-GIP, and no data on the effects of SG on I-GIP levels.
The inconsistencies between different reports on circulating GIP likely relate to
methodological disparities, common amongst which are the lengths of time post-meal
for which AUCs have been reported, and the metabolic status of study participants.
Evidence for this latter point is the dissociated GIP responses between T2DM and
normal glucose tolerance subjects within the same studies. Such examples include
reported increases in fasting GIP in T2DM patients and no change in patients with
normal glucose tolerance by Jorgensen et al., (Jorgensen et al., 2012), and decreases
in fasting GIP in T2DM patients reported by Rubino et al., with no differences in
fasting GIP in patients without T2DM (Rubino et al., 2004). Furthermore, as GIP is
mainly secreted from the proximal small intestine K-cells, GIP secretion is thought to
be critically influenced by the length of the intestinal limb of the bypass surgery, with
decreasing responses with increasing length of the limbs (Dirksen et al., 2012).
In study II, we are the first to comprehensively characterise changes in circulating
GIP engendered by RYGBP and SG in sex-, adiposity- and age-matched non-diabetic
cohorts. Moreover, we are the first to measure I-GIP levels following SG and to
simultaneously report on T-GIP and I-GIP concentrations following RYGBP and SG
in the same patient cohort. Taken together our findings support that: i) neither
RYGBP nor SG altered fasting T-GIP; ii) both procedures had similar impact on the
early post-meal T-GIP plasma levels, which were comparably enhanced at 6 and 12
weeks post-surgery following RYGBP and SG; iii) the two procedures differentially
altered the later post-meal circulating T-GIP levels, with a sharp decline in the late
plasma T-GIP levels seen post-RYGBP and concomitantly reduced AUC60-180, whilst
AUC60-180 was unchanged post-SG; iv) RYGBP resulted in significantly lower T-GIP
AUC0-180, whereas T-GIP AUC0-180 was unchanged post-SG; and v) values of I-GIP
measured at 12 weeks post-surgery mirrored those of T-GIP, i.e. neither procedure
altered fasting I-GIP, both operations produced increments in the early post-meal I3. 191

GIP plasma levels, RYGBP reduced late I-GIP plasma levels and I-GIP AUC60-180,
while late post-meal I-GIP circulating concentrations and I-GIP AUC60-180 remained
unchanged post-SG. Notably the I-GIP assays were undertaken entirely
independently, by collaboration established with Professor J. Holst’s laboratory.
The enhanced early post-meal (t0-t60) GIP secretion post-SG, and the earlier GIP
peak post-meal could result from the accelerated nutrient delivery to the foregut, with
early and enhanced foregut K-cell over-stimulation. The accelerated gastric emptying
post-SG (Braghetto et al., 2009) would have been expected to result in an earlier
passage and exit of nutrients from the duodenum. Thus, considering that the duodenal
K-cells are thought to be the main source for circulating GIP, a decrease in the late
post-meal circulating GIP concentrations would be expected to occur post-SG.
However, in contrast, following SG surgery the late post-meal GIP concentrations did
not decrease, which suggests secretion of GIP from the more distal gut, or a neural
and/or humoral feed backward mechanism stimulating duodenal K-cell secretion at
these time-points. Since the foregut K-cells are bypassed post-RYGBP, mechanisms
mediating the post-RYGBP increases in the early post-meal GIP secretion (t0-t60)
and the decline in the time to reaching peak GIP levels post-meal, could include: i)
enhanced post-prandial neural stimulation (Adrian et al., 1983), ii) secretion of GIP
by K-cells localising to the distal gut (Theodorakis et al., 2006), or iii) co-secretion of
GIP/GLP-1 by distal gut enteroendocrine cells (Habib et al., 2012). Several theories
have been put forward to explain the changes in circulating GIP post-surgery. Patriti
et al., suggested that lower levels of GIP post-RYGBP surgery reflect GIP receptor
up-regulation with restoration of an insulinotropic effect on β-cells; an effect that is
physiologically blunted by the development of obesity (Patriti et al., 2004). Others
have suggested that GIP may be the anti-incretin from the proximal gut with prodiabetic actions (Mingrone et al., 2009, Chia et al., 2009), and attributed a beneficial
role to previously reported GIP elimination post-RYGBP surgery (Rubino et al.,
2006). Such speculations have been based on the reported lipogenic/adipogenic
effects of GIP. For example GIPR-KO mice are protected from HFD DIO and
glycaemia deterioration, and pharmacological GIP-R antagonism and K-cell ablation
improves glycaemia (Miyawaki et al., 2002, Gault et al., 2002, Gault et al., 2003,
McClean et al., 2007, Althage et al., 2008). However, recent evidence contrasts these
findings of adipogenesis and pro-diabetic effects of endogenously or exogenously
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enhanced GIP signalling. These more recent data have shown: i) glycaemia
improvements in mice with pharmacological GIP-R agonism (Widenmaier et al.,
2010) and transgenic GIP over-expression (Kim et al., 2012b); and ii) weight-loss and
beneficial metabolic synergistic effects of GIP to GLP-1 agonism in mice, monkeys
and humans treated with unimolecular dual incretin agonists (Finan et al., 2013).
Thus, these reports indicate a favourable metabolic and weight-loss role for enhanced
GIP signalling. Though, the insulinotropic effects of GIP are absent in T2DM, our
subjects were non-diabetics, and thus circulating GIP would have elicited
insulinotropic effects. In this context, our observed increases in the early post-meal
GIP levels post-RYGBP and SG could work in favour of glycaemia amelioration. In
the same context the preservation of the late post-meal GIP responses following SG
could contribute to the post-operative improvements in glycaemia. Furthermore, the
overall changes in glycaemia are affected by multiple hormones and in our study
PYY and GLP-1 levels were greater post-RYGBP vs. SG. Thus, the relatively higher
GIP levels post-SG vs. post-RYGBP may have compensated for the lower PYY3-36
and active GLP-1 in our SG group. Intravenous infusion of GIP in a hyperglycaemic
clamp study was shown to augment both the first and second phases of insulin
secretion post-RYGBP (Nannipieri et al., 2013). In our study we observed an increase
in the insulin AUC to T-GIP AUC ratio post-RYGBP, which could indicate an
increase of the insulinotropic effects of GIP following RYGBP. A similar effect
(increase in the insulin AUC to T-GIP AUC) was observed post-SG, however this
failed to reach significance.
Alam et al. reported reduced DPP-4 activity post-RYGBP in obese diabetic patients,
and proposed that this contributes to the glucose homeostasis improvements postsurgery (Alam et al., 2011). To date there are no reports on DPP-4 activity post-SG.
So, we next determined the ratio of I-GIP/T-GIP as an indirect measurement of DPP4 activity post-RYGBP and SG surgeries (the higher the ratio, the higher the DPP-4
activity). There was no change in the fasting ratio of I-GIP/T-GIP following either
procedure. Following RYGBP, the AUC0-180 for I-GIP and T-GIP declined and the
ratio of I-GIP/T-GIP AUC0-180 increased compared to pre-surgery. This could indicate
an increase in DPP-4 activity post-RYGBP, which would be in agreement with the
results by Alam et al. (Alam et al., 2011). Following SG surgery, the AUC0-180 for IGIP and T-GIP did not change, while the ratio of I-GIP/T-GIP AUC0-180 decreased.
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Moreover, the AUC0-180 for I-GIP/T-GIP was significantly higher in the RYGBP
group vs. SG at 12 weeks post-surgery. The decline in the ratio of I-GIP/T-GIP
AUC0-180 post-SG may indicate a decrease in DPP-4 activity, but future studies will
need to confirm this by direct measurement of plasma DPP-4 activity.
The effects of RYGBP & SG on circulating glucagon: In study II, both RYGBP and
SG augmented fasting plasma glucagon at 12 weeks, and enhanced post-meal
glucagon concentrations at both post-operative visits. The rises in post-meal plasma
glucagon were greater post-RYGBP, resulting in significantly higher AUC

0-180

post-

RYGBP vs. SG. Whereas post-SG glucagon AUC0-180 was higher from pre-surgery at
6 weeks only. Similar increases in glucagon levels have been reported post-RYGBP
(Jorgensen et al., 2012, Falken et al., 2011, Salehi et al., 2011, Jorgensen et al., 2013,
Dirksen et al., 2013a, Kashyap et al., 2010, Nannipieri et al., 2013) and post-SG
(Nannipieri et al., 2013). These paradoxical rises in plasma glucagon occur in the face
of hyperinsulinaemia and marked increases in the glucagonostatic peptide GLP-1.
The glucagonostatic actions of GLP-1 have been shown to be preserved postRYGBP, as evident by: i) enhancements in circulating glucagon by exendin 9-39
GLP-1R-blockade (Salehi et al., 2011, Jorgensen et al., 2013), and ii) by
glucagonostasis achieved with i.v. infused GLP-1 during hyperlycaemic clamp
(Dirksen et al., 2013a). Moreover, glucagon suppression has been reported during a
hyperglycaemic clamp post-RYGBP, whereas hyperglucagonaemia in the same
studies was seen with oral nutrient delivery. This therefore suggests that i) postsurgery, there is intact alpha-cell sensitivity to i.v. glucose load, and that ii) the
hyperglucagonaemia in response to oral nutrients relates to hormonal effects induced
by the oral route (Dirksen et al., 2013a, Bojsen-Moller et al., 2013). The significant
decreases in the ratio of glucagon AUC0-180 to active GLP-1 AUC0-180 following both
RYGBP and SG, could indicate that the glucagonostatic effects are preserved or even
enhanced post-surgery. Furthermore, the post-operative hyperglucagonaemia does not
appear to reflect failure of insulin-mediated paracrine effects on alpha-cells,
especially since changes in glucagon parallel those of insulin (Maruyama et al.,
1984). Several mechanisms may explain the post-operative rises in plasma glucagon
levels. For example this may relate to: i) GLP-2 over-secretion post-surgery (Meier et
al., 2006, Dirksen et al., 2013a, Jacobsen et al., 2012); ii) enhanced post-prandial
neural stimulation (Adrian et al., 1983); iii) the effects of GIP, which stimulates
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glucagon secretion, and in agreement with this argument Meier et al. observed a
strong positive correlation between glucagon and GIP post-surgery (Meier et al.,
2003); or iv) overlap/co-secretion of GIP/GLP-1/glucagon by enteroendocrine cells
(Habib et al., 2012). Finally, another explanation cited is that elevated glucagon postoperatively may reflect excess glucagon originating as a byproduct of the exaggerated
L-cell response, and perhaps reflecting biologically inactive glucagon and assay
interference (Falken et al., 2011). However, recent reports attribute a functional role
to the elevated glucagon post-surgery, with enhanced EGP post-meal in RYGBP
patients -in the face or elevated glucose absorption by the GI tract, thought to be in
part mediated by the hyperglucagonaemia (Camastra et al., 2013, Bradley et al.,
2012). Furthermore, in light of glucagonocentric effects recently linked to a key
pathophysiological role in the core of T2DM development, the post-operative
increments in glucagon levels may act in an adverse way in the overall restructure of
the hormonal milieu (Unger and Cherrington, 2012).
The effects of RYGBP & SG on circulating acyl-ghrelin: Several studies have
examined the effects of RYGBP and SG on circulating ghrelin, with some measuring
total ghrelin (both acyl- and desacyl-forms) and others acyl-ghrelin ghrelin only
(Scott and Batterham, 2011, Stefater et al., 2012). Overall these studies have shown
discrepant results in ghrelin levels post-RYGBP, with increases, no changes and
reductions reported; whereas post-SG ghrelin levels are consistently reported to
decline (Scott and Batterham, 2011, Stefater et al., 2012). Our study is the first to
compare concentrations of the active form of ghrelin, acyl-ghrelin, in matched nondiabetic groups undergoing RYGBP and SG.
Post-RYGBP the Gr-cells of the gastric fundus and duodenum (the two primary
sources of circulating ghrelin) remain in situ, but are excluded from digestive
continuity (Chapter 2, Figure 2.7). During SG the gastric fundus, which contains the
highest density of ghrelin-producing cells, is excised. However, the duodenal Gr-cells
remain intact (Chapter 2, Figure 2.7), and are exposed more rapidly to nutrients as a
result of accelerated gastric emptying (Melissas et al., 2008, Baumann et al., 2011).
Weight-loss by dieting results in compensatory ghrelin increases (Sumithran et al.,
2011). However, post-RYGBP, despite marked weight-loss in our patients, fasting
acyl-ghrelin non-significantly decreased at 6 weeks, but rose towards baseline values
by 12 weeks; whereas at t30 post-meal declined from pre-surgery at 6 and 12 weeks.
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These results suggest that RYGBP at least in part abrogated the homeostatically
expected increases in acyl-ghrelin in response to weight-loss. Moreover, these results
suggest that the stomach fundus and duodenal Gr-cells contribute to circulating
ghrelin levels post-RYGBP despite their exclusion from nutrient-contact, and that
mechanisms independent from Gr-cells nutrient-sensing, such as for example the
vagus nerve (Sundbom et al., 2007), may signal meal-induced ghrelin suppression.
Indeed, Chronaiou et al., provided direct evidence that fundus ghrelin-producing cells
remain active post-RYGBP, by demonstrating superior decreases in ghrelin postRYGBP with fundus resection vs. RYGBP with fundus preservation (Chronaiou et
al., 2012). Interestingly in another recent study, Barazzoni et al., reported no change
in total ghrelin, but in contrast to our findings, significantly increased acyl-ghrelin at
1, 3, 6 and 12-months post-RYGBP (Barazzoni et al., 2013). Substantial differences
in sample handling, specifically by addition of esterase inhibitors and subsequent
plasma acidification in our study -steps not undertaken by Barazzoni et al.,- may
underlie these discrepant findings.
Post-SG, fasting acyl-ghrelin levels and post-prandial acyl-ghrelin (AUC) declined
from pre-operatively, and were significantly lower vs. the RYGBP group. These
results are in agreement with findings of significant and sustainable decreases in
ghrelin levels by 40-50% post-SG, reported to persist up to 5 years post-surgery
(Peterli et al., 2009, Karamanakos et al., 2008). Interestingly, fasting acyl-ghrelin
levels remained at ~75% of baseline values post-SG, and ghrelin AUC declined only
by ~20% compared to pre-surgery, despite removal of the major source of circulating
ghrelin, the gastric fundus. A possible explanation is that there may be some
variability in the secretory capacity between the stomach and duodenal Gr-cells, and
that despite the highest density of ghrelin-producing cells being located within the
stomach fundus, the majority of circulating acyl-ghrelin may originate from the
duodenum. A second potential explanation is that acyl-ghrelin levels are highly
regulated and compensatory up-regulation of duodenal Gr-cells and ghrelin-sources
at other sites (Castaneda et al., 2010) occurs post-SG. Reports of up-regulated
duodenal Gr-cells post-SG (Teive et al., 2012) support this argument. Finally, another
explanation for these findings is that these effects result from post-operative GOAT
activity up-regulation in and/or down-regulation of the esterases that des-acylate
ghrelin, although to date no studies have examined the effects of SG on these
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parameters. Considering the complexity of ghrelin, measurement of plasma ghrelin
levels offers only a snapshot of the effects of surgery on ghrelin. One of the
characteristics of ghrelin is its diversity at mRNA level due to mRNA splicing
variants, and at the protein level due to post-translational processing of the preproghrelin peptide, and post-translational dynamic modifications of mature ghrelin by
GOAT, and the esterases butyrylcholinesterase and phospholipase (Gahete et al.,
2014). Thus, future rodent and human studies characterising the effects of bariatric
surgery on ghrelin and GOAT at mRNA and protein level (in gut segments and
plasma), with parallel measurement of tissue pro-hormone convertase 1/3 and the
levels of plasma esterases could shed more light into exactly how SG and RYGBP
regulate the ghrelin/GOAT system. However, of note the role of reduced ghrelin postSG as a mediator for the beneficial effects of SG surgery has been questioned by
Chambers et al. (Chambers et al., 2013) who subjected DIO wild-type mice and DIO
mice with targeted deletion of the ghrelin gene to SG surgery. They found that both
groups of mice lost equivalent amounts of weight and showed comparable glycaemia
improvements post-SG (Chambers et al., 2013). Thus, the authors speculated that
ghrelin reductions are not necessarily the primary metabolic benefit of SG surgery,
and suggested “SG must have some other effects that eclipse or exceed the outcomes
produced by reductions in circulating ghrelin” (Chambers et al., 2013). Nevertheless,
they acknowledged that their findings may relate to developmental compensations in
ghrelin KO mice. Furthermore, when translating mouse findings to humans, it is
important to consider structural and morphological differences between rodent and
human stomachs. The proximal portion of rodent stomach is non-glandular and lined
by stratified squamous epithelium, whereas the human stomach is lined entirely by
glandular mucosa. Such inter-species differences may potentially affect gastric
nutrient passage and gastric emptying following bariatric procedures, and as such
may impact on physiology and temporal gut hormone responses.
Ghrelin has unique appetite stimulating properties, and in addition several lines of
evidence implicate ghrelin in the regulation of glucose homeostasis. Indeed, ghrelin
is expressed in pancreatic α, β and ε cells (Volante et al., 2002, Wierup et al., 2002),
and stimulates insulin counter-regulatory hormones, suppresses the insulin-sensitizing
hormone adiponectin, blocks hepatic insulin signaling and inhibits insulin secretion
(Karra et al., 2010). In humans ghrelin levels negatively correlate with insulin levels
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(McCowen et al., 2002, Saad et al., 2002), and positively associate with HOMA-IR
(Purnell et al., 2003). Ghrelin administration to healthy humans decreases insulin
secretion and induces hyperglycaemia (Broglio et al., 2001, Broglio et al., 2003).
Finally, deletion of the ghrelin receptor Ghsr in wild type mice, and ghrelin ablation
in the ob/ob mouse strain enhance insulin secretion and ameliorate glucose tolerance
(Zigman et al., 2005, Sun et al., 2006). Therefore, the post-operative decreases in
circulating acyl-ghrelin levels may play a contributory role to the improvements in
glycaemia following bariatric surgery. Furthermore, the superior decreases in acylghrelin post-SG vs. post-RYGBP may work in favor of SG, making up for the
superior effects of RYGBP vs. SG on active GLP-1 and PYY3-36. However, to date
data linking the effects of ghrelin administration with glycaemia amelioration in
diabetic humans are lacking.
The effects of RYGBP & SG on appetite: Weight-loss by dietary means results in
compensatory increases in hunger (Sumithran et al., 2011). However, following
RYGBP and SG appetite decreases (Karra et al., 2010). In our studies we used VAS
to evaluate the effects of surgery aspects of appetite. We observed post-operative
hunger and prospective food-intake reductions, and fullness increases to different
extent between RYGBP and SG. This indicates that both procedures differentially
influence different aspects of appetite, and induce changes that could translate to
reductions in energy intake. Ghrelin is the only known appetite-stimulating hormone
(Castaneda et al., 2010). Therefore, given the superior decreases in ghrelin levels
post-SG compared to post-RYGBP, we had anticipated greater reductions in hunger
ratings post-SG vs. post-RYGBP. Whilst fasting hunger and PFC scores were reduced
at 6 weeks post-SG compared to pre-operative values, at 12 weeks post-SG, we
observed a rise in both fasting hunger and fasting PFC from the 6-week visit towards
pre-operative values. Paradoxically, RYGBP group exhibited persistently lower
fasting hunger and PFC at both post-operative visits. Moreover, fasting hunger &
PFC scores were lower in the RYGBP compared to the SG group at both the 6- & 12week visit. Taken together these results suggest that homeostatic appetitive changes
in response to weight-loss occurred to some extent in the SG group. The progressive
increases in gastric compliance post-SG as part of gastric adaptation (Himpens et al.,
2006) could potentially explain at least in part this effect.
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RYGBP and SG markedly enhanced post-prandial fullness. These comparable
increases in perceived satiety were somewhat surprising, in light of the greater
increases in the satiety peptides PYY3-36 and active GLP-1 in the RYGBP group. This
finding highlights the fact that appetite control is complex, and that multiple
mechanisms/factors underlie the net outcomes in appetitive changes.
Both RYGBP and SG resulted in increased post-meal sickness perception. The postoperative reductions in functional gastric volume, along with alterations in circulating
gut hormones could account for the increases in nausea. Indeed, pharmacological
treatment of T2DM with GLP-1 analogues, and pharmacological administration of
PYY have been reported to induce nausea (De Silva and Bloom, 2012). However, we
failed to identify any correlation between either GLP-1 and PYY with sickness VAS,
which probably indicates a multifactorial aetiology for the post-operative sickness
increases.
Regression/correlation findings in study I: In our regression analysis post-prandial
PYY3-36 response was identified as the best predictor of subsequent %EWL postRYGBP. The role of PYY as a mediator of weight-loss after surgery has been
suggested by good and poor surgical responder studies. For example Morinigo et al.,
(Morinigo et al., 2008), in a human study and Shin et al., (Shin et al., 2010) in obese
rats reported a positive correlation between weight-loss and PYY concentrations;
with inferior weight-loss after RYGBP associating with significantly lower nutrientstimulated PYY. Moreover, these findings are in accord with previous reports from
our laboratory of EGA surgery in DIO Pyy-null and DIO wild-type mice (Chandarana
et al., 2011) with greater weight-loss in wild-type obese mice after EGA than after
sham surgery; while in DIO PyyKO mice weight-loss was equivalent after EGA and
sham surgery (Chandarana et al., 2011).
Normally a negative relationship exists between circulating ghrelin concentrations
and BMI (Castaneda et al., 2010). However, at 6 weeks post-SG we found a positive
relationship between post-prandial acyl-ghrelin and BMI. Furthermore, meal-induced
active GLP-1 concentrations positively correlated with weight-loss and %EWL and
negatively associated with BMI, FM and VFA at 6 and 12 weeks post-SG. In
addition, our regression analysis identified active GLP-1 as a predictor of %EWL at 6
and 12 weeks post-SG. These findings suggest that active GLP-1 plays a role in
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mediating the anthropometric changes in the early post-SG period. Nevertheless, at 6
months post-SG PYY3-36 was the only predictor of %EWL. We were unable to
identify any predictors of 12-month weight-loss. Moreover, the fact that we observed
similar anthropometric changes at 6 and 12 months in both groups post-surgery
despite greater active GLP-1 and PYY3-36 responses in the RYGBP questions the
importance of these hormones in mediating weight-loss changes following SG. One
potential explanation for our findings is that another factor(s), most likely from the
proximal intestine, contributes to the weight-loss success of SG. Future studies with
greater power would be required to address this question.
Correlation analysis findings in study II: Our correlation analysis revealed a positive
association between active GLP-1 AUC0-180 and weight-loss at 6 weeks post-SG,
along with a negative association between active GLP-1 AUC0-180 with hunger AUC0180

and PFC AUC0-180 at 6 and 12 weeks post-SG. Though correlation analysis always

needs to be interpreted with caution, and cannot certainly establish either causality, or
the direction between the cause and effect, these results could indicate that circulating
active GLP-1 contributes to the weight-loss effects of SG, and may favourably impact
on appetite post-SG surgery (i.e. by decreasing hunger and PFC). We found a positive
relationship between T-GIP AUC0-180 with BMI and VFA, and a negative relationship
between T-GIP AUC0-180 and % EWL at 6 weeks post-SG. In addition, PYY3-36
AUC0-180 negatively associated with BMI and VFA at 6 weeks post-SG. Taken
together, these findings could indicate that T-GIP levels may negatively impact on
weight-loss and adiposity reduction, whereas circulating PYY3-36 may favourably
affect weight-loss post-SG. Finally, we found a positive correlation between T-GIP
AUC0-180 and acyl-ghrelin AUC0-180 at 6 weeks post-SG. This is rather surprising
given previous reports of decreases in ghrelin levels with GIP administration to obese
humans (Rudovich et al., 2011). However, in this study total rather than acyl-ghrelin
was measured. Moreover, the effects of GIP on ghrelin levels remain unclear.
Previous studies reported no effects in circulating ghrelin in healthy humans in
response to GIP infusion (Rudovich et al., 2005); whereas Lippl et al., observed
increases in ghrelin secretion from isolated rat stomach with GIP stimulation (Lippl et
al., 2004); and in another study GIP was found to have no effect on ghrelin secretion
from stomach rat Gr-cells (de la Cour et al., 2007).
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In summary, in the context of studies described in this Chapter, we compared headto-head the two most commonly performed bariatric procedures, RYGBP and SG.
We have comprehensively characterised and compared the effects of SG and RYGBP
on plasma insulin, plasma glucose, glucagon, circulating incretins, PYY3-36, acylghrelin and subjective appetite in non-diabetic humans in the fasted state and in
response to a physiological stimulus (test-meal) pre-surgery, and at 6 and 12 weeks
post-surgery. Key novelties of our studies are: i) the characterisation for the first time
of the effects of SG on circulating levels of the anorectic PYY-isoform, PYY3-36, ii)
Another novel aspect of our studies is the characterisation for the first time of the
effects of SG on circulating I-GIP levels in response to a test-meal, iii) the concurrent
assessment on T-GIP and I-GIP following RYGBP and SG, and iv) the head-to-head
comparison of the effects of the two procedures on GIP, and the biologically active
isoforms of PYY, ghrelin and GLP-1. Moreover, the concurrent assessment of T-GIP
and I-GIP allowed us to draw speculate on the effects of the two procedures on DPP4 activity, which has been shown to change post-RYGBP, whereas it remains entirely
unknown whether and how DPP4 levels or activity is altered by SG. Finally, our
studies are the first to simultaneous measurement of circulating levels of the
biologically active forms of ghrelin (acyl-ghrelin), PYY (PYY3-36) and active GLP-1
and total & intact GIP in the same patient cohort, with concurrent undertaking
detailed parallel appetite assessment. Factors strengthening our study, include our
cautious methodology by use of our validated subject-standardisation protocols, and
stringent sample processing methods (Chandarana et al., 2009). Moreover, our groups
were tightly matched pre-operatively for the common gut hormone confounders of
age (Rigamonti et al., 2013), sex (Kim et al., 2005) and adiposity (Neary and
Batterham, 2009). Additionally, by studying exclusively patients without T2DM we
removed confounding effects of T2DM on the incretin effect (Nauck et al., 1986),
circulating PYY3-36 (Olivan et al., 2009), and ghrelin (Olivan et al., 2009).
However, our studies have several limitations. Our sample sizes were small, the
follow-up limited and the studies non-randomised; whereas, we did not include a diet
control group. Furthermore, since the time that these studies were undertaken, the
biological activity of the GLP-1 fragments (9-36) and (28-36) was unknown, our
GLP-1 assay enabled us to determine the traditional bioactive GLP-1 fragments (636) and 6-37, while our assay did not cross-react with either GLP-1 (9-36) or GLP-1
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(28-36). Moreover, we studied females only, as they represent the majority of patients
undergoing bariatric surgical procedures in the UK. Thus, future studies will need to
assess whether these observations can also be extended in males, or whether gender
differences exist in post-operative gut hormone changes. Finally, studies in patients
with T2DM are required to examine whether the inferior weight-loss outcomes postbariatric surgery in this patient cohort (Campos et al., 2010) are underlined by
altered/aberrant gut hormone post-operative responses. Future larger, randomised
studies with longitudinal assessment of gut hormones, intestinal transit, glycaemic
and anthropometric indices will hopefully further augment our understanding in the
field, and may inform the development of successful medical therapies and less
invasive surgical procedures.
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Chapter 4

THE EFFECTS OF FTO rs9939609 GENOTYPE ON
CIRCULATING ACYL-GHRELIN IN HUMANS WITH
SEVERE OBESITY
&
ON THE RESPONSE TO
SLEEVE GASTRECTOMY SURGERY
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4.1 Background
FTO variation was first reported to associate with human obesity in a GWAS
conducted in Caucasians in 2007 (Frayling et al., 2007). Subjects homozygous for
the obesity‐risk-allele A of the FTO SNP rs9939609 were found to exhibit a ~1.7‐fold
increased odds risk-ratio for obesity compared to homozygous for the protective
variant T (Frayling et al., 2007). Since then, multiple GWAS and candidate gene
association studies have confirmed the association between FTO variation and
obesity in multiple population cohorts (Dina et al., 2007, Scuteri et al., 2007, Scott et
al., 2007, Fawcett and Barroso, 2010, Hardy et al., 2010, Paessens et al., 2011)
FTO has a key role in the regulation of energy homeostasis. Firstly, Fto is widely
expressed, with the highest expression observed in the brain, and in particular the
hypothalamus, an area implicated in the regulation of feeding (Gerken et al., 2007,
Karra et al., 2013). Secondly, hypothalamic Fto is responsive to nutritional
regulation (Stratigopoulos et al., 2008, Gerken et al., 2007, Fredriksson et al., 2008,
Tung et al., 2010, Karra et al., 2013). Thirdly, global Fto knockout mice and mice
with partial loss of Fto function are lean, and mice globally overexpressing Fto show
increased adiposity (Church et al., 2009, Fischer et al., 2009, Church et al., 2010,
McMurray et al., 2013).
Though loss of Fto function was originally thought to result in leanness due to
increases in energy expenditure (Church et al., 2009, Fischer et al., 2009), this was
subsequently

questioned

(Speakman,

2010).

Furthermore,

mice

globally

overexpressing Fto had no alterations in energy expenditure, but showed increases in
adiposity resulting from increased energy intake (Church et al., 2010). In addition,
McMurray et al, demonstrated that germline and adult onset loss of Fto function do
not affect energy expenditure when appropriate statistical data interpretation is
undertaken (McMurray et al., 2013). Human studies also report that that the
association between FTO and BMI is mediated by increases in energy intake rather
than alterations in energy expenditure (Fawcett and Barroso, 2010). Humans
homozygous for the A at risk allele of FTO rs9939609 exhibit overall increased ad
libitum food‐intake (Cecil et al., 2008, Speakman et al., 2008, Wardle et al., 2009);
obesogenic feeding choices with higher fat consumption (Cecil et al., 2008, Wardle
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et al., 2009, Tanofsky-Kraff et al., 2009, Timpson et al., 2008), and impaired satiety
and hunger responses (Wardle et al., 2008, den Hoed et al., 2009).
When FTO was originally identified as an obesity-associated locus, the function of
the gene was entirely unknown. Subsequent computational and in vitro analysis
revealed that the FTO protein is an AlkB‐like 2‐oxoglutarate‐dioxygenase with weak
nucleic acid demethylating activity towards 3-methyl-thymidine and 3-methyl-uracil
in single stranded DNA and single stranded RNA respectively (Gerken et al., 2007).
More recent studies revealed that the preferential substrate of FTO is N6‐
methyladenosine (m6A), the most common naturally occurring post-translational
modification of mRNA (Jia et al., 2011). However, despite our increasing knowledge
on the cellular role of the FTO protein, the mechanisms by which variation of the
FTO gene result in human obesity remained until recently unclear.
Gut hormones are released from the GI in response to nutrient ingestion and act
homeostatic and reward brain centres regulate appetite and energy homeostasis
(Batterham et al., 2007, Malik et al., 2008). Since FTO had been linked to increased
energy intake in humans and rodents, altered human appetite and preference for
rewarding foods in humans, we hypothesised that FTO variation may result in
adiposity by affecting gut hormone function. To this end, our group undertook
studies of gut hormone function and appetite assessment in healthy normal-weight
humans. This work (Karra et al., 2013) implicated the hunger hormone acyl-ghrelin
to the obesogenic effects of FTO. Specifically our studies have shown that:
i) Across two independent cohorts healthy, normal-weight AA Caucasian males
exhibit attenuated post-meal suppression of hunger, lower fasting plasma levels of
the hunger hormone acyl-ghrelin, and blunted meal-induced acyl-ghrelin suppression
compared to TT controls (Figure 4.1) (Karra et al., 2013). This ghrelin phenotype in
AA healthy, normal-weight (non-obese) subjects is similar to that observed in human
obesity, which also associates with reduced fasting ghrelin levels and attenuated
post-meal ghrelin suppression compared to lean controls (English et al., 2002).
ii) AA subjects have a greater acyl-ghrelin to total ghrelin ratio post-meal compared
to TT controls. This finding indicates that post-meal a greater percentage of
circulating ghrelin in AA subjects is represented by the orexigenic form of the
peptide (Karra et al., 2013).
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iii) Fto global knockout mice have a lower acyl-ghrelin to total ghrelin ratio
compared to wild-type littermate controls. This shows that mice globally lacking Fto
display the exact opposite ghrelin changes to AA humans.
iv) Peripheral blood cells from normal-weight AA humans have significantly higher
FTO and ghrelin expression, and lower ghrelin mRNA m6A content compared to
peripheral blood cells of adiposity-matched TT controls (Karra et al., 2013). These
findings indicate firstly, that human obesity susceptibility FTO SNPs result in gain of
FTO function/increased FTO expression. Secondly they indicate that increased FTO
expression associates with increased ghrelin gene expression; and thirdly, they
suggest that this increased ghrelin expression may potentially result from FTO
demethylating effects on ghrelin mRNA m6A.
v) In cell-based studies in mouse ghrelinoma cells (MGN3-1) and HEK293 cells
overexpression of FTO increases ghrelin and GOAT mRNA total ghrelin and acylghrelin protein, and decreases ghrelin mRNA m6A sites (Karra et al., 2013). These
findings confirm that FTO overexpression at a cellular level results in increased
ghrelin peptides by increasing ghrelin mRNA m6A demethylation.
vi) Using fMRI, we showed that in both the fasted and fed states in response to
pictures of food, normal-weight AA subjects display altered activation of
homeostatic and reward brain centres compared to TT controls. Moreover, we found
significant differences in the relationship between plasma acyl-ghrelin and neuronal
activation between AA and TT subjects in the fasted and fed states (Karra et al.,
2013).
Therefore, collectively this work showed that FTO regulates ghrelin in vitro and in
vivo, and that at a cellular level the regulation of ghrelin by FTO results by
decreasing ghrelin mRNA m6A methylation, and increasing ghrelin mRNA and
protein abundance. This association between FTO and the hunger hormone ghrelin
offered an explanation for the obesogenic effects of FTO (Karra et al., 2013).
Additionally, these studies showed that FTO genotype associates with weightindependent effects on neuronal responses to visual food cues, and suggested a
potential modulatory role for ghrelin to these effects of FTO on the CNS (Karra et
al., 2013).
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In the studies reported in this Chapter, we aimed to examine whether like normalweight AA humans, healthy obese AA humans also show altered ghrelin phenotype
compared to adiposity-matched TT controls. Moreover, we examined potential
translational implications of our findings of altered ghrelin phenotype in non-obese
humans, by comparing the weight-loss effects and changes in circulating acyl-ghrelin
induced in AA and TT subjects by SG surgery; a procedure that excises the majority
of the gastric fundus Gr-cells and produces significant reductions in circulating
ghrelin (Yousseif et al., 2013).

Figure 4.1: The AA FTO rs9939609 genotype is associated with attenuated meal-induced hunger and
circulating acyl-ghrelin suppression in healthy normal-weight humans. Fasting and meal-stimulated hunger
and plasma acyl-ghrelin in response to a 1840-kcal test-meal were evaluated in two independent cohorts of AA
and adiposity-matched TT normal-weight, healthy Caucasian males. (A) Δ hunger VAS post-meal in AA (red
filled circles) and TT (blue filled squares) subjects in cohort I (n = 10 per genotype), with negative ratings
indicating hunger suppression post-meal. (B) Δ plasma acyl-ghrelin post-meal in AA (red filled circles) and TT
(blue filled squares) subjects in cohort I (n = 10 per genotype), with negative ratings indicating acyl-ghrelin
suppression post-meal. (C) AUC0-180 for plasma acyl-ghrelin suppression in response to the test-meal in TT (blue
solid bars) and AA (red solid bars) subjects (cohort I n = 10 per genotype). (D) Δ hunger VAS in the post-meal
and post-prandial state in AA (red filled circles) and TT (blue filled squares) subjects in cohort II (n = 12 per
genotype), with negative ratings indicating hunger suppression post-meal. (E) Δ plasma acyl-ghrelin post-meal in
AA (red filled circles) and TT (blue filled squares) subjects in cohort II (n = 12 per genotype), with negative
ratings indicating acyl-ghrelin suppression post-meal. (F) AUC for plasma acyl-ghrelin suppression in response to
the STM in TT (blue solid bars) and AA (red solid bars) subjects (cohort II n = 12 per genotype). Data are
presented as mean ± SEM. * denotes p <0.05 and ** p <0.01 for between-groups comparisons.
Key: TT,
homozygotes for the low-risk variant T of FTO rs9939609; AA, homozygotes for the high-risk variant A of FTO
rs9939609; AUC, area-under-the-curve; VAS, visual analogue scales. Studies undertaken in Professor
Batterham’s laboratory. Figure adapted by Karra et al. (Karra et al., 2013).
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4.2 Hypothesis & rationale
The hypothesis for the work outlined in this chapter is that:
Humans with severe obesity homozygous for the risk-allele A of FTO rs9939609
exhibit aberrant hunger and acyl-ghrelin responses to a test-meal compared to TT
humans with severe obesity. Consequently, weight-loss following SG will be greater
in AA compared to TT subjects.
The rationale for the study and the hypothesis is detailed in Chapter 1, Part (E).

4.3 Methods & subjects’ characteristics
This Chapter describes two studies: i) in study I we evaluated the effects of FTO
rs9939609 genotype on reward traits and on subjective appetite, and plasma acylghrelin levels in response to a standard test-meal in 17 obese non-diabetic, TT
subjects and 16 adiposity-matched AA subjects; ii) in study II we evaluated the
effects of SG on fasting and nutrient-stimulated subjective appetite and plasma acylghrelin, and on reward traits (BIS/BAS) in nine AA and nine adiposity-matched TT
humans, pre-operatively and at 6 and 12 weeks post-surgery. Methodology is
detailed in Chapter 2.

4.4 Results
4.4.A Study I: The effects of FTO rs9939609 on subjective appetite, plasma acylghrelin and BIS/BAS in humans with severe obesity
4.4.A.1 Subjects’ baseline characteristics
Of the 17 TT patients (1 male, 16 females, mean age: 41.2 ± 2.8 years, BMI: 46.1 ±
1.4 kg/m2), 14 subjects were Caucasians and three Afro-Caribbeans. Of the 16 AA
subjects (3 males, 13 females, mean age: 43.6 ± 2.7 years, BMI: 46.3 ± 1.4 kg/m2) 14
were Caucasians, one Afro-Caribbean origin and one of Caucasian/Persian ancestry
(Table 4.1). The TT and AA groups were matched for age, BMI, EW, total body fat
mass, VFA fasting glucose and HbA1C (Table 4.1). Patients’ comorbidities are
shown in table 4.2.
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Table 4.1 Anthropometric characteristics, glucose and HbA1c for the TT & AA groups
(mean±SEM).

TT

AA

(n=17)

(n=16)

Age (years)

41.2 ± 2.8

43.6 ± 2.7

0.53

BMI (kg/m2)

46.1 ± 1.9

46.3 ± 1.4

0.96

EW (kg)

57.6 ± 5.3

60 ± 4.0

0.73

VFA/(height) 2 (cm/m)2

89.3 ± 4.6

95 ± 3.5

0.33

Total fat mass/(height)2 (kg/m2)

24 ± 1.4

24.2 ± 0.9

0.58

Fasting glucose (mmol/L)

4.8 ± 0.2

4.91 ± 0.1

0.53

HbA1c (%)

5.8 ± 0.1

5.9 ± 0.1

0.71

P value

Results are presented as mean ± SEM. p-value: for between-group analysis, Student’s unpaired, 2tailed t-test (parametric) and Mann–Whitney test (non-parametric) data. Key: TT, homozygotes for the
low-risk variant T of FTO rs9939609; AA, homozygotes for the high-risk variant A of FTO
rs9939609; BMI, body mass index; EW, excess weight; VFA, visceral fat area; HbA1c, glycated
haemoglobin.

Table 4.2 Comorbidities and medication profile for the TT & AA groups.

TT

AA

(n=17)

(n=16)

Hypertension

3

2

Hyperlipidaemia

3

2

Cardiac problems

1 (AF)

1

Hypothyroidism

3

4

Asthma / COPD

4

2

OSA

2

2

Depression

4

4

Arthritis

8

5

Antihypertensives

2

2

Lipid lowering drugs

2

3

Thyroxine

3

4

Antidepressants

3

2

Comorbidities

Medications

Key: TT, homozygotes for the low-risk variant T of FTO rs9939609; AA, homozygotes for the highrisk variant A of FTO rs9939609; COPD: chronic obstructive pulmonary disease; OSA: obstructive
sleep apnoea.
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4.4.A.2 The effects of FTO rs9939609 genotype on subjective appetite and
internal state perception
Fasting and nutrient-stimulated hunger, PFC, pleasantness of food intake, fullness
and sickness were assessed with the use of VAS scales. Moreover, we used VAS to
rate feelings of well-being and internal state, such as subjective perception of
irritability and anxiety in the TT and AA groups in the fasted and fed states.

4.4.A.2.1 The effects of FTO rs9939609 genotype on subjective hunger
There was no difference in fasting hunger between the TT and AA groups (p = 0.49)
(Figure 4.2A & Table 4.3). In the TT group, hunger significantly declined in
response to nutrient intake (within-group One-way-ANOVA RM, p = 0.006), with
hunger at t15 being significantly lower from baseline (p < 0.05) (Figure 4.2A).
Hunger was also reduced post-meal in the AA group (within-group One-wayANOVA RM, p < 0.0001), with hunger at t15 and t30 being significantly lower from
fasting hunger (p < 0.05) (Figure 4.2A). The temporal ratings of hunger started to
increase vs. baseline at t90 post-meal in the AA group, whereas in the TT group
hunger VAS remained suppressed from baseline up to t120, with an increase in
hunger noted after this time-point (Figure 4.2A). We found no difference in postmeal hunger at any time-point following meal-ingestion, and in hunger AUC0-180
between the two groups (p = 0.57) (Figure 4.2A-B & Table 4.3).
In order to further characterise the hunger phenotype in the TT and AA groups and in
light of our findings of attenuated meal-induced hunger suppression in normalweight AA subjects, next we expressed hunger as delta (Δ) change of hunger from
fasting hunger. Overall temporal profiles of Δ hunger were comparable between the
two groups (Figure 4.2B), and ΔAUC0-180 for hunger suppression was nonsignificantly higher in the obese TT vs. the AA group (p = 0.17) (Table 4.3).

4.4.A.2.2 The effects of FTO rs9939609 genotype on subjective PFC
We observed no difference in fasting PFC between the TT and AA groups (p = 0.34)
(Figure 4.2C & Table 4.3). In the TT group, post-meal PFC VAS was reduced
(within-group One-way-ANOVA RM, p = 0.02) (Figure 4.2C); and again, the
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physiologically anticipated PFC reduction in response to nutrient-intake was also
seen in the AA group (within-group One-way-ANOVA RM, p = 0.003) (Figure 4.2C).
There was no significant difference between any of the individual post-meal PFC
ratings vs. fasting values in either the TT or AA groups (Figure 4.2C). Mimicking the
hunger ratings, the temporal ratings for PFC started to increase vs. baseline earlier in
the AA group, at t60 post-meal; whereas in the TT group they remained suppressed
from baseline up to t120, with an increase noted after this time-point (Figure 4.2C).
In the AA group PFC returned to fasting PFC at t120 and exceeded baseline values
thereafter; whilst in the TT group post-meal PFC scores remained suppressed from
fasting PFC at all-time points. We found no difference in post-meal PFC perception
at any time-point following meal-ingestion, and in PFC AUC0-180 between the two
groups (p = 0.86) (Figure 4.2C & Table 4.3). The AA group exhibited lower Δ
(suppression) PFC VAS vs. the TT group between t30-150 post-meal, however, this
reached significance at t120 post-meal only (p = 0.04) (Figure 4.2D). There was no
significant difference in Δ AUC0-180 for PFC between TT and AA groups (p = 0.28)
(Table 4.3).

4.4.A.2.3 The effects of FTO rs9939609 genotype on subjective perceived
pleasantness of food intake
We found no difference in perceived pleasantness of food intake in the fasted state
between the two groups (p = 0.93) (Figure 4.2E & Table 4.3). Normally,
pleasantness of food intake is higher in the fasted states, whilst post-meal, as satiety
increases and hunger decreases, and the idea of eating becomes less appealing. In
accordance with this, we observed reductions in post-meal perceived pleasantness for
food intake VAS in both groups (within-group One-way-ANOVA RM, TT: p = 0.001,
AA: p = 0.002) (Figure 4.2E). There were no significant differences in any of the
individual post-meal perceived pleasantness for food intake VAS vs. baseline in
either of the groups (Figure 4.2E).
Moreover, we observed no significant difference in Δ VAS temporal profile, in
AUC0-180 and Δ AUC0-180 for perceived pleasantness of food intake between the TT
and AA groups (p = 0.81 & p = 0.91 respectively) (Figure 4.6F & Table 4.3).
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4.4.A.2.4 The effects of FTO rs9939609 genotype on subjective satiety
We observed no difference in fasting fullness perception between the TT and AA
groups (p = 0.73) (Figure 4.3A & Table 4.3). Fullness perception increased in
response to nutrient-intake in both groups (One-way-ANOVA RM, TT: p = 0.002,
AA: p < 0.0001). In the TT group fullness perception was significantly greater from
baseline at t15-30 post-meal (p < 0.05); whereas the AA group exhibited
significantly greater fullness VAS at t15 (p < 0.01), and at t60 to t120 (p < 0.05)
post-meal as compared to fasting fullness (Figure 4.3A). We found no difference in
post-meal satiety between the two groups at any time-point following meal-ingestion,
and in fullness AUC0-180 (p = 0.57) (Figure 4.3A & Table 4.3). Moreover, we found
no differences at any time-point in Δ fullness between the TT and AA groups (Figure
4.3B), and Δ fullness AUC0-180 was comparable between the two groups (p = 0.75)
(Table 4.3).

4.4.A.2.5 The effects of FTO rs9939609 genotype on subjective sickness
We found no difference in fasting sickness between the two groups (p = 0.22)
(Figure 4.3C & Table 4.3). Though non-significant increases in sickness were
observed in the TT group between t15-60, and in the AA group between t15-90, the
overall phenomenon for sickness changes in response to nutrient-intake showed no
significance in either of the groups (One-way-ANOVA RM, TT: p = 0.13, AA: p =
0.12) (Figure 4.3C). In addition, there were no differences between the two groups in
Δ sickness values, sickness AUC0-180 and Δ sickness AUC0-180 at any of the timepoints examined post-meal (Figure 4.3D & Table 4.3).

4.4.A.2.6 The effects of FTO rs9939609 genotype on anxiety and irritability
perception
Both the TT and AA groups showed comparable fasting anxiety and irritability VAS
scores (Figure 4.3E-F & Table 4.3). Within-groups’ analysis revealed significant
increases in anxiety in the TT group, with non-significant changes in anxiety for the
AA group (One-way-ANOVA RM, TT: p = 0.03, AA: p = 0.18). Whereas irritability
remained unchanged in both groups (One-way-ANOVA, TT: p = 0.19, AA: p = 0.59).
Between-groups comparison showed no difference in VAS ratings between AA and
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TT subjects at any of the time-points studied (Figure 4.3E-F & Table 4.3). No
differences were found in anxiety and irritability Δ VAS temporal scores, AUC0-180
and Δ AUC0-180 (Table 4.3).
Table 4.3 Subjective appetite and internal state VAS for the TT & AA groups
(mean±SEM).

TT

AA

(n=17)

(n=16)

54 ± 6.7

44.5 ± 6.2

0.49

Hunger AUC 0-180 (mm*min)

5691 ± 929

5436 ± 919

0.85

Δ Hunger AUC 0-180 (mm*min)

4920 ± 829

3397 ± 655

0.17

Fasting PFC (mm)

49.2 ± 5.4

41.8 ± 5.3

0.34

PFC AUC 0-180 (mm*min)

6673 ± 867

6904 ± 945

0.86

Δ PFC AUC 0-180 (mm*min)

3341 ± 475

2637 ± 433

0.28

Fasting Pleasantness (mm)

64.1 ± 7.6

65.1 ± 7.2

0.93

Pleasantness AUC 0-180 (mm*min)

8647 ± 1130

8256 ± 1191

0.81

Δ Pleasantness AUC0-180 (mm*min)

3786 ± 777

3640 ± 1063

0.91

Fasting fullness (mm)

18.3 ± 5.3

16 ± 4.1

0.73

Fullness AUC 0-180 (mm*min)

7454 ± 1014

6748 ± 778

0.57

Δ Fullness AUC0-180 (mm*min)

4169 ± 858

4538 ± 775

0.75

Fasting sickness (mm)

17.1 ± 4.8

9.8 ± 3.1

0.22

Sickness AUC0-180 (mm*min)

2636 ± 466

2495 ± 624

0.86

Δ Sickness AUC0-180 (mm*min)

2698 ± 736

1555 ± 519

0.22

26 ± 7

20.5 ± 8.1

0.61

Anxiety AUC0-180 (mm*min)

2402 ± 662

1809 ± 367

0.46

Δ Anxiety AUC0-180 (mm*min)

2367 ± 890

2316 ± 1121

0.97

20.5 ± 6

14.5 ± 4

0.41

Irritability AUC0-180 (mm*min)

2523 ± 641

1955 ± 566

0.51

Δ Irritability AUC 0-180 (mm*min)

1872 ± 674

1301 ± 401

0.48

Fasting hunger (mm)

Fasting Anxiety (mm)

Fasting Irritability (mm)

P value

Results are presented as mean ± SEM. p-value: for between-group analysis, Student’s unpaired 2tailed t-test (parametric) and Mann–Whitney test (non-parametric) data. Key: TT, homozygotes for the
low-risk variant T of FTO rs9939609; AA, homozygotes for the high-risk variant A of FTO
rs9939609; PFC, prospective food consumption; AUC: area-under-the-curve, VAS, visual analogue
scales.
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Figure 4.2: The effects of FTO rs9939609 genotype on hunger, PFC and on perceived
pleasantness of food intake VAS in humans with severe obesity. TT group (blue, open circles), AA
genotype (red, solid squares). (A) Temporal profile of hunger VAS in response to the test-meal for the
TT and AA groups. (B) Temporal profile of Δ hunger VAS in response to the test-meal for the TT and
AA groups, with negative ratings indicating suppression of hunger. (C) Temporal profile of PFC VAS
in response to the test-meal for the TT and AA groups. (D) Temporal profile of Δ PFC VAS in
response to the test-meal for the TT and AA groups, with negative ratings indicating suppression in
PFC. (E) Temporal profile of perceived pleasantness of food intake VAS in response to the test-meal
for the TT and AA groups. (F) Temporal profile of Δ perceived pleasantness of food intake VAS in
response to the test-meal for the TT and AA groups; with negative ratings indicate reduced perceived
pleasantness of food intake post-meal. Results are expressed as mean ± SEM. The p values at the right
upper corner of panels (A, C, E) indicate One-way-ANOVA RM within-group significance. Key: TT,
homozygotes for the low-risk variant T of FTO rs9939609; AA, homozygotes for the high-risk variant
A of FTO rs9939609; PFC, prospective food consumption; VAS, visual analogue scales.
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Figure 4.3: The effects of FTO rs9939609 genotype on subjective fullness, sickness, anxiety and
irritability VAS in humans with severe obesity. TT genotype (blue, open circles), AA group (red,
solid squares). (A) Temporal profile of fullness VAS in response to the test-meal for the TT and AA
groups. (B) Temporal profile of Δ fullness VAS in response standard to the test-meal for the TT and
AA groups. (C) Temporal profile of sickness VAS in response to the test-meal for the TT and AA
groups. (D) Temporal profile of Δ sickness VAS in response to the test-meal for the TT and AA
groups. (E) Temporal profile of anxiety VAS in response to the test-meal for the TT and AA groups.
(F) Temporal profile of irritability VAS in response to the test-meal for the TT and AA groups.
Results are expressed as mean ± SEM. The p values at the right upper corner of panels (A, C, E)
indicate One-way-ANOVA RM within-group significance. Key: TT, homozygotes for the low-risk
variant T of FTO rs9939609; AA, homozygotes for the high-risk variant A of FTO rs9939609; VAS,
visual analogue scales.
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4.4.A.3 The effects of FTO rs9939609 phenotype on circulating acyl-ghrelin
Fasting acyl-ghrelin levels were comparable between AA and TT subjects (p = 0.64)
(Figure 4.4A&C & Table 4.4). In response to the standard test-meal both groups
exhibited acyl-ghrelin suppression (Figure 4.4A&B) (within-group One-way-ANOVA
RM, TT: p = 0.0001, AA: p = 0.0007). The TT group exhibited significantly lower
acyl-ghrelin levels vs. fasting circulating values at t90 post-meal (p < 0.05), while in
the AA group acyl-ghrelin was significantly lower from baseline at t120 (p < 0.05)
(Figure 4.4A). Between-groups comparison revealed non-significantly lower acylghrelin levels in the AA group vs. the TT group between t90-180 (Figure 4.4A &
Table 4.4), along with non-significantly lower acyl-ghrelin AUC0-180 in the AA group
as compared to the TT group (p = 0.24) (Table 4.4).
Nadir acyl-ghrelin (Table 4.4) and time to nadir acyl-ghrelin values did not
significantly differ between the two groups (p = 0.79) (Table 4.4). There was no
difference in either Δ acyl-ghrelin temporal values (Figure 4.4B) or Δ acyl-ghrelin
AUC0-180 between AA and TT subjects (p = 0.44) (Table 4.4).
Next, in order to gain a better understanding of how FTO genotype impacts on
plasma acyl-ghrelin levels with transition from normal-weight to the severely obese
range, we compared the fasting acyl-ghrelin levels of our obese AA and TT subjects,
with those of our normal-weight healthy AA and TT subjects that we had studied in
our published work (Karra et al., 2013). As we have reported, healthy normal-weight
AA subjects exhibited significantly lower fasting plasma acyl-ghrelin levels
compared to their adiposity-matched TT controls (p = 0.04) (Figure 4.4C) (Karra et
al., 2013). In the control TT genotype, we found that the development of obesity
resulted in significant reductions in fasting acyl-ghrelin (p = 0.001) (Figure 4.4C).
However, in the AA group the development of obesity did not result in decreases in
fasting acyl-ghrelin (p = 0.17); and fasting plasma acyl-ghrelin concentrations in the
normal-weight AA group were comparable with the levels of acyl-ghrelin observed
in fasted obese AA patients and in their adiposity-matched obese TT controls (p =
0.20 & p = 0.27, respectively) (Figure 4.4C).
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Figure 4.4: The effects of FTO rs9939609 genotype on acyl-ghrelin levels. (A) Temporal profile of
acyl-ghrelin in response to the test-meal for the TT (blue, open circles) and AA (red, solid squares)
obese groups. (B) Temporal profile of Δ acyl-ghrelin in response to the test-meal for the TT (blue,
open circles) and AA (red, solid squares) groups, with negative ratings indicating suppression of acylghrelin. (C) Fasting acyl-ghrelin levels in healthy, normal weight TT (blue solid hatched bar) and AA
subjects (red solid hatched bar), and in obese TT (blue solid bar) and obese AA subjects (red solid
bar). Results are expressed as mean ± SEM. The p values at the right upper corner of panel (A)
indicate One-way-ANOVA RM within-group significance. † denotes p < 0.05 vs. baseline (blue colour:
TT group, red colour: AA group). The p values at the right upper corner of panel (A) indicate Oneway-ANOVA RM within-group significance. In panel (C), 2-tailed non-paired Student’s t-test
significance is indicated over the corresponding bars. Key: TT, homozygotes for the low-risk variant T
of FTO rs9939609; AA, homozygotes for the high-risk variant A of FTO rs9939609; AUC, areaunder-the-curve. Fasting acyl-ghrelin data in healthy normal-weight AA and TT subjects by Dr
Efthimia Karra, PhD student in Professor Batterham’s laboratory.
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Table 4.4 Fasting and post-meal acyl-ghrelin, acyl-ghrelin AUC 0-180, Δ acyl-ghrelin AUC 0-180, nadir and
time to nadir acyl-ghrelin, TT vs. AA genotype groups (mean±SEM).

TT

AA

(n=17)

(n=16)

130 ± 10.6

121 ± 15.1

0.64

acyl-ghrelin t=15

133 ± 11

125 ± 16

0.68

acyl-ghrelin t=30

114 ± 8.7
108 ± 8.9

107 ± 10.5
97 ± 10.4

0.60

acyl-ghrelin t=60

Fasting acyl-ghrelin (pg/mL)

P value

Post-prandial acyl-ghrelin (pg/mL)

acyl-ghrelin t=90

92 ± 9.4

0.44
0.22

acyl-ghrelin t=120

108 ± 9.1
105 ± 8.7

84 ± 9.9

0.14

acyl-ghrelin t=150

103 ± 8.5

88 ± 9.7

0.26

acyl-ghrelin t=180

136 ± 17.3

98 ± 10.8

0.07

20317 ± 1500

17443 ± 1797

0.24

4000 ± 692

5104 ± 1574

0.44

Nadir acyl-ghrelin (pg/mL)

87 ± 6.5

78 ± 9.6

0.44

Time to Nadir acyl-ghrelin (min)

122 ± 9.2

118 ± 9.8

0.79

Acyl-ghrelin AUC0-180 (pg*min/mL)
Δ Acyl-ghrelin AUC0-180 (pg*min/mL)

Results are presented as mean ± SEM. p-value: for between-group analysis, Student’s unpaired 2tailed t-test (parametric) and Mann–Whitney test (non-parametric) data. Key: TT, homozygotes for the
low-risk allele T of FTO rs9939609; AA, homozygotes for the high-risk allele A of FTO rs9939609;
AUC, area-under-the-curve.

4.4.A.4 The effects of the FTO rs9939609 genotype on BIS/BAS
4.4.A.4.1 The effects of FTO rs9939609 genotype on BIS/BAS in healthy,
normal-weight Caucasian males
In the context of our studies in healthy human subjects we have previously generated
a cohort of 359 Caucasian normal-BMI males (Table 4.5A). These subjects were
evaluated for reward-related behaviour with the use of the BIS/BAS scales. Across
this cohort we observed a trend for an overall effect of FTO rs9939609 genotype on
total BAS with higher total scores in AA subjects compared to TT controls (Table
4.5A). However, we found no effect of FTO rs9939609 genotype on BAS-reward
responsiveness (BAS-reward), BAS fun, and BAS-drive and BIS scores across the
three FTO genotypes (Table 4.5A). Regression analysis to account for differences in
BMI in these non-matched for adiposity groups revealed that the AA and AT
genotypes predicted significantly greater total BAS compared to the TT genotype
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(AA versus TT: Β = +6.7%, 95%CI (+2.7%, +10.7%), p = 0.001; AT versus TT: Β
= +3.1%, 95%CI (0.4%, +5.7%), p = 0.02; AA versus AT: Β = +3.67%, 95%CI (0.4%, +7.7%), p = 0.08; BMI: Β = -0.7%, 95%CI (-1.5%, 0.1%), p = 0.09; model
fit, adjusted R2 = 0.028, F = 4.450, p = 0.004) (Table 4.5A). In addition, the AA
genotype predicted significantly higher BAS-reward compared to TT, with a trend
also seen for the AT genotype compared to TT (AA versus TT: Β = +6.4%, 95%CI
(+1.8%, +11.1%), p = 0.006; AT versus TT: Β = +2.8%, 95%CI (-0.3%, +5.9%), p
= 0.08; AA versus AT: Β = +3.6%, 95%CI (-0.9%, +8.3%), p = 0.12; BMI: Β = 0.5%, 95%CI (-1.4%, +0.4%), p = 0.29; model fit adjusted R2 = 0.016, F = 2.878, P
= 0.04). Furthermore, the AA genotype predicted significantly greater BAS-fun
scores versus TT, with a trend for higher BAS also seen for the AA genotype as
compared to AT (AA versus TT: Β = +7.7%, 95%CI (+2.2%, +13.1%), p = 0.006;
AT versus TT: Β = +2.5%, 95%CI (-1.1%, +6.1%), p = 0.17; AA versus AT: Β =
+5.1%, 95%CI (-0.03%, +10.4%), p = 0.06; BMI: Β = -1.0%, 95%CI (-2.1%,
+0.03%), p = 0.06; model fit, adjusted R2 = 0.019, F = 3.352, p = 0.02). Finally,
both homozygosity and heterozygosity for the A allele of FTO rs9939609 predicted
higher BAS-drive scores versus homozygous state for the protective allele T (AA
versus TT: Β = +6.1%, 95%CI (+1.1%, +11.3%), p = 0.02; AT versus TT: Β =
+4.17%, 95%CI (+0.7%, +7.4%), p = 0.02; AA versus AT: Β = +2.0%, 95%CI (2.9%, +7%), p = 0.42;BMI: Β = -0.6%, 95%CI (-1.5%, +0.4%), p = 0.27; model fit,
adjusted R2 = 0.016, F = 2.909, P = 0.04).
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Key: AA, homozygotes for the high-risk allele A of FTO rs9939609; TT, homozygotes for the protective
allele T of FTO rs9939609; AT, heterozygotes for FTO rs9939609; BAS, behavioural activation scales;
BIS, behavioural inhibition scales. Behavioural data are expressed as percentage of maximum possible
score. Data analysed by One-way-ANOVA with Bonferroni post hoc for parametric data and Kruskall
Wallis with Dunn’s post hoc for non-parametric data. Unpublished data to which I have contributed.
Data provided by Professor Rachel Batterham and Dr Efthimia Karra, PhD student in Professor
Batterham’s laboratory. Studies detailed in Dr Karra’s PhD thesis, UCL 2014.

4.4.A.4.2 The effects of FTO rs9939609 genotype on BIS/BAS in adipositymatched AA & TT humans with severe obesity
A trend towards increased total BAS scores was found in AA compared to TT
subjects (p = 0.08, Table 4.5B); whereas there was no difference in BIS scores (p =
0.84, Table 4.5B). The AA group displayed significantly increased BAS-drive (p =
0.049, Table 4.5B), while scores for the two remaining BAS subscales, BAS-fun and
BAS-reward responsiveness, were comparable between the two groups (BAS-fun
seeking: p = 0.24; BAS-reward responsiveness: p = 0.20, Table 4.5B).
Table 4.5B Behavioural traits of reward and inhibition as assesed with the use of BIS-BAS
scales for the TT & AA genotype groups (mean±SEM).

TT

AA

(n=17)

(n=16)

Total

37.2 ± 1.3

40.8 ± 1.4

0.08

Drive

9.9 ± 0.6

11.7 ± 0.7

0.049

Fun-seeking

10.9 ± 0.5

11.5 ± 0.4

0.24

Reward-responsiveness

16.5 ± 0.5

17.5 ± 0.6

0.20

20.2 ± 0.9

19.9 ± 1.1

0.84

P value

BAS

BIS

Key: TT, homozygotes for the low-risk variant T of rs9939609; AA, homozygotes for the high-risk
variant A of FTO rs9939609; BAS, behavioural activation scales; BIS, behavioural inhibition scales.
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4.4.A.5 Correlation analysis: relationship between subjective appetite ratings,
acyl-ghrelin and BIS/BAS in AA and TT humans with severe obesity
4.4.A.5.1 The relationship between acyl-ghrelin and indices of adiposity in the
TT and AA groups
We found no correlation between fasting acyl-ghrelin or acyl-ghrelin AUC0-180 with
any of the anthropometric measures in either of the two groups. Δ acyl-ghrelin
AUC0-180 negatively associated with BMI in the control group (Figure 4.5A); thus,
the greater the suppression in acyl-ghrelin post-meal the lower the BMI. Interestingly
there was no correlation between Δ acyl-ghrelin AUC0-180 and BMI in the AA group,
though the difference between the two correlation coefficients did not reach
significance (Table 4.6).
Similar trends were seen in the relationship between Δ acyl-ghrelin AUC0-180 and
other indices of adiposity, namely EW, VFA and fat mass; such that Δ acyl-ghrelin
AUC0-180 negatively associated with all these parameters in the control group (Figure
4.5B-D), with no significant correlations found in the AA (Table 4.6).

4.4.A.5.2 The relationship between acyl-ghrelin and appetite ratings
Δ acyl-ghrelin AUC0-180 negatively associated with hunger AUC0-180 in the AA
group; the greater the meal-induced ghrelin suppression, the lower the hunger
(Figure 4.5E). We detected no association in TT group between Δ acyl-ghrelin
AUC0-180 and hunger AUC0-180 (Table 4.6). Similarly, we found a negative
association, with a trend towards significance, between fasting acyl-ghrelin and
hunger AUC0-180 VAS in the AA group (Figure 4.5F & Table 4.6).
A trend towards a negative correlation was found between PFC AUC0-180 and Δ acylghrelin AUC0-180 in the AA group (Figure 4.5G) compared to TT (Table 4.6).
Additionally we detected a trend towards a positive correlation between Δ acylghrelin AUC0-180 and fullness AUC0-180 in the TT group (Figure 4.5H), whereas this
relationship failed to reach statistical significance in the AA group (Table 4.6).
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Figure 4.5: The relationship between fasting acyl-ghrelin, Δ acyl-ghrelin AUC0-180, indices of
adiposity and subjective appetite in TT (blue open circles) and AA (red open circles) humans
with severe obesity. (A) Correlation plot between Δ acyl-ghrelin AUC0-180 and BMI in the TT group.
(B) Correlation plot between Δ acyl-ghrelin AUC0-180 and EW in the TT group. (C) Correlation plot
between Δ acyl-ghrelin AUC0-180 and VFA in the TT group. (D) Correlation plot between Δ acylghrelin AUC0-180 and total fat mass in the TT group. (E) Correlation plot between Δ acyl-ghrelin
AUC0-180 vs. hunger AUC0-180 in the AA group. (F) Correlation plot between fasting acyl-ghrelin vs.
hunger AUC0-180 in the AA group. (G) Correlation plot between Δ acyl-ghrelin AUC0-180 vs. PFC
AUC0-180 in the AA group. (H) Correlation plot between Δ acyl-ghrelin AUC0-180 vs. fullness AUC0-180
in the TT group. r: Pearson’s correlation coefficient. Key: TT, homozygotes for the low-risk allele T of
FTO rs9939609; AA, homozygotes for the high-risk allele A of FTO rs9939609; BMI, body mass
index; EW, excess weight; AUC, area-under-the-curve; VFA, visceral fat area; PFC, prospective food
consumption.

4.4.A.5.3 The relationship between fasting acyl-ghrelin and acyl-ghrelin AUC0180 with

BIS/BAS

Differential relationships were found between acyl-ghrelin AUC0-180 with total-BAS,
and BAS-subscales. Specifically, acyl-ghrelin AUC0-180 positively associated with
total BAS in the TT group, whereas no correlation was found in the AA group
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(Figure 4.6A & Table 4.6). Moreover, acyl-ghrelin AUC0-180 positively correlated
with BAS-fun seeking and BAS-reward responsiveness in the TT group, whereas no
significant associations were identified in the AA group (Figure 4.6B-C & Table
4.6).
Similarly, in the TT group fasting acyl-ghrelin positively correlated with total BAS;
whereas a non-significant positive correlation between these parameters was seen in
the AA group (Figure 4.6D & Table 4.6).
Moreover, fasting acyl-ghrelin positively correlated with BAS-drive and BAS-fun
seeking in the TT group, with non-significant relationships observed in the AA group
(Figure 4.6E-F & Table 4.6).
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Figure 4.6: The relationship between fasting acyl-ghrelin, acyl-ghrelin AUC0-180 and BIS/BAS in
TT humans with severe obesity. (A) Correlation plot between acyl-ghrelin AUC0-180 vs. BAS-total.
(B) Correlation plot between acyl-ghrelin AUC0-180 vs. BAS-fun. (C) Correlation plot between acylghrelin AUC0-180 vs. BAS-reward. (D) Correlation plot between fasting acyl-ghrelin vs. BAS-total. (E)
Correlation plot between fasting acyl-ghrelin vs. BAS-drive. (F) Correlation plot between fasting
acyl-ghrelin vs. BAS-fun. r: Pearson’s correlation co-efficient. Key: TT, homozygotes for the low-risk
allele T of FTO rs9939609; AUC, area-under-the-curve; BAS, behavioural activation scales; BIS,
behavioural inhibition scales.
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4.4.A.5.4 The relationship between BIS/BAS and anthropometric indices.
We observed a negative association between BAS-drive and BMI in the control TT
group (Figure 4.7A), whereas a weak positive association was seen in the high-risk
AA group (Table 4.6). A similar pattern of correlative relationships was also
observed between BAS-drive and EW, VFA and total fat mass (Figure 4.7B-C &
Table 4.6).
Moreover, in the TT group we observed a negative association between BIS scores
and BMI; BIS and VFA; BIS and fat mass (Figure 4.7D-F & Table 4.6).
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Figure 4.7: The relationship between BIS/BAS with indices of adiposity in TT humans with
severe obesity. (A) Correlation plot for BAS-drive vs. BMI. (B) Correlation for for BAS-drive vs.
VFA. (C) Correlation plot for BAS-drive vs. total fat mass. (D) Correlation plot for BIS vs. BMI. (E)
Correlation plot for BIS vs. VFA. (F) Correlation plot for BIS vs. total fat mass. r: Pearson’s
correlation co-efficient. Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; BAS,
behavioural activation scales; BMI: body mass index; VFA: visceral fat area; BIS, behavioural
inhibition scales.
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Table 4.6 Correlation analysis between circulating acyl-ghrelin levels with subjective
appetite ratings, anthropometric indices, and BIS/BAS (Study I).

TT

AA

Fisher's coefficient

Correlations between Δ acyl-ghrelin & anthropometric indices
Δ acyl-ghrelin AUC 0-180 & BMI

r = - 0.32

p = 0.02

r = - 0.002 p = 0.89

Z = - 0.87

p = 0.38

Δ acyl-ghrelinAUC0-180 & EW

r = - 0.32

p = 0.02

r < 0.0001 p = 0.98

Z = - 0.87

p = 0.38

Δ acyl-ghrelinAUC0-180 & VFA

r = - 0.34

p = 0.02

r = 0.002

p = 0.89

Z = - 0.92 p = 0.36

Δ acyl-ghrelinAUC0-180 & total fat mass

r = - 0.34

p = 0.01

r = - 0.005 p = 0.79

Z = - 0.93 p = 0.35

Correlations between acyl-ghrelin & subective appetite ratings
Δ acyl-ghrelin AUC 0-180 & Hunger AUC 0-180

r = - 0.10

p = 0.28

r = - 0.22

p = 0.04

Z = 0.32

Fasting acyl-ghrelin & Hunger AUC0-180

r = - 0.01

p = 0.23

r = - 0.19

p = 0.09

Z = - 0.47 p = 0.64

Δ acyl-ghrelin AUC 0-180 & PFC AUC 0-180

r = - 0.12

p = 0.17

r = - 0.22

p = 0.06

Z = 0.27

p = 0.07

r = 0.15

p = 0.15

Z = - 0.13 p = 0.90

Δ acyl-ghrelin AUC 0-180 & Fullness AUC0-180 r = 0.20

p = 0.75

p = 0.79

Correlations between BIS/BAS & acyl-ghrelin
Acyl-ghrelin AUC0-180 & BAS-total

r = 0.39

p = 0.008

r = 0.03

p = 0.54

Z = 0.99

p = 0.32

Acyl-ghrelin AUC0-180 & BAS-fun

r = 0.44

p = 0.004

r = 0.009

p = 0.72

Z = 1.2

p = 0.23

Acyl-ghrelin AUC0-180 & BAS-reward

r = 0.31

p = 0.02

r = 0.008

p = 0.74

Z = 0.81

p = 0.42

Fasting acyl-ghrelin & BAS-total

r = 0.37

p = 0.01

r = - 0.17

p = 0.11

Z = 0.56

p = 0.58

Fasting acyl-ghrelin & BAS-drive

r = 0.18

p = 0.09

r = 0.16

p = 0.13

Z = 0.05

p = 0.96

Fasting acyl-ghrelin & BAS-fun

r = 0.32

p = 0.02

r = 0.12

p = 0.21

Z = 0.57

p = 0.57

Correlations between BIS/BAS & anthropometric indices
BAS-drive & BMI

r = - 0.25 p = 0.04

r = 0.16

p = 0.12

Z = - 1.08 p = 0.28

BAS-drive & EW

r = - 0.22

p = 0.06

r = 0.11

p = 0.20

Z = - 0.87 p = 0.38

BAS-drive & total fat mass

r = - 0.37 p = 0.01

r = 0.22

p = 0.07

Z = - 1.59 p = 0.11

BAS-drive & VFA

r = - 0.40 p = 0.007

r = 0.16

p = 0.13

Z = - 1.25 p = 0.13

BIS & BMI

r = - 0.50 p = 0.01

r = - 0.003 p = 0.85

Z = - 1.42 p = 0.15

BIS & VFA

r = - 0.31 p = 0.02

r = - 0.09

p = 0.26

Z = - 0.63 p = 0.53

BIS & total fat mass

r = - 0.30 p = 0.02

r = - 0.003 p = 0.85

Z = - 0.80 p = 0.42

Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; AA, homozygotes for the high-risk
allele A of FTO rs9939609; BMI, body mass index; EW, excess weight; VFA, visceral fat area; AUC,
are- under-the-curve; BAS: behavioural activation scales; BIS: behavioural inhibition scales; r,
Pearson’s correlation co-efficient; p, Pearson’s correlation significance; Z, Fischer’s Z extract for
the difference in the correlation co-efficient.
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4.4.B Study II: The effects of SG on anthropometric indices, subjective appetite,
circulating acyl-ghrelin and BIS/BAS in adiposity-matched AA and TT humans
with severe obesity
4.4.B.1 Baseline characteristics of the TT and AA groups who underwent SG
surgery and methodological outline
Nine TT subjects (1 male, 8 females) and 9 AA subjects (2 males, 7 females)
underwent SG. Adiposity indices, subjective appetite VAS rates and behavioural
reward traits were assessed at baseline (pre-surgery) and at 6 and 12 weeks postoperatively. At 12 weeks data were available for nine AA and seven TT subjects due
to non-attendance of two subjects in the TT group. At each of the study visits
subjects underwent a test-meal during which acyl-ghrelin concentrations and
subjective appetite were assessed at t0 (fasting) and set time points post-meal.
The two groups were matched for age, BMI, excess weight, VFA and total fat mass
pre-operatively (Table 4.7). In the TT group seven subjects were Caucasians, one
Caucasian/Persian and one Afro-Caribbean. In the AA group eight subjects were
Caucasians and one was Afro-Caribbean. Subjects’ comorbidities are shown in Table
4.9.

4.4.B.2 The effects of SG on weight-loss and anthropometric indices in AA and
TT humans with severe obesity
Post-SG we observed significant, incremental and comparable reductions in BMI
between the two genotypes with associated reduction in %EWL (Figure 4.8A-B &
Table 4.9). Moreover, significant reductions in fat mass were observed post-SG
(Table 4.9). Coincidently, these changes marked reductions were observed in VFA in
both groups post-SG surgery (Table 4.9). Between groups comparisons showed that
SG induced comparable reductions in total fat mass and VFA at both 6- and 12-week
post-SG visits (Table 4.9).
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Table 4.7 Anthropometric characteristics for the TT & AA grouups
(mean±SEM).
TT

AA

(n=9)

(n=9)

2M/7F

1M/8F

Age (years)

41 ± 4 (35-56)

46 ± 2.6 (25-57)

0.33

BMI (kg/m2)

47.7 ± 2.5

44.7 ± 1.9

0.35

EW (kg)

65 ± 7.8

57 ± 6.1

0.46

VFA/(height) 2 (cm/m) 2

91 ± 5.9

89 ± 5.2

0.74

Total fat mass/(height)2 (kg/m2)

25 ± 1.7

23 ± 1.2

0.35

Gendaer

P value

Results are presented as mean ± SEM. p-value: for between-group analysis, Student’s unpaired 2tailed t-test (parametric) and Mann–Whitney test (non-parametric) data. At 12 weeks, data were
available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT group.
Key: TT, homozygotes for the low-risk variant T of FTO rs9939609; AA, homozygotes for the highrisk variant A of FTO rs9939609. BMI, body mass index; EW, excess weight; VFA, visceral fat area.

Table 4.8 Comorbidities and medication profile for the TT & AA groups.

TT

AA

(n=9)

(n=9)

Hypertension

1

1

Hyperlipidaemia

1

1

Cardiac problems

1

1

Hypothyroidism

1

1

Asthma / COPD

0

1

OSA

2

2

Depression

1

1

Arthritis

5

3

Medications
Antihypertensives

2

2

Lipid lowering drugs

1

2

Thyroxine

3

4

Analgesics

2

2

Antidepressants

1

2

Comorbidities

Key: TT, homozygotes for the low-risk variant T of FTO rs9939609; AA, homozygotes for the highrisk variant A of FTO rs9939609; COPD: chronic obstructive pulmonary disease; OSA: obstructive
sleep apnoea.
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Table 4.9 Anthropometric characteristics for the TT and AA groups pre-operatively, at 6 and 12 weeks post-sleeve gastrectomy; (mean±SEM).

Pre-operatively

BMI (kg/m2)

Mean ± SEM

47.7 ± 2.5

42.9 ± 2.3

%EWL

AA

(n=9)

(n=9)

6 Weeks

Mean ± SEM

Weight loss (kg)

TT
12 Weeks

p

a

< 0.0001

Mean ± SEM

41.5 ± 2.8

Pre-operatively

p

b

< 0.0001

p (between groups)

6 Weeks

Mean ± SEM

Mean ± SEM

44.7 ± 1.9

39.3 ± 1.8

12 Weeks

p

c

< 0.0001

Mean ± SEM

pd

pe

pf

pg

37.6 ± 1.9

< 0.0001

0.35

0.24

0.25

13.7 ± 1.3

18.5 ± 1.6

15.7 ± 1.3

20.5 ± 1.3

0.29

0.33

23 ± 2.6

31.7 ± 5

29.3 ± 3.5

38.5 ± 4.5

0.17

0.33

Total fat mass / height2 (kg/m2)

25 ± 1.7

22 ± 1.5

< 0.001

20 ± 1.7

< 0.0001

23 ± 1.2

19 ± 1.1

< 0.0001

18 ± 1.2

< 0.0001

0.35

0.18

0.35

VFA / height2 (cm/m)2

91 ± 5.9

79 ± 5.4

< 0.001

74 ± 6.6

< 0.0001

89 ± 5.2

76 ± 5.9

< 0.001

71 ± 5.6

< 0.0001

0.74

0.68

0.74

Results are presented as mean ± SEM. Within group analysis (One-way-ANOVA RM): TT group (pa: 6 weeks vs. pre-operatively, pb: 12 weeks vs. pre-operatively), AA group: (pC: 6
weeks vs. pre-operatively, pd: 12 weeks vs. pre-operatively. Between-groups analysis (Student’s unpaired t-test): pe: TT vs. AA before surgery, pf: TT vs. AA at 6 weeks post-surgery,
pg: TT vs. AA at 12 weeks post-surgery. Key: BMI, body mass index; %EWL, percentage of excess weight-loss, VFA, visceral fat area; TT, homozygotes for the low-risk allele T of
FTO rs9939609; AA, homozygotes for the high-risk allele A of FTO rs9939609. At 12 weeks, data were available for nine AA and seven TT subjects due to non-attendance of two
subjects in the TT group. Key: BMI, body mass index; EWL, excess weight-loss; VFA, visceral fat area.
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Figure 4.8: The effects of SG surgery on BMI and %EWL in TT and AA humans with severe
obesity. Nine obese AA humans homozygous for the high-risk variant A of FTO rs9939609, and nine
adiposity-matched subjects homozygous for the low-risk variant T underwent SG. Anthropometric
measurements were taken pre-surgery, and at 6 and 12 weeks post-surgery. At 12 weeks, data were
available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT group.
(A) BMI in TT (blue, open circles) and AA (red, solid squares) pre-surgery and at 6 and 12 weeks
post-operatively. (B) %EWL in TT (blue, open circles) and AA (red, solid squares) pre-surgery, and at
6 and 12 weeks postoperatively. The p-values in panel (A) reflect One-way-ANOVA stats for the
overall phenomenon within each group. Key: SG, sleeve gastrectomy; AA, homozygosity for the highrisk allele A of FTO rs9939609; TT, homozygosity for the low-risk allele T of FTO rs9939609; BMI,
body mass index; EWL, excess weight-loss.

4.4.B.3 The effects of SG surgery on subjective appetite in AA and TT humans
with severe obesity
4.4.B.3.1 The effects of SG surgery on subjective hunger in AA and TT humans
with severe obesity
The TT and AA groups exhibited no differences in fasting hunger, post-meal hunger
VAS and hunger AUC0-180 pre-operatively (Figure 4.9A-B & Table 4.10). Both
groups showed the physiologically expected response to nutrient-intake at all study
visits, i.e. they displayed reduction in hunger ratings post-meal (Figure 4.9A-B).
In the AA group we observed non-significant decreases in fasting hunger at both 6
and 12 weeks post-SG (Figure 4.9B & Table 4.10). Meal-stimulated hunger VAS
ratings in the AA group were significantly lower from pre-operatively at all-time
points post-meal at the 6-week visit (p < 0.05), and between t30-t180 at the 12-week
visit (p < 0.05); whereas in both post-operative visits post-meal hunger ratings
remained sustainably suppressed vs. fasting hunger (Figure 4.9B). These changes
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were associated with significant reductions in hunger AUC0-180 (One-way-ANOVA
RM, p = 0.0009; 6 and 12 weeks vs. pre-operatively p < 0.01) (Figure 4.9E & Table
4.10).
The TT group displayed non-significant decreases in fasting hunger ratings post-SG
(Figure 4.9A & Table 4.10). In response to the test-meal, the TT group had
significantly lower hunger perception from pre-operatively at t60-90 post-meal at 6
and 12 weeks post-SG (p < 0.05) (Figure 4.9A). In contrast to the AA group, who
displayed sustainable reductions in hunger post-meal in the post-operative visits, in
the TT group we observed a progressive increase in subjective hunger scores postmeal towards fasting hunger ratings from t60 post-meal onwards (Figure 4.9A).
Hunger AUC0-180 was significantly reduced from pre-surgery only at 6 weeks in the
TT group (One-way-ANOVA RM, p = 0.05, 6-week vs. baseline p < 0.01, 12 weeks
vs. baseline p = 0.09) (Figure 4.9E & Table 4.10).
Between-groups comparisons showed no significant differences in fasting hunger
ratings and in hunger AUC0-180 at either the 6 or the 12-week visit (Figure 4.9A-B&E
& Table 4.10). However, at 6 weeks post-surgery the AA group exhibited higher
hunger ratings at t30 (p = 0.07) and t60 (p = 0.04) post-meal as compared to the
control group TT. No other differences in post-meal hunger VAS were found.

4.4.B.3.2 The effects of SG on subjective PFC in AA and TT humans with severe
obesity
There were no differences in fasting PFC, post-meal PFC VAS and PFC AUC0-180
between the TT and AA groups pre-operatively (Figure 4.9C&D & Table 4.10). In
response to SG surgery, the TT group exhibited significant reduction in fasting PFC
vs. baseline at 6 weeks post-surgery (p < 0.05); with a non-significant decrease vs.
pre-operatively also noted at 12 weeks (p = 0.37) (Figure 4.9C). Moreover, in the TT
group post-meal PFC VAS were significantly lower from pre-operatively between
t15-90 and at t150-t180 post-meal at 6 weeks following SG (p < 0.05); and at t15-90
at 12 weeks post-SG (p < 0.05) (Figure 4.9C). Along with these findings we
observed reductions in PFC AUC0-180 in the TT group (One-way-ANOVA RM, p =
0.02, p < 0.05 at both post-surgery visits vs. pre-operatively) (Figure 4.9F & Table
4.10).
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In the AA group fasting PFC was significantly lower from pre-operatively at 6 weeks
(p < 0.01), with a trend also seen at 12 weeks post-SG (p = 0.18) (Figure 4.9D). Postmeal, PFC VAS were significantly lower than pre-operative scores at all time-points
at both the 6 and 12 week visits (p < 0.05). Moreover, post-meal PFC ratings
remained sustainably suppressed from fasting PFC at all-time points post-meal in the
AA group, where they started to rise towards fasting values from t60 post-meal
onwards in the TT group (Figure 4.9D). PFC AUC0-180 was significantly reduced
post-SG in the AA group (One-way-ANOVA RM, p = 0.002, 6 weeks vs. preoperatively p < 0.05, 12 weeks vs. pre-operatively p < 0.01) (Figure 4.9F & Table
4.10).
Between-groups comparisons revealed no significant differences in fasting PFC, and
PFC AUC0-180 at any of the study visits (Figure 4.9B-C&F & Table 4.10). However,
at 6 weeks post-surgery the AA group exhibited significantly higher PFC ratings at
t15 (p = 0.09) and t30-90 (p < 0.05) post-meal as compared to the control group TT.
No other differences in post-meal PFC VAS were noted.

4.4.B.3.3 The effects of SG on perceived pleasantness of food intake in AA and
TT humans with severe obesity
We found no differences in fasting and post-meal perceived pleasantness food intake
VAS, and AUC0-180 between the TT and AA groups pre-operatively (Figure 4.10AB) & Table 4.10).
In response to SG surgery, the TT group exhibited a non-significant reduction in
fasting perceived pleasantness of food intake at 6 and 12 weeks post-surgery vs. preoperatively (p = 0.16 and p = 0.40, respectively) (Figure 4.10A & Table 4.10).
Moreover, in the TT group post-meal pleasantness of food intake VAS were
significantly lower from pre-operatively at t60-t180 (p < 0.05), with a trend also seen
at t15-t30 post-meal at 6 weeks (p < 0.06); whereas at 12 weeks we observed only a
trend towards reduced pleasantness of food intake from pre-operatively at t15-180
post meal (p < 0.10) (Figure 4.10A). Pleasantness of food intake AUC0-180 was
reduced from pre-operatively in the TT group post-SG surgery (One-way-ANOVA
RM, p = 0.06), with significance observed at only 6 weeks post-surgery compared to
baseline (p < 0.05) (Table 4.10).
4. 231

In the AA group fasting perceived pleasantness food intake was significantly lower
from pre-operatively at 6 weeks (p < 0.05), with non-significant reductions observed
at 12 weeks post-SG (p = 0.18) (Figure 4.10B & Table 4.10). Post-meal VAS for
perceived pleasantness food intake were significantly lower from pre-surgery at t60t180 at the 6-week visit, and between t60-150 at the 12-week visit (p < 0.05) (Figure
4.10B). Perceived pleasantness of food intake AUC0-180 was significantly reduced in
the AA group post-operatively (One-way-ANOVA RM, p < 0.01, 6 and 12 weeks
post-surgery compared to pre-surgery p < 0.05 for both) (Table 4.10).
Between-groups comparisons revealed a trend towards greater perception for
pleasantness of food intake in the fasted state in the AA vs. the TT group at 6 weeks
post-surgery (p = 0.07).

At the 6-week post-operative visit, we also observed

significantly lower post-meal VAS for pleasantness of food intake in the TT groups
compared to the AA group at t60 (p = 0.04) with trends towards significance also
seen at t30 (p = 0.08) and at t90 (p = 0.10). No other between-groups differences
were noted (Table 4.10).

4.4.B.3.4 The effects of SG on subjective satiety in AA and TT humans with
severe obesity
We observed no differences pre-operatively in fasting fullness, meal-stimulated
fullness and fullness AUC0-180 (Table 4.10).
Fasting fullness rates showed no significant changes in the TT group at both postoperative visits (Figure 4.10C & Table 4.10). Moreover, post-meal fullness VAS
ratings were significantly higher form pre-operatively at all-time points in the TT
group at 6 weeks (p < 0.05) and at t15-120 at 12 weeks following SG (p < 0.05)
(Figure 4.10C). Fullness AUC0-180 was significantly increased post-SG in the TT
group (One-way-ANOVA RM, p = 0.007), with significant increases in satiety AUC0180

at both 6 and 12 weeks vs. pre-operatively (p < 0.01, both) (Table 4.10).

In contrast to the TT group, AA subjects reported significantly higher fasting satiety
perception at the 6-week visit (p < 0.05) with a trend towards significance observed
at 12-week visit compared to pre-surgery (p = 0.11) (Figure 4.10D & Table 4.10).
Moreover, post-meal fullness ratings in the AA group were significantly higher from
pre-operatively between t15-60 and at t120 post meal at 6 weeks (p < 0.05), and at
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t90-120 post-meal at 12 weeks post-SG (p < 0.05) (Figure 4.10D). Though overall
fullness AUC0-180 was also increased in the AA group post-SG (One-way-ANOVA
RM, p = 0.01), this increase did not reach significance at any of the individual visits
vs. baseline (p > 0.05) (Table 4.10).
Fullness AUC0-180 was higher in the TT group as compared to the AA group at 6
weeks (p = 0.09) and at the12-week visit (p = 0.27). Moreover, we found higher
fullness ratings post-meal in the TT vs. the AA group at t60 to t90 (p < 0.05) postmeal at 6 weeks; and at t60 at 12 weeks post-SG (p < 0.10). No other betweengroups differences were noted (Table 4.10).

4.4.B.3.5 The effects of SG on subjective sickness in AA and TT humans with
severe obesity
There were no differences in fasting and meal-stimulated sickness VAS, and in
sickness AUC0-180 between the TT and AA groups pre-operatively (Table 4.10). In
response to SG neither the TT nor the AA group displayed any changes in fasting
sickness (Figure 4.10D-E & Table 4.10). Post-meal however, in the TT group we
observed increased sickness VAS from pre-operatively at t15-90 post-meal at 6weeks post-surgery and at t15-30 at 12-weeks post-surgery (p < 0.05) (Figure 4.10E);
whereas, in the AA group meal-stimulated sickness was higher from baseline at t1560 at 6 weeks (p < 0.05); and at t15 at 12 weeks post-SG (p < 0.05) (Figure 4.10F).
Sickness AUC0-180 was increased post-operatively in both groups (Table 4.10).
Between groups comparison revealed no differences in fasting, post-meal VAS and
AUC0-180 for sickness at any of the two post-operative visits (Table 4.10).

4. 233

A

B

Hunger VAS in AA subjects, SG

Hunger VAS in TT subjects, SG
Pre-operative

Pre-operative

6 weeks post-op

6 weeks post-op
12 weeks postop

12 weeks post-op

80

60

†

†

*

*

40

How hungry do you feel?
(mm)

How hungry do you feel?
(mm)

80

†

**

20
0

0

30

60

90

120

150

†††
60
40

†

††

†

* *

**

*

60

90

**

†

***

*

20
0

180

††

0

30

120

150

180

Time (min)

Time (min)

C

D
PFC VAS in AA subjects, SG

PFC VAS in TT subjects, SG

Pre-operative

Pre-operative

6 weeks post-op

6 weeks post-op

12 weeks post-op

80
60

†

* †
**
*

40

†

†

**

**

*

How much do you think you
could eat right now?
(mm)

How much do you think you
could eat right now?
(mm)

12 weeks post-op

*

20
0

0

30

60

90

120

150

180

80

††

60
40

** † ††
* **

*

60

90

**

††† †††

**

***

150

180

20
0

0

30

Time (min)

E

†

†††

120

Time (min)

Hunger VAS AUC0-180 for the SG, TT vs. AA

F

PFC VAS AUC0-180 for the SG TT vs. AA

TT: p = 0.05
AA: p = 0.0009

TT
AA

TT: p = 0.02
AA: p = 0.002

TT
AA
p < 0.05
p < 0.05

p <0.01

p < 0.01

10000

p <0.01

PFC AUC0-180 (mm*min)

Hunger AUC0-180 (mm*min)

p <0.01

8000
6000
4000
2000
0

Pre-operative

6 weeks

12 weeks

Time from operation

p < 0.05

8000
6000
4000
2000
0

Pre-operative

6 weeks

12 weeks

Time from operation

Figure 4.9: The effects of SG on hunger perception and PFC in TT and AA humans with severe
obesity. Nine obese humans homozygous for the high-risk variant A of FTO rs9939609, and nine
adiposity-matched subjects homozygous for the low-risk variant T underwent SG. At 12 weeks data
were available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT
group. (A&B) Temporal profiles of hunger VAS in the fasted state, and in response to the test-meal
pre-surgery (closed, black squares), at 6 weeks (open, red circles) and 12 weeks post-surgery (open,
green triangles) in TT (A) and AA subjects (B). (C&D) Temporal profiles of PFC VAS in the fasted
state, and in response to the test-meal pre-surgery (closed, black squares), at 6 weeks (open, red
circles) and 12 weeks post-surgery (open, green triangles) in in TT (C) and AA subjects (D). (E&F)
Hunger AUC0-180 (E) and PFC AUC0-180 (F) for TT (blue, solid bars), and AA (red, solid bars)
subjects, at baseline and at 6 and 12 weeks post-surgery. * denotes p < 0.05 for 6 weeks post-SG vs.
pre-operatively. **denotes p < 0.01 for 6 weeks post-SG vs. pre-operatively. *** denotes p < 0.001
for 6 weeks post-SG vs. pre-operatively. † denotes p < 0.05 for 12 weeks post-SG vs. pre-operatively,
†† denotes p < 0.01 for 12 weeks post-SG vs. pre-operatively. ††† denotes p < 0.001 for 12 weeks
post-SG vs. pre-operatively (TT in blue, AA in red). One-Way ANOVA RM within group stats are
indicated in the upper right corner of panel (E) & (F). Within group t-test values at different timepoints, and within each time-point t-test comparisons between the two groups are indicated over the
corresponding graph-bars. Key: SG, sleeve gastrectomy; AA, homozygosity for the high-risk allele A of
FTO rs9939609; TT homozygosity for the low-risk allele T of FTO rs9939609; PFC, prospective food
consumption; AUC, area-under-the-curve; VAS, visual analogue scales.
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Figure 4.10: The effects of SG on perceived fasting and meal-stimulated prospective
pleasantness of food intake, satiety and sickness in TT and AA humans with severe obesity. Nine
obese humans homozygous for the high-risk variant A of FTO rs9939609, and nine adiposity-matched
subjects homozygous for the low-risk variant T underwent SG. Appetite ratings with the use of VAS
were taken, in response to the test-meal, pre-surgery, and at 6 and 12 weeks post-surgery. (A&B)
Temporal profiles of prospective pleasantness of food intake VAS in the fasted state, and in response
to the test-meal pre-surgery (closed, black squares), at 6 weeks (open, red circles) and 12 weeks postsurgery (open, green triangles) in TT subjects (A) and AA subjects (B). (C&D) Temporal profiles of
satiety VAS in the fasted state, and in response to the test-meal pre-surgery (closed, black squares), at
6 weeks (open, red circles) and 12 weeks post-surgery (open, green triangles) in TT subjects (C) and
AA subjects (D). (E&F) Temporal profiles of sickness AS in the fasted state, and in response to the
test-meal pre-surgery (closed, black squares), at 6 weeks (open, red circles) and 12 weeks post-surgery
(open, green triangles) in TT subjects (E) and AA subjects (F). * denotes p < 0.05 for 6 weeks postSG vs. pre-operatively. **denotes p < 0.01 for 6 weeks post-SG vs. pre-operatively. † denotes p < 0.05
for 12 weeks post-SG vs. pre-operatively, †† denotes p < 0.01 for 12 weeks post-SG vs. preoperatively. Within group t-test values at different time-points are indicated over the corresponding
graph bars. Key: SG, sleeve gastrectomy; AA, homozygosity for the high-risk allele A of FTO
rs9939609; TT homozygosity for the low-risk allele T of FTO rs9939609; VAS, visual analogue
scales.
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Results are presented as mean ± SEM. Within group analysis (One-way-ANOVA RM): TT group (Pa: 6 weeks vs. pre-operatively, pb: 12 weeks vs. preoperatively), AA group: (pC: 6 weeks vs. pre-operatively, pd: 12 weeks vs. pre-operatively. Between-groups analysis (Student’s unpaired t-test): pe: TT vs. AA
before surgery, pf: TT vs. AA at 6 weeks post-surgery, pg: TT vs. AA at 12 weeks post-surgery. Key: TT, homozygotes for the low-risk allele T of FTO
rs9939609. At 12 weeks, data were available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT group. Key: AA, homozygotes for
the high-risk allele A of FTO939609; AUC, area-under-the-curve.
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Table 4.10 Changes in fasting VAS, VAS AUC0-180 and Δ-VAS AUC0-180 for the TT and AA genotype groups pre-operatively, at 6 and 12 weeks post-sleeve
gastrectomy; (mean±SEM).

4.4.B.4 The effects of SG on fasting and nutrient-stimulated acyl-ghrelin levels
in AA and TT humans with severe obesity
There was no difference in fasting and post-meal acyl-ghrelin levels between the AA
and TT groups at the pre-operative visit (p = 0.42); except from t180 post-meal when
the AA group exhibited a trend towards lower acyl-ghrelin vs. TT subjects (p = 0.07,
Figure 4.11A & Figure 4.12A & Table 4.11). Moreover, no significant differences
were found pre-operatively in acyl-ghrelin AUC0-180 (p = 0.29), nadir acyl-ghrelin (p
= 0.13) or time to nadir acyl-ghrelin between the two groups (p =0.85) (Figure 4.13A
& Table 4.11).
In the TT group SG surgery resulted in reductions in fasting acyl-ghrelin at 6 and 12
weeks vs. pre-operatively (6 weeks vs. pre-surgery p = 0.01 12 weeks vs. pre-surgery
p = 0.09, Figure 4.12A&B, Table 4.11). Moreover, at 6 weeks post-SG circulating
acyl-ghrelin concentrations significantly declined from pre-surgery at t30-120 (p <
0.05), with a trend also seen at t150-180 (p < 0.10) (Figure 4.12B). At 12 weeks
post-SG circulating acyl-ghrelin concentrations significantly declined from preoperatively in the TT group at t15, t60 and t180 (p < 0.05), with a trend towards
lower acyl-ghrelin at t30 (p = 0.05) (Figure 4.12B). Overall AUC0-180 for acyl-ghrelin
was reduced in the TT group post-surgery (One-way-ANOVA RM, p = 0.01), with
significantly lower acyl-ghrelin AUC0-180 at both 6 weeks (p < 0.01) and 12 weeks (p
< 0.05) post-operatively compared to pre-surgery (Figure 4.13A & Table 4.11).
In the AA group we observed significant reductions in fasting acyl-ghrelin at both
post-operative visits compared to pre-surgery (One-way-ANOVA RM, p = 0.02, 6 and
12 weeks vs. pre-surgery p < 0.05) (Figure 4.13A&C, Table 4.11).
Post-meal ingestion, in the AA group we observed significant reductions in acylghrelin levels from pre-operatively at t30 and t150 (p < 0.05), with a trend towards
reduced acyl-ghrelin also seen at t15 and t60 (p < 0.10) at 6 weeks post-surgery
(Figure 4.12C). Moreover, at 12 weeks post-SG the AA group exhibited lower acylghrelin levels vs. pre-surgery at t15-30 and at t90 (p < 0.05) (Figure 4.12C).
Furthermore, acyl-ghrelin AUC0-180 was significantly reduced in the AA group postSG (One-way-ANOVA RM, p = 0.03), with significantly lower acyl-ghrelin AUC0-180
vs. pre-surgery at 6 weeks (p < 0.05) (Figure 4.13A & Table 4.11).
We then performed between-groups comparisons for fasting, post-meal-acyl-ghrelin,
acyl-ghrelin AUC0-180 and Δ acyl-ghrelin AUC0-180 (Figure 4.12A-C & Figure 4.13A4. 237

B). Though both groups had comparable fasting acyl-ghrelin pre-operatively (p =
0.42), following SG AA subjects has lower fasting acyl-ghrelin concentrations
compared to TT subjects at 6 and 12 weeks post-surgery (p = 0.10, p = 0.06,
respectively) (Figure 4.12A & Table 4.11). Moreover, post-meal at 6 weeks
following SG, AA subjects had a trend towards lower acyl-ghrelin levels at t60, t150
(p < 0.06, both), t90-120 and t180 (p < 0.13), compared to TT subjects; whereas at
12 weeks post-SG we found a trend towards lower acyl-ghrelin concentrations at t1530 in AA compared to TT subjects (p < 0.13) (Figure 4.11B-C & Figure 4.12A).
Coincident with these observations a trend toward lower acyl-ghrelin AUC0-180 in
AA vs. TT subjects was seen at 6 weeks (p = 0.09) post-SG, albeit no difference was
seen between the two groups at 12 weeks post-surgery (p = 0.85) (Figure 4.13A). In
order to further characterise acyl-ghrelin changes following SG in the TT and AA
groups, we next expressed ghrelin as Δ change of acyl-ghrelin from fasting acylghrelin pre-operatively and at each post-surgery visit. Overall the temporal profiles
of Δ acyl-ghrelin were comparable between the two groups at all visits. However, we
detected a significant reduction in Δ acyl-ghrelin AUC0-180 in the AA group at both
post-operative visits compared to pre-operatively (One-way-ANOVA: p = 0.04; at 6
and 12 weeks post-surgery vs. pre-surgery p < 0.05); whilst Δ acyl-ghrelin AUC0-180
remained unchanged post-operatively in the TT group (One-way-ANOVA p = 0.69).
Along with these findings Δ-acyl-ghrelin AUC0-180 was lower in the AA compared to
the control TT group at 6 weeks (p = 0.11) and at 12 weeks (p = 0.01) post-surgery,
suggesting that post-meal AA subjects experienced blunted suppression of acylghrelin as compared to the TT group (Figure 4.13B & Table 4.11).
TT subjects exhibited significant reduction in nadir levels of acyl-ghrelin both at 6
and 12 weeks post-SG vs. the pre-operative visit (p < 0.05). Coincidently, time to
reaching nadir acyl-ghrelin levels post-meal significantly declined at both postoperative visits compared to pre-surgery (p = 0.01, for both). AA subjects did not
experience significant changes in nadir acyl-ghrelin levels post-SG at either the 6- or
12-week post-operative visit. Time to reaching nadir acyl-ghrelin levels post-meal
was significantly lower only at 12 weeks post-SG vs. pre-surgery in AA subjects (p =
0.03). Between groups comparison revealed no significant difference in either nadir
acyl-ghrelin levels, or in time to reaching nadir acyl-ghrelin levels post-meal at any
of the study visits (Table 4.11)
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4.4.B.5 The effects of SG on BIS/BAS in AA and TT subjects with severe obesity
Pre-operatively, there were no significant differences in total BAS, BAS subscales
and BIS scores between AA and TT subjects (Table 4.12). Furthermore, SG did not
produce any significant changes in BAS/BIS at either of the post-operative visits
(Table 4.12). Between-groups analyses revealed no significant difference between
the two groups for any of the measured behavioural scales at either the baseline or
the post-operative visits (Table 4.12).
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Figure 4.11: Plasma acyl-ghrelin pre-operatively and at 6 and 12 weeks post-SG in TT and AA
humans with severe obesity. Nine humans homozygous for the high-risk variant A of FTO
rs9939609, and nine adiposity-matched subjects homozygous for the low-risk variant T underwent
SG. At 12 weeks data were available for nine AA and seven TT subjects due to non-attendance of two
subjects in the TT group. (A) Acyl-ghrelin in the fasted state, and in response to the test-meal in TT
(closed, blue squares) and AA subjects (closed, red squares) at pre-surgery. (B) Acyl-ghrelin in the
fasted state, and in response to the test-meal at the 6-week post-operative visit in TT (closed, blue
squares) and AA subjects (closed, red squares). (C) Acyl-ghrelin in the fasted state, and in response to
the test-meal at the 12-week post-operative visit in TT (closed, blue squares) and AA subjects (closed,
red squares). Key: SG, sleeve gastrectomy; AA, homozygosity for the high-risk allele A of FTO
rs9939609; TT homozygosity for the low-risk allele T of FTO rs9939609.
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Table 4.11 Acyl-ghrelin profile for the TT and AA groups pre-operatively, at 6 and 12 weeks post-sleeve gastrectomy (mean±SEM).

TT

AA

(n=9)

(n=9)

Pre-operatively

6 Weeks

Pre-operatively

6 Weeks

Mean ± SEM

Mean ± SEM

pa

Mean ± SEM

pb

Mean ± SEM

Mean ± SEM

pc

Mean ± SEM

pd

pe

pf

pg

126 ± 17.4

100 ± 16.8

< 0.05

92 ± 7.6

0.09

107 ± 15.7

70 ± 6.6

< 0.05

73 ± 6.6

0.06

0.42

0.10

0.06

Acyl-ghrelin AUC0-180 (pg*min/mL)

19339 ± 2116

16197 ± 1990

< 0.01

12881 ± 1251

< 0.05

16302 ± 1804

11980 ± 1043

< 0.05

12439 ± 791

0.06

0.29

0.09

0.81

Δ acyl-ghrelin AUC0-180 (pg*min/mL)

3519 ± 1075

3014 ± 1112

0.75

3434 ± 349

0.34

4274 ± 1263

1294 ± 252

< 0.05

1127 ± 274

< 0.05

0.65

0.11

0.008

91 ± 9.8

75 ± 11

< 0.05

56 ± 6.8

< 0.05

70 ± 8.3

56 ± 5.8

0.15

56 ± 6.9

0.13

0.13

0.14

0.98

127 ± 13.5

70 ± 14

0.01

77 ± 13

0.01

123 ± 10.5

103 ± 17

0.28

77 ± 12

0.03

0.85

0.14

0.98

Fasting acyl-ghrelin (pg/mL)

Acyl-ghrelin nadir (pg/mL)
Time to acyl-ghrelin nadir (min)

12 Weeks

p (between groups)

12 Weeks

Results are presented as mean ± SEM. At 12 weeks data were available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT group. Key:
TT, homozygotes for the low-risk allele T of FTO rs9939609; AA,homozygotes for the high-risk allele A of FTO rs9939609, AUC, area-under-the-curve.

Table 4.12 Behavioural activation and inhibition scores for the TT and AA groups pre-operatively, at 6 and 12 weeks post-sleeve gastrectomy; (mean±SEM).

TT

AA

(n=9)

(n=9)

Pre-operatively

6 Weeks

Pre-operatively

6 Weeks

Mean ± SEM

Mean ± SEM

pa

Mean ± SEM

pb

Mean ± SEM

Mean ± SEM

pc

Mean ± SEM

pd

pe

pf

pg

BAS-total

37 ± 1.4

37.4 ± 1.7

0.71

37.4 ± 1.6

0.46

39.3 ± 1.5

40.2 ± 0.5

0.51

38.3 ± 1.2

0.39

0.28

0.26

0.65

BAS-drive

9.7 ± 0.6

9,8 ± 0.7

0.81

10.4 ± 0.9

0.39

10.6 ± 0.4

11 ± 0.6

0.47

10 ± 0.4

0.4

0.22

0.20

0.65

10.4 ±

10.7 ± 0.7

0.75

10.6 ± 0.7

0.85

11.3 ± 0.4

11.7 ± 0.6

0.47

11.4 ± 0.6

0.83

0.23

0.32

0.37

BAS-reward

16.9 ± 0.7

17 ± 0.7

0.78

16.1 ± 0.9

0.29

17.4 ± 0.9

17.6 ± 0.8

0.89

16.9 ± 0.8

0.33

0.64

0.61

0.55

BIS

19.8 ± 0.9

19.9 ± 1

0.85

19 ± 1.4

0.24

20.6 ± 1.4

18.2 ± 1.2

0.15

20.2 ± 1.2

0.86

0.65

0.32

0.51

BAS-fun

12 Weeks

p (between groups)

12 Weeks

Results are presented as mean ± SEM. At 12 weeks data were available for nine AA and seven TT subjects due to non-attendance of two subjects in the TT group. Key:
TT, homozygotes for the low-risk variant T of rs9939609; AA, homozygotes for the high-risk variant A of FTO rs9939609; BAS, behavioural activation scales; BIS:
behavioural inhibition scales.
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Figure 4.12: Fasting and post-meal acyl-ghrelin concentrations pre-operatively, and at 6 and 12
weeks post-surgery in TT and AA humans with severe obesity. Nine obese humans homozygous
for the high-risk variant A of FTO rs9939609, and nine adiposity-matched subjects homozygous for
the low-risk variant T underwent SG. At 12 weeks data were available for nine AA and seven TT
subjects due to non-attendance of two subjects in the TT group. (A) Fasting acyl-ghrelin at presurgery, 6 and 12 weeks post-surgery in TT (blue, solid bars) and AA subjects (red, solid bars). (B)
Acyl-ghrelin in the fasted state, and in response to the test-meal pre-surgery (closed, black squares), at
6 weeks (open, red circles) and 12 weeks post-surgery (open, green triangles) in TT subjects. (C)
Acyl-ghrelin in the fasted state, and in response to the test-meal pre-surgery (closed, black squares), at
6 weeks (open, red circles) and at 12 weeks post-surgery (open, green triangles) in AA subjects. Oneway ANOVA RM within group stats are indicated in the upper right corner of panel (A). Within group
t-test values at different time-points, and within each time-point t-test comparisons between the two
groups are indicated over the corresponding graph-bars. * denotes p < 0.05 for 6 weeks post-SG vs.
pre-operatively. *** denotes p < 0.001 for 6 weeks post-SG vs. pre-operatively. † denotes p < 0.05 for
12 weeks post-SG vs. pre-operatively (TT in blue, AA in red). Key: SG, sleeve gastrectomy; AA,
homozygosity for the high-risk allele A of FTO rs9939609; TT, homozygosity for the low-risk allele T
of FTO rs9939609.
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Figure 4.13: The effects of SG on acyl-ghrelin AUC0-180 and Δ acyl-ghrelin AUC0-180 in TT and
AA humans with severe obesity. Nine obese humans homozygous for the high-risk variant A of FTO
rs9939609, and nine adiposity-matched subjects homozygous for the low-risk variant T underwent
SG. At 12 weeks data were available for nine AA and seven TT subjects due to non-attendance of two
subjects in the TT group. (A) Acyl-ghrelin AUC0-180 at pre-surgery, and at 6 and 12 weeks postoperatively in TT (blue, solid bars) and AA (red, solid bars) subjects. (B) Δ Acyl-ghrelin AUC0-180 at
pre-surgery, and at 6 and 12 weeks post-operatively in TT (blue, solid bars) and AA (red, solid bars)
subjects. One-way ANOVA RM within group stats are indicated in the upper right corner of panels (A
& B). Within group t-test values at different time-points, and within each time-point t-test
comparisons between the two groups are indicated over the corresponding graph-bars. Key: SG, sleeve
gastrectomy; AA, homozygosity for the high-risk allele A of FTO rs9939609; TT homozygosity for the
low-risk allele T of FTO rs9939609; AUC, area-under-the-curve.

4.4.B.6 Relationship between appetite ratings, anthropometric indices, acylghrelin and BIS/BAS scores in AA and TT humans with severe obesity, post-SG
4.4.B.6.1 The relationship between acyl-ghrelin and indices of adiposity in the
TT and AA humans with severe obesity, post-SG
We found a significant positive association between acyl-ghrelin AUC0-180 and BMI
post-surgery only in the TT group (Figure 4.14A), whereas in the AA group, no
correlation was observed (Table 4.13). Similar trends were observed in the
relationship between acyl-ghrelin AUC0-180 and other indices of adiposity, namely
%EWL, VFA and fat mass, with acyl-ghrelin AUC0-180 significantly and positively
associated with all these parameters in the control TT group (Figure 4.14B-D), with
no significant correlations found in the AA group (Table 4.13).
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4.4.B.6.2 The relationship between acyl-ghrelin and BIS/BAS in the TT and AA
humans with severe obesity, post-SG
We found a trend toward a negative relationship between Δ acyl-ghrelin AUC0-180
and BAS-drive in the AA group, whereas no relationship was found in the TT group
(Figure 4.14E). Moreover, while Δ acyl-ghrelin AUC0-180 positively correlated with
BAS-fun, no relationship was found in the TT group (Figure 4.14F & Table 4.13).
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Figure 4.14: The relationship between acyl-ghrelin AUC0-180, Δ acyl-ghrelin AUC0-180, indices of
adiposity and BIS/BAS in obese TT and AA in humans with severe obesity post-SG. (A)
Correlation plot between acyl-ghrelin AUC0-180 and BMI in the TT group. (B) Correlation plot
between acyl-ghrelin AUC0-180 and %EWL in the TT group. (C) Correlation plot between acyl-ghrelin
AUC0-180 and VFA the TT group. (D) Correlation plot between acyl-ghrelin AUC0-180 and fat mass in
the TT group. (E) Correlation plot for BAS-fun vs. Δ acyl-ghrelin AUC0-180 in the AA group. (F)
Correlation plot for BAS-fun vs. Δ acyl-ghrelin AUC0-180 in the AA group. r: Pearson’s correlation
coefficient. Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; AA, homozygotes for
the high-risk allele A of FTO rs9939609; BMI, body mass index; VFA, visceral fat area; %EWL,
percentage excess weight- loss; AUC, area-under-the-curve; SG, sleeve gastrectomy; BAS,
behavioural activation scales.
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4.4.B.6.3 The relationship between adiposity anthropometric traits and BAS-fun
in TT and AA humans with severe obesity, post-SG
We found a trend toward a positive relationship between BMI, %EWL and BAS-fun
in the AA group (Figure 4.15D&E & Table 4.13) and in the TT group (Figure
4.15A&B & Table 4.13) post-SG. Moreover, VFA positively correlated post-SG
with BAS-fun in the AA group (r = 0.55, p = 0.02), and a trend towards a positive
relationship was also found in the TT group (r = 0.45, p = 0.08) (Figure 4.15C&F &
Table 4.13). Fat mass positively correlated with BAS-fun post-SG both groups
(Figure 4.15G&H & Table 4.13).
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Figure 4.15: The relationship between BAS-fun and indices of adiposity in TT (blue, open
circles) and AA (red, open circles) humans with severe obesity post-SG. (A) Correlation plot
between BAS-fun and BMI in the TT group. (B) Correlation plot between BAS-fun and %EWL in the
TT group. (C) Correlation plot between BAS-fun and VFA the TT group. (D) Correlation plot
between BAS-fun and BMI in the AA group. (E) Correlation plot between BAS-fun and %EWL in the
AA group. (F) Correlation plot between BAS-fun and VFA in the AA group. (G) Correlation plot
between BAS-fun and fat mass in the TT group. (H) Correlation plot between BAS-fun and fat mass
in the AA group. r: Pearson’s correlation coefficient. Key: TT, homozygotes for the low-risk allele T
of FTO rs9939609; AA, homozygotes for the high-risk allele A of FTO rs9939609; BMI, body mass
index; VFA, visceral fat area; EWL, excess weight- loss; BAS, behavioural activation scales.
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Table 4.13 Correlation analysis between acyl ghrelin, subective appetite ratings, anthropometric indices, and behavioual
traits of reward, (Study II)

TT

AA

Fisher's coefficient

Correlation analysis between acyl ghrelin and anthropometric indices
Acyl-ghrelin AUC0-180 & BMI (6&12 weeks)

r = 0.29

p = 0.03

r = 0.06

p = 0.53

Z = - 0.41

p = 0.68

Acyl-ghrelin AUC0-180 & VFA (6&12 weeks)

r = 0.37

p = 0.01

r = - 0.006

p = 0.76

Z = 0.68

p = 0.50

Acyl-ghrelin AUC0-180 & total fat mass (6&12 weeks)

r = 0.32

p = 0.02

r = 0.01

p = 0.66

Z = 0.56

p = 0.58

r = - 0.60

p = 0.01

r = - 0.004

p = 0.80

Z = - 1.19

p = 0.23

Acyl-ghrelin AUC0-180 & %EWL (6&12 weeks)

Correlation analysis between acyl ghrelin and behavioual traits of reward
Δ acyl-ghrelin AUC 0-180 & BAS-drive (6&12 weeks)
Δ acyl-ghrelin & BAS-fun (6&12 weeks)

r = - 0.0001

p = 0.89

r = - 0.21

p = 0.06

Z = 0.37

p = 0.71

r = - 0.05

p = 0.53

r = - 0.17

p = 0.04

Z = 0.21

p = 0.83

Correlation analysis between behavioual traits of reward and inhibition with anthropmoetric indices
BAS-fun & BMI (6&12 weeks)

r = 0.52

p = 0.04

r = 0.58

p = 0.01

Z = - 0.15

p = 0.88

BAS-fun & VFA (6&12 weeks)

r = 0.45

p = 0.08

r = 0.55

p = 0.02

Z = - 0.23

p = 0.82

BAS-fun & total fat mass (6&12 weeks)

r = 0.51

p = 0.045

r = 0.63

p = 0.005

Z = - 0.31

p = 0.76

BAS-fun & %EWL (6&12 weeks)

r = - 0.54

p = 0.03

r = - 0.47

p = 0.049

Z = - 0.16

p = 0.87

Summary of correlation analysis between circulating acyl-ghrelin, anthropometric indices and
BIS/BAS. r, Pearson’s correlation co-efficient; p, Pearson’s correlation significance; Z, Fischer’s Z
extract for the difference in the correlation co-efficient. Key: BMI, body mass index; EWL, excess weightloss; VFA, visceral fat area; AUC, area-under-the-curve; BAS, behavioural activation scales; BIS,
behavioural inhibition scales.
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4.5 Discussion
We have previously reported a novel link between the FTO SNP rs9939609 and the
orexigenic hormone ghrelin (Karra et al., 2013). One of the key findings our previous
studies was that across two independent cohorts of healthy, normal-weight,
adiposity-matched AA and TT humans, the AA genotype was associated with
significantly lower circulating concentrations of the orexigenic hormone acyl-ghrelin
in the fasted state, attenuated meal-induced suppression of acyl-ghrelin, and
diminished post-meal suppression of subjective hunger (Karra et al., 2013).
In the studies reported in this Chapter we extended our studies on the FTO-ghrelin
link by examining the ghrelin phenotype in relation to FTO genotype in humans with
severe obesity (study I). Normally, circulating levels of the hunger hormone ghrelin
increase in the fasted state and decrease post-meal (Cummings et al., 2004, Tschop et
al., 2000). In agreement with this, we observed post-meal acyl-ghrelin decreases in
both our healthy, normal-weight AA and TT humans (Karra et al., 2013), and here in
our AA and TT subjects with severe obesity (study I). However, AA normal-weight
subjects had lower fasting acyl-ghrelin levels and attenuated post-meal-acyl-ghrelin
suppression compared to TT subjects (Karra et al., 2013). This ghrelin pattern is
similar to that seen in obese humans compared to lean controls (English et al., 2002),
who also exhibit reduced fasting ghrelin levels and attenuated suppression of ghrelin
levels post-meal compared to lean controls. Given our observed differences in
circulating ghrelin levels between healthy normal-weight AA and TT humans, our
hypothesis was that homozygosity for the FTO high-risk AA genotype in obese
humans would augment the effects of adiposity on the ghrelin profile, by either
further increasing the obesity-associated fasting ghrelin reductions and/or by
accentuating the blunted post-meal reduction in ghrelin. However, in contrast to this
hypothesis, we found no differences in circulating acyl-ghrelin between our obese
AA and TT groups, who had comparable acyl-ghrelin profiles; including fasting
acyl-ghrelin, post-meal acyl-ghrelin levels, acyl-ghrelin AUC0-180, temporal profiles
for Δ acyl-ghrelin suppression, Δ acyl-ghrelin AUC0-180, nadir acyl-ghrelin and time
to reaching nadir acyl-ghrelin.
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Nevertheless, it is important to account for the differences between the two studies
(healthy humans vs. severely obese AA and TT cohorts), and one of the most critical
differences in these studies was the caloric content of the standard test-meals utilised.
Our obese humans consumed a liquid test-meal of ~500 kcal, whereas our studied
healthy human cohorts (Karra et al., 2013) consumed a test-meal consisting of solid
components and a drink, with a sum caloric content of 1800 kcal. The test-meal used
in our healthy human studies was deliberately designed to be of high caloric content,
so that all appetites would be satisfied and our subjects would reach a satiated state.
We did not use the same test-meal in obese humans, as the design of the standard
test-meal in obese humans had to account for the altered appetite, feeding patterns
and reduced stomach capacity of patients post-SG.
Next, in order to gain further understanding into how FTO genotype alters circulating
acyl-ghrelin levels with BMI transition from the normal into the obese range, we
compared fasting acyl-ghrelin levels between the AA and TT subjects with severe
obesity studied here (study I) vs. those of healthy, normal-weight AA and TT
subjects studied in our previously published work (Karra et al., 2013). Healthy
normal-weight AA subjects had significantly lower fasting acyl-ghrelin compared to
adiposity-matched TT controls (Karra et al., 2013). However, in contrast obese AA
and adiposity-matched obese TT patients had comparable fasting acyl-ghrelin
concentrations. As anticipated, the development of obesity resulted in a significant
decline in fasting acyl-ghrelin by approximately 35% in the control TT genotype.
However, in the AA genotype we observed only small and non-significant decreases
in fasting acyl-ghrelin with the development of obesity, and fasting acyl-ghrelin
levels were comparable in normal-weight AA subjects, obese AA patients and obese
TT patients. Several assumptions can be made from these observations. At first these
observations could perhaps indicate that normal-weight non-obese AA subjects have
fasting acyl-ghrelin levels within the severely obese range. Secondly, it would appear
that AA subjects do not experience the physiologically expected decreases in fasting
acyl-ghrelin with the development of obesity. This may be due to the existence of a
set threshold beyond which the already low acyl-ghrelin levels in AA do not or
cannot decrease any more with further weight gain. If this were the case, our results
would suggest that normal-weight AA subjects reach or are very close to this
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threshold of fasting acyl-ghrelin levels while their BMI is still within the normal
range.
Next we examined the effects of SG, a procedure that excises the majority of the Grcells at the richest site of ghrelin, the stomach fundus, in AA and TT subjects (study
II). SG resulted in comparable reductions in weight and adiposity between the two
groups in the short term. Of note though post-SG our subjects experienced
substantial decreases in adiposity at the studied time-points, they however, remained
obese with their BMIs ranging within class II-III of the obesity classification. As
others and we have previously reported (Yousseif et al., 2013), SG results in
decreases in fasting acyl-ghrelin and post-prandial acyl-ghrelin. In accordance with
this, fasting ghrelin and ghrelin AUC0-180 declined in the control TT genotype, and
similar effects were observed in the AA group. However, despite the comparable
adiposity of the two groups pre-operatively and at the post-operative assessments,
AA patients post-SG displayed lower fasting acyl-ghrelin with an associated reduced
Δ acyl-ghrelin AUC0-180 as compared to TT controls. Thus, contextualising these
findings with our published observations in normal-weight AA and TT subjects
(Karra et al., 2013), the obese AA subjects post-operatively showed the same
differences in plasma acyl-ghrelin compared to the control obese adiposity-matched
TT group, as seen in the normal-weight AA subjects vs. their normal-weight TT
controls (Karra et al., 2013); namely reduced plasma fasting acyl-ghrelin and blunted
post-meal plasma acyl-ghrelin suppression. The fact that these differences in
circulating acyl-ghrelin levels between normal-BMI and obese AA and TT subjects
were observed across adiposity-matched groups, would indicate that these effects are
weight-independent and relate to effects of FTO genotype. Taken together our
findings suggest that AA subjects have inherently low ghrelin levels, which do not
fall beyond a specific set point with the development of obesity. Furthermore,, with
weight-reduction post-SG the ghrelin differences between the two groups were
unmasked and became again apparent.

However, certainly the findings of this

preliminary study need to be considered with caution. Clearly, limitations relating to
the small number of participants need to be accounted for before drawing any firm
conclusion. To this end, future studies with larger number of obese AA and TT
humans will need to be conducted. Additionally a more comprehensive evaluation of
the ghrelin profile in such studies by co-determining acyl-ghrelin and desacyl-/ or
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total ghrelin, along with the ratio of either acyl-ghrelin to desacyl ghrelin/ or acylghrelin to total ghrelin would provide a more comprehensive understanding of the
effects of FTO genotype on circulating ghrelin levels in human obesity.
Exogenous pharmacological ghrelin administration and alterations in endogenous
ghrelin signalling have been associated with alterations in appetite, food intake, and
with adiposity. Rodents and humans respond to acute peripheral ghrelin
administration by increasing their food intake, and chronic ghrelin administration to
rodents results in adiposity (Tschop et al., 2000, Wren et al., 2001b, Wren et al.,
2001a). Global lack of ghrelin and its receptor (Ghsr) in ghrelin-null and Ghsr-null
mice results in leanness and resistance to DIO (Zigman et al., 2005, Wortley et al.,
2005). Moreover, a body of evidence supports a role for ghrelin in mediating reward.
In a human fMRI study ghrelin administration increased brain activation in
homeostatic appetite controlling centres such as the hypothalamus, and in brain
regions linked to reward (Malik et al., 2008). Additionally, ghrelin administration to
rodents enhances food preferences towards high-fat foods, increases operant
responding to feeding and induces conditioned place preference for food rewards
(Perello and Zigman, 2012, Karra et al., 2013). Therefore, it is possible that altered
ghrelin levels in AA subjects may underlie or at least may contribute to their reported
increased energy intake, hunger, and preferences for fat dense rewarding foods
(Karra et al., 2013, Cecil et al., 2008, Speakman et al., 2008, Wardle et al., 2009,
Tanofsky-Kraff et al., 2009, Timpson et al., 2008, Wardle et al., 2008, den Hoed et
al., 2009).
In our studies in healthy normal-weight AA and TT subjects, we found that across
two independent cohorts AA normal-BMI subjects had attenuated hunger reduction
post-meal compared to the TT adiposity-matched subjects in response to a ~1800
kcal load (Karra et al., 2013). In contrast, in our studies in obese humans fasting
hunger, hunger AUC0-180 and Δ hunger AUC0-180 were comparable between obese
AA and TT subjects; however, here the caloric load was limited to 500 Kcal only. As
explained above, the substantially lower caloric load used here was for the purpose
of accounting for the altered feeding and limited gastric capacity of patients post-SG.
Interestingly however, post-meal suppressions in hunger and PFC were less
sustainable in the AA group, and subjective hunger and PFC post-meal ratings
started to rise from nadir values towards baseline (pre-meal, fasting values) earlier
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compared to TT subjects. Additionally, Δ PFC was lower in the AA group at t120
post-meal as compared to TT (study I). In agreement with our findings in healthy,
normal BMI AA and TT humans who had comparable satiety profiles, there were no
differences in satiety between the obese AA and TT groups. Finally, we did not
detect any differences in the perceived pleasantness of PFC and sickness between
AA and TT obese patients (study I).
In study I, we observed a series of negative correlations in the TT group between Δ
acyl-ghrelin AUC0-180 with the anthropometric traits BMI, EW, fat mass and VFA;
the lower the suppression in ghrelin post-meal the higher the adiposity. This
observation remains in accordance with the fact that obesity associates with a blunted
post-meal ghrelin suppression (English et al., 2002). The relationships between these
parameters in the AA obese group were non-significant, an observation that may
indicate a dissociated impact of acyl-ghrelin on adiposity between the AA and TT
genotypes. Additionally, Δ acyl-ghrelin AUC0-180 negatively correlated with hunger
AUC0-180 and PFC AUC0-180 in the AA group i.e. the lower the acyl-ghrelin
suppression post-meal the higher the hunger and PFC; whereas, these relationships
were not significant in the TT group. Although it is always challenging to interpret
the meaning of results of correlation analysis, these findings may indicate a more
dominant role for acyl-ghrelin in controlling hunger and PFC in AA as compared to
TT subjects; although, on the other hand Δ acyl-ghrelin AUC0-180 positively
associated group with satiety AUC0-180 in the TT, but not the AA group.
In our fMRI study we found significant differences in brain activation in response to
images of food between AA and TT humans in homeostatic and reward-related brain
centres (Karra et al., 2013). Moreover, reward-assessment with the use of the
BIS/BAS in our healthy normal-weight cohort of Caucasian males, data presented in
section 4.3.4.1, indicated that the FTO rs9939609 AA genotype is associated with
enhanced total BAS and BAS subscales for drive, fun and reward responsiveness in a
weight-independent manner. BAS is associated with greater reward sensitivity and
goal-directed approach towards obtaining rewards; whereas BIS in contrast is
associated with inhibitory responses when faced with cues signalling negative
consequences (Carver CS, 1994). Functional and structural imaging studies have
linked the BIS and BAS systems with brain regions implicated in reward processing
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(Krmpotich et al., 2013), including brain regions highlighted as differentially
responsive between AA and TT humans in our fMRI study. The results of our
BIS/BAS assessment in our AA and TT subjects with severe obesity revealed higher
total BAS, and BAS-drive scores in AA subjects compared to TT. Thus, AA subjects
may be more prone to respond with enhanced motivation when faced with rewarding
stimuli and may be more likely to demonstrate increased drive towards obtaining
rewards. This suggestion would be in agreement with the reported preferences of AA
subjects towards energy-dense fat rich foods (Cecil et al., 2008, Wardle et al., 2009,
Tanofsky-Kraff et al., 2009, Timpson et al., 2008), and with our recent reports of
increased preference for high-calorie images in the fed state for AA vs. TT subjects
(Karra et al., 2013). Furthermore, the observed differences in BAS in relation to FTO
genotype are in agreement with our fMRI findings of significant differences in the
reward system/centres activity in response to food images in AA compared to TT
subjects (Karra et al., 2013).
In study I both fasting acyl-ghrelin levels and acyl-ghrelin AUC0-180 positively
associated with total BAS, and BAS subscales in the control TT genotype. This
observation is in agreement with the well-established role of ghrelin in mediating
reward (Malik et al., 2008, Perello and Zigman, 2012). Furthermore, the absence of
such relationships in the AA group could potentially relate to a differential role in the
reward-modulating properties of acyl-ghrelin between AA and TT subjects. This
speculation is further supported by our observed significant differences in the
modulatory effects of acyl-ghrelin in brain reward-centres in the fasted and fed states
in response to images of food between AA and TT subjects (Karra et al., 2013).
In our pilot study examining the effects of SG in severely obese AA vs. severely
obese TT patients (study II) we reasoned that if ghrelin signalling is key in the
pathogenesis of obesity in relation to FTO genotype, then the reduction in circulating
acyl-ghrelin levels post-SG might result in greater weight-loss in AA compared to
TT subjects. In this small cohort of patients and within a limited follow-up period
extending up to three months post-surgery, we observed no significant differences in
BMI and adiposity reduction post-SG, and both groups experienced significant and
incremental weight and fat losses post-surgery. However, interestingly the slope of
%EWL was steeper in the AA group, with some evidence of diversion of the %EWL
4. 251

curves between the two FTO genotypes in favour of the AA subjects (Figure 4.8B).
Nevertheless, these differences were non-significant, and longer follow-up is
required in order to establish whether this observation ultimately results in superior
long-term weight reduction in AA vs. TT patients. Moreover, comparable nonsignificant decreases in hunger were observed in both genotypes post-SG. However,
the AA group exhibited more sustainable post-meal suppression of hunger from
fasting hunger at both post-operative visits compared to TT, and experienced
significant reductions in hunger AUC0-180 at both post-operative assessments;
whereas hunger AUC0-180 significantly declined only at the 6-week post-SG visit in
the TT group. Furthermore, both groups experienced significant and comparable
reductions in fasting PFC, post-meal PFC and PFC AUC0-180; but again mirroring the
hunger profiles, PFC post-meal tended to be more sustainably reduced in AA
subjects. Finally, SG resulted in a significant increase in fasting fullness in the AA
group only, but post-prandial satiety and satiety AUC0-180 were more markedly
enhanced in the TT group. Taken together these results suggest that SG ameliorated
appetite in both FTO rs9939609 genotypes, with however what appears to be
superior ameliorations in hunger, PFC and fasting fullness in the AA group, and a
superior augmentation in post-meal satiety in the TT group. Again, longer follow-up
studies are required in order to understand whether these changes in appetite
ultimately translate into differential long-term weight-loss outcomes post-SG
between AA and TT subjects.
Despite the effects of ghrelin (Malik et al., 2008, Perello et al., 2010) and adiposity
(Berthoud et al., 2012) on the reward system, SG did not produce any measurable
changes in BAS/BIS in either of the two groups. Of course, the small sample size
needs to be accounted for here, and clearly more sophisticated studies utilising for
example functional neuroimaging would be more informative in providing insights
into how weight and/or ghrelin reduction post-SG alter reward behaviour, in
particular in relation to feeding in the AA and TT genotypes.
Correlation analysis post-SG revealed a positive relationship between acyl-ghrelin
AUC0-180 with BMI and fat mass, and a negative association between acyl-ghrelin
AUC0-180 and %EWL in the TT group, with no correlation found in the AA group;
another finding that may indicate divergent relationship between ghrelin and
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adiposity in the two FTO genotypes post-SG. Furthermore, post-SG the Δ acylghrelin AUC0-180 negatively associated with BAS drive and positively with BAS fun
in the AA group, but not the TT group. This latter finding could indicate differential
effects of acyl-ghrelin on different aspects of the reward system within the AA
genotype, specifically, BAS drive and BAS fun, and between the AA and TT
genotypes. Finally, BAS-fun positively associated with adiposity and negatively
related to %EWL in both groups post-SG, which could suggest that a greater
tendency towards experiencing fun from rewards (enhanced BAS-fun) may promote
adiposity, and negatively impact on weight-loss post-SG surgery independently of
the FTO genotype.
The main limitations of our studies in AA and TT humans with severe obesity are the
small sample sizes and the limited post-SG follow-up, therefore replication of our
findings is required across larger cohorts followed up for longer periods postoperatively. Assays of greater sensitivity for low circulating levels of acyl-ghrelin
found in obese subjects could be more precise in detecting subtle differences, if
existent. Moreover, since RYGBP remains the “gold standard” procedure, and we
(Yousseif et al., 2013), and others have shown that RYGBP and SG differentially
alter acyl-ghrelin, with superior acyl-ghrelin amelioration post-SG vs. post-RYGBP,
it would be important to compare the effects of RYGBP and SG on adiposity indices
and metabolic profile in AA subjects. This could help establish whether, given the
link between FTO and ghrelin, there may be a role for genotype-tailored selection of
the optimum bariatric procedure in relation to FTO genotype in the clinical setting.
Furthermore, our studies in normal weight-humans (Karra et al., 2013) were
conducted in AA and TT cohorts tightly matched cohorts for age, sex (males only),
adiposity, ancestry (Caucasians only) and educational background cohorts. With this
approach we removed the gut hormone confounders of age (Rigamonti et al., 2013),
sex (Kim et al., 2005) and adiposity (Tschop et al., 2001, Karra and Batterham,
2009). Additionally in this way we limited effects of FTO genotype in relation
gender- and age-related differences (Jacobsson et al., 2008, Hardy et al., 2010).
Though our studies in patients with severe obesity were undertaken in adiposity- and
age-matched patients, our cohorts included patients of both sexes and of different
ancestry. More importantly, in the studies described in this chapter we only measured
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plasma acyl-ghrelin levels, and in order to characterise the effects of FTO genotype
on the ghrelin system more accurately, parallel determination of plasma desacylghrelin or total ghrelin and plasma GOAT levels would have been required (and
ideally plasma levels of esterases). This information would have been complemented
by additional gene expression studies for FTO/ghrelin/GOAT in the resected fundi of
the patients who underwent SG. Finally, in light of a potential key role for the
duodenum on regulating circulating ghrelin levels (evident as discussed in Chapter 3
by the modest fall in ghrelin levels post-excision of the gastric fundus in SG
patients), gene expression studies for FTO/ghrelin/GOAT in duodenal tissue samples
of AA, and TT subjects would also offer valuable insights on the role of FTO in
regulating ghrelin/GOAT.
In summary, collectively our studies in healthy, normal BMI and obese AA and TT
humans provide key and novel insights into the effects of FTO rs9939609 genotype
on appetite and circulating ghrelin levels. Finally, our reports of a novel link between
FTO and the orexigenic hormone ghrelin (Karra et al., 2013) generate the first
insights into the physiological effects of FTO, and offer a possible explanation for
the obesity predisposition and obesogenic feeding linked to the high-risk FTO
genotype.
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CHAPTER 5

THE EFFECTS OF RYGBP AND SG ON WEIGHT-LOSS
&
THE CONTRIBUTION OF COMMON-OBESITY
SUSCEPTIBILITY VARIANTS ON THE BMI
PHENOTYPE OF PATIENTS WITH SEVERE OBESITY
REFERRED FOR BARIATRIC SURGERY
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5.1 Background
Amongst all bariatric procedures developed to date, RYGBP remains the one with the
greatest popularity, and is considered the “gold standard” procedure for the surgical
management of obesity (Kilpelainen et al., 2011). This consideration stems from the
high weight-loss efficacy of RYGBP surgery, coupled with its impressive resolution
rates of obesity-associated comorbid conditions, including T2DM (Courcoulas et al.,
2014). However, RYGBP has associated surgical and medical risks. The RYGBP
alimentary manipulations (gastric restriction and bypass of the proximal gut) are
technically complex, requiring a long learning curve for surgeons, and necessitating
longer operative times and post-operative in-hospital stays. Perioperative risks
include anastomotic leakage, herniation of the anastomosis site, and the risk of
thromboembolism, with mortality estimated at ~0.11% (Sanni et al., 2014). Medical
complications include risks of micronutrient deficiencies, necessitating multivitamin
supplementation and long term follow-up, as well as risks of gallstone formation,
fasting and reactive hypoglycaemia and behavioural transformations, such as
addiction transfer (Blum et al., 2011). In addition, RYGBP abolishes endoscopic
access to the upper GI tract. Thus, while surgeons worldwide still consider RYGBP
the “gold standard” bariatric procedure, at the same time the bariatric community has
long been seeking for equipotent, but less technically challenging procedures, and
procedures with lower associated risk of complications (Suter et al., 2011).
SG is a relatively newer procedure that leaves only a sleeve of stomach behind,
between the gastro-oesophageal junction and pylorus (Scott and Batterham, 2011).
Most surgeons consider SG an easier procedure with shorter operative times.
Moreover, SG has been proven relatively safer with lower risk of complications,
reoperation rates, nutritional deficiencies, and lower risk of dumping by preservation
of the pylorus; while SG allows preservation of endoscopic access to the upper GI
tract (Boza et al., 2010). Thus, these advantages of SG, along with early reports
indicating weight-loss outcomes and obesity-comorbidity resolution rates comparable
to RYGBP have resulted in an increasing number of SG surgeries performed
worldwide (Courcoulas et al., 2014). Indeed in support to the latter, the global trends
from 2003 to 2008 to 2011 showed a marked increase in SG: 0.0 to 5.3 to 27.89%,
coupled with a simultaneous decrease in other procedures including RYGBP [a
decrease in RYGBP: 65.1 to 49.0 to 46.6%; an increase, followed by a steep decline,
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in GB: 24.4 to 42.3 to 17.8%; a decline in BPD/DS: 6.1 to 4.9 to 2.1%] (Courcoulas
et al., 2014). However, currently there is little evidence as to whether RYGBP or SG
has any long term superiority over the other procedures as a treatment of severe
obesity (Li et al., 2014).
While bariatric surgery is associated with impressive and sustained weight-loss
outcomes in the majority of patients, many patients after reaching a nadir weight
post-surgery, display gradual weight regain. Moreover, there seems to be remarkably
large variability in terms of surgically-induced weight-loss (Mitchell et al., 2001).
The reasons for the large variability in weight-loss outcomes following bariatric
surgery, as well as the reasons for the post-surgical weight regain remain unclear.
Moreover, currently there is lack of definitive selection criteria for the optimum
bariatric surgical procedure for a given patient, and such decisions are commonly
based solely on clinical experience.
To date the available evidence indicates that the weight-loss effects of bariatric
surgery is a multifactorial outcome, influenced by a number of parameters, including
age, sex, socioeconomic status and comorbid conditions, including T2DM (Adams et
al., 2013). A number of studies have reported on the impact of T2DM on the
surgically induced weight-loss outcomes. For example, Carbonell et al., in a study of
more than 650 patients reported a lower %EWL and higher BMI in T2DM vs. non
T2DM patients at 1 year post-RYGBP (Carbonell et al., 2008); whereas, studies by
Yunsheng et al., (Ma et al., 2006), Perugini et al., (Perugini et al., 2003), and Campos
et al., (Campos et al., 2008) also reported inferior weight-loss outcomes for RYGBP
in T2DM patients when compared to patients without underlying T2DM. Ortega et
al., also found that T2DM negatively influenced weight-loss in response to RYGBP
and SG surgery (Ortega et al., 2012). However, in another study by Anderson et al.,
diabetic men, but not women, lost more weight that non-diabetic men in response to
SG, and the authors concluded that the negative impact of T2DM on weight-loss may
apply to women only (Andersen et al., 2014). Taken together these data suggest that a
diagnosis of T2DM appears to exert an impact on the weight-loss effects of bariatric
surgery, and future studies are required in order to elucidate the direction and
magnitude of this effect.
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Bodyweight regulation is controlled by a complex interface of physiological,
psychological, social and genetic factors. Twin and adoption studies have pointed
towards a high degree of heritability of human bodyweight phenotype, estimated at
40-80% (Bell et al., 2005, Stunkard et al., 1986). Monogenic forms of obesity, mainly
affecting ligands and receptors of the highly conserved leptin–melanocortin pathway,
have major BMI phenotype impact. Though their study has generated significant
insights into the mechanisms that regulate bodyweight, their clinical implications
remain limited, because of their rare occurrence (Castellanos et al., 2009). On the
other hand GWAS, which are being based on the “common disease-common variance
hypothesis” have identified frequently occurring SNPs associated with obesity; which
however explain only a small percentage (~5%) of the obesity heritability. Many of
these SNPs are expressed in the CNS, in areas with a role in the regulation of energy
homeostasis (Willer et al., 2009). Despite the low degree of heritability associated
with the common BMI-linked SNPs, study of such variants remains important for
several reasons. Firstly, understanding the mechanisms of action of the implicated
genes and the mechanisms via which variation in these genes results in adiposity has
the potential to generate important insights in the biological basis of obesity, and may
potentially reveal novel bodyweight regulating pathways. Moreover, currently it
remains unknown how carrier-status of the obesity-associated variants impacts on
feeding behaviour and on the outcomes of weight-loss interventions. Such knowledge
is of critical importance not only in order to maximize treatment-success rate per each
individual case, but also in order to target the available healthcare resources in the
most effective way.
Amongst these genetic variations predisposing to obesity, the most widely studied,
are SNPs within the FTO gene (Fawcett and Barroso, 2010). Currently there is
limited understanding of how carrier-status of common BMI-associated genetic
variants, including FTO SNPs, impacts on weight-loss responses to bariatric surgery.
Previously, studies have suggested that response to long-term negative energy
balance is a heritable trait. For example, in a study of negative energy balance
induced by daily exercise 9 out of 10 days for 93 days in identical twins who were
kept under constant energy intakes, a 6.8 times greater variance was seen between
pairs than within genotypes, despite large individual differences in responses
(Bouchard et al., 1994). In a second study 14 pairs of premenopausal identical twins
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underwent 28 days of low calorie diet as inpatients in a metabolic unit. This study
showed 13 times more variability in weight responses induced by hypocaloric diet
between pairs than within pairs (Hainer et al., 2000). Hatoum et al., have reported a
genetic contribution to the weight-loss responses to RYGBP (Hatoum et al., 2011).
Currently there is a need for additional studies to examine and define the effects of
individual loci to the surgically-induced weight-loss in order to further elucidate the
interplay between genetics and weight-loss success of surgery.
Though post-bariatric surgery weight reduction is almost a universal response, a large
inter-subject variability has been reported in terms of individual weight-loss
responses, with for example some patients exhibiting poor weight-loss and regain of
weight (Hsu et al., 1998). Specifically, the 13-15 year weight-loss response postbariatric surgery has been reported to range as much as, from a minimum of +13.6 kg
to a maximum of -93.6 kg (Mitchell et al., 2001). Clearly it is greatly important to
enhance our understanding of good and bad prognostic factors for the surgicallyinduced weight-loss. This would enable to separate out the responders from the nonresponders, and select the former as surgical candidates. This approach would result
in maximizing the benefits of bariatric surgery and in reducing the number of failed
procedures. Within this context it is therefore important to understand how genetic
predisposition (and of course other factors) impacts on weight-loss induced by
surgical means.
With these in mind, in the context of this chapter I recruited patients from the UCLH
Bariatric clinics over a period of 3 years, generating a database of n = 625 obese
patients. In Chapter 3 we have demonstrated that despite differential effects of
RYGBP and SG on circulating gut hormones, their short-term weight-loss outcomes
extending to 52 weeks post-surgery were comparable. Herein, in order to understand
how these two procedures compared in terms of weight-loss effects in the longer term
within our high volume bariatric centre, we compared the temporal weight-loss
effects of RYGBP and SG in groups matched for pre-operative BMI and EW with a
follow-up period extending up to 30 months post-surgery, and across a much larger
number of subjects compared to the work presented in Chapter 3. Next, we genotyped
our cohort of obese patients for common variants illustrated to associate with obesity
in the general population and examined the effect of carrier-status of these variants on
BMI. Finally, we then compared weight-loss effects of RYGBP and SG across our
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cohort in relation to FTO genotype status. We chose to focus on FTO, since FTO is
the locus unequivocally associated with the greatest risk for polygenic obesity across
a number of studies. Furthermore, our previous studies demonstrated a link between
FTO genotype and ghrelin phenotype (Karra et al., 2013b); whereas in Chapter 3 we
have shown that greater reductions in ghrelin levels occur post-SG vs. post-RYGBP.
Though in Chapter 4 we found no effect in weight-loss outcomes of SG and RYGBP
in relation to FTO gene status, within a follow-up period extending to 12 weeks, here
we extend our observations across much larger numbers of subjects and over a more
protracted period of follow-up.

5.2 Hypothesis & rationale
The hypothesis of the studies in this chapter were that:
i.

RYGBP and SG induce comparable long-term weight-loss outcomes in obese
subjects with the same start-off level (baseline) of BMI and EW.

ii.

Prevalence of common obesity-associated variants may be enriched in
patients with severe obesity.

iii.

Carrier-status for the common obesity associated FTO rs9939609 SNP (risk
allele A) impacts on weight-loss outcomes of bariatric surgery with superior
weight-loss post-SG vs. post-RYGBP; and therefore FTO genotype may have
role in the selection of the optimum bariatric procedure (surgico-genomic
approach) for individual patients.

The rationale for the studies in this Chapter and the hypothesis are detailed in Chapter
1, Part E.

5.3 Methods & subjects’ characteristics
The study methodological details are presented in Chapter 2, section 2.2.1, 2.2.2 &
2.2.3. Patients were recruited from the outpatient UCLH Bariatric and SNP
genotyping was undertaken for FTO and common obesity-associated variants, as
detailed in Chapter 2, sections 2.2.4 to 2.2.7 & Table 5.6. A database was generated
from the recruited patients with their demographic characteristics, comorbidities
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glycaemia status details of surgery, and weight data pre-surgery and at subsequent
follow-ups.
First, we examined the weight-loss effects of each of the procedures, RYGBP and
SG, separately across all cases. This was followed by direct comparison of the
weight-loss outcomes of the two procedures across all available cases. Then the
analysis was repeated for cases with and without T2DM separately, in light of the
aforementioned impact of T2DM on the weight-loss success of bariatric surgery.
Next, we analysed within procedures outcomes accounting for FTO genotype across
all cases, and separately for patients with and without T2DM. Finally, we compared
the weight-loss effects of RYGBP and SG in relation to FTO genotype in patients
without T2DM. This latter outcome was not examined in patients with T2DM, as the
small n numbers did not allow for this analysis.
In all cases where we have compared SG and RYGBP, baseline (pre-surgery) weight
data (weight on the operation day) were reviewed and groups were matched for preoperative weight by -where necessary- removal of outliers, and subsequently by
removal of extreme group values from the group means until reaching a p-value for
pre-operative BMI and EW of p > 0.50. This was for the purpose of matching the
groups for pre-surgery adiposity, since baseline adiposity has been shown to impact
of the surgically induced weight-loss (Campos et al., 2008). Post-operative timepoints for the RYGBP were: 6.2 ± 0.1 weeks, referred to as 6 weeks post-RYGBP;
3.3 ± 0.1 months, referred to as 3 months post-RYGBP; 6.4 ± 0.1 months, referred to
as 6 months post-RYGBP; 11.7 ± 0.1 months, referred to as 12 months post-RYGBP;
18 ± 0.2 months, referred to as 18 months post-RYGBP; 23.8 ± 0.3 months, referred
to as 24 months post-RYGBP; 30.4 ± 0.8, referred to as 30 months post-RYGBP.
Time points for SG were: 5.5 ± 0.1 weeks, referred to as 6 weeks post-SG; 3.4 ± 0.1
months, referred to as 3 months post-SG; 5.5 ± 0.1 months, referred to as 6 months
post-SG; 12.1 ± 0.2 months, referred to as 12 months post-SG; 18.1 ± 0.2 months,
referred to as 18 months post-SG and 23.8 ± 0.3 months, referred to as 24 months
post-SG.
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5.4 Results
625 patients were recruited from the Bariatric UCLH services to the study. Mean age
was 44.5 years (range 17-70 years). 482 (75.4%) patients were female and 143
(24.6%) were males. Mean BMI was 48.5 kg/m2 (range 31-79 kg/m2). Mean EW was
65.7 kg (range 16-163 kg). 440 patients (70.4%) were non-diabetics, whereas the
remaining 185 (29.6%) had T2DM. The characteristics of these subjects in terms of
age, BMI, EW, sex and presence of underlying T2DM are summarised in Table 5.1.
Next, we focused on patients across the cohort who had undergone RYBGP and SG.
We excluded cases that had undergone more than one bariatric procedure, and
patients with extreme BMI values (BMI > 66 kg/m2). A total of 188 cases across our
cohort of RYGBP and 217 cases of SG were included for analysis.
Across the 188 cases that underwent RYGBP, 160 were females and 28 males. Mean
age was 44.6 ± 0.6 years, mean BMI 44.4 ± 0.4 kg/m2 (BMI range: 33-58) and mean
EW 53.4 ± 1 kg (Table 5.2). 53 (28%) cases had T2DM (females/males: 40/13),
whereas the remaining 135 (72%) patients were non-diabetics (females/males:
120/15) (Table 5.2). There was no statistical difference in age, BMI and EW between
the patients with and without T2DM who underwent RYGBP.
Across the 217 cases that underwent SG, 163 were females and 54 males. Mean age
was 45 ± 0.5 years, mean BMI 48.2 ± 0.5 kg/m2 (BMI range: 33-66), mean EW 65 ±
1.5 kg (Table 5.3). 65 (30%) cases had T2DM (females/males: 41/24). The remaining
152 (70%) cases were non-diabetics (females/males: 122/30). There was no statistical
difference in age, BMI and EW between the patients with and without T2DM who
underwent SG.
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Table 5.1 Baseline characteristics for patients recruited from UCLH Bariatric
Centre.

All

Non diabetics

T2DM

Mean ± SEM

Mean ± SEM

Mean ± SEM

625

440 (70)

185 (30)

All patients
Number (%)
Age (years, range)
2

BMI (kg/m )
EW (kg)

45 (17-70)

43 (17-70)

48 (19-75)

48.5 (31-79)

48.5 (31-75)

48.4 (31-73)

65.7 (16-163)

65.7 (17-157)

65.8 (16-163)

482 (75)

357

125

Females
Number (%)
Age (yrs)
BMI (kg/m2)
EW (kg)

44 (17-70)

42 (17-70)

49 (20-67)

48.2 (31-79)

48 (31-79)

48.7 (31-73)

62.5 (16-144)

62.3 (17-136)

63.1 (16-144)

Males
Number (%)

143 (25)

82

61

Age (yrs)

46.2 (17-68)

44.7(17-67)

48.4 (25-68)

BMI (kg/m2)
EW (kg)

49.5 (32-75)

50.8 (32-75)

47.7 (36-73)

76.5 (25-163)

80.7 (25-157)

70.9 (34-163)

Key: BMI, body mass index; EW, excess weight; T2DM: type 2 Diabetes Mellitus

5.4.A Part A: The effects of RYGBP and SG on BMI and %EWL in obese
groups with and without T2DM
5.4.A.1 The effects of RYGBP on BMI and %EWL
First, we examined the BMI and %EWL responses to RYGBP independently of the
presence or absence of a diagnosis of T2DM. Baseline data and weight-loss data for
each time-point are illustrated in Table 5.2. As expected RYGBP resulted in
significant %EWL and BMI reduction from pre-operatively at all time-points
examined (p < 0.0001 for BMI and % EWL for all time-points post-RYGBP) (Table
5.2 & Figure 5.1A&B).
Next we examined the effects of RYGBP on BMI and %EWL in patients without
T2DM only. We found that, in patients without T2DM, RYGBP also resulted in
significant %EWL and BMI reduction compared to preoperatively at all time-points

5. 263

assessed post-surgery (p < 0.0001 for BMI and % EWL for all time-points postRYGBP) (Table 5.2 & Figure 5.1A&B).
Then we examined the effects of RYGBP on BMI and % EWL in patients with
T2DM and found that RYGBP induced significant BMI reduction compared to preoperatively at all time-points examined post-surgery (p < 0.01 for BMI for all timepoints post-RYGBP) (Table 5.2 & Figure 5.1A). Coincident with these changes,
significant %EWL was seen post-RYGBP in patients with T2DM at 6 weeks and at 3,
6, 12 and 18 months post-surgery (p < 0.05) (Table 5.1 & Figure 5.1B). However, at
24 and 30 months post-RYGBP although there was only a trend for %EWL in T2DM
patients compared to pre-surgery, these values did not reach statistical significance (p
= 0.06 & p = 0.08 respectively) (Table 5.2 & Figure 5.1B).
We then compared post-operative BMI and %EWL achieved with RYGBP in T2DM
and non-diabetic BMI-matched groups pre-operatively and found that:
i) At 6 weeks post-RYGBP the T2DM group exhibited a lower BMI and a greater %
EWL vs. non-T2DM patients, with a trend towards statistical significance (p =
0.09 and p = 0.12 respectively; comparison of each time-point vs. baseline,
Student’s t-test) (Table 5.2 & Figure 5.1A&B).
ii) T2DM and non-T2DM patients achieved comparable BMI and %EWL at all the
remaining post-RYGBP assessed time-points namely 3, 6, 12, 18, 24 and 30
months post-surgery (p >0.05; comparison of each time-point vs. baseline,
Student’s t-test) (Table 5.2 & Figure 5.1A&B).
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Table 5.2 BMI and %EWL in response to RYGBP surgery; in patients with and without T2DM.

RYGBP
ALL
N
F

Pre-operatively

80

68

24 months post-operatively

38

22

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

30 months post-operatively
Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

55

8

33

41

5

6

43.7 ± 1.0
51 ± 2.7
32.7 ± 0.9 < 0.0001
61.2 ± 3.9

0.56
0.53
0.47
0.44

43.9 ± 1.0
53 ± 2.8
32.1 ± 0.8 < 0.0001
64 ± 3.7

0.58
0.84
0.42
0.25

44.4 ± 1.2
53 ± 3.3
32.9 ± 1.1 < 0.0001
61 ± 4.4

1.00
0.75
0.30
0.37

44.1 ± 0.8
57 ± 2.1
34.8 ± 1.8
62 ± 5.4

0.87
0.24
0.11
0.19

16 5

44.3 ± 1.0
52 ± 1.1
30.8 ± 1.2 < 0.0001
71 ± 6.8
33

44.3 ± 0.7
52 ± 1.8
31.5 ± 0.7 < 0.0001
67 ± 3.6

0.60
0.97
0.27
0.13

13 5

44.4 ± 0.6
52 ± 1.6
31.5 ± 0.7 < 0.0001
67 ± 3.2

44.2 ± 0.4
54 ± 1.0
31.6 ± 1.0 < 0.0001
67 ± 5.4

44 ± 0.6
53 ± 1.7
35.3 ± 0.9 < 0.0001
48 ± 3.4

17 11

44.5 ± 0.5
54 ± 1.3
31.3 ± 0.6 < 0.0001
70 ± 2.6

44.4 ± 0.6
53 ± 1.5
31.8 ± 0.6 < 0.0001
66 ± 2.7

0.69
0.91
0.09
0.12

20 9

44.3 ± 0.5
53 ± 1.3
33.4 ± 0.5 < 0.0001
58 ± 2.1
68 13

13

44.1 ± 0.9
53 ± 2.5
37.2 ± 1.6 < 0.0001
27 ± 1.6
20 8

44.5 ± 0.3
53 ± 1.0
36.4 ± 0.5 < 0.0001
43 ± 1.8

44.3 ± 0.4
54 ± 1.2
31.5 ± 0.5 < 0.0001
68 ± 2.2

0.90
0.42
0.72

29 11

83 10

24

pc

48 ± 0.6
44 ± 0.6
53 ± 1.8

44.5 ± 0.5
53. 1.2
39.5 ± 0.6 < 0.0001
24 ± 0.9

44.2 ± 0.4
53 ± 1.2
33.2 ± 0.4 < 0.0001
59 ± 1.8

mean ± SEM

nondiabetics vs.
diabetics

40 13

60 12

103 19

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

pb

pd

T2DM
N
F M

43 ± 0.5
45 ± 0.4
54 ± 1.1

44.3 ± 0.3
55 ± 0.9
36.1 ± 0.4 < 0.0001
44 ± 1.6

85

mean ± SEM

96 14

20

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

18 months post-operatively

M

44 ± 0.4 (33-58)
53 ± 1.1
38.9 ± 0.6 < 0.0001
25 ± 0.8

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

12 months post-operatively

F

120 15

125 25

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

6 months post-operatively

pa

45 ± 0.6
44 ± 0.4 (33-58)
53 ± 1.0 (22-115)

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

3 months post-operatively

mean ± SEM

160 28

Age (years)
BMI (kg/m2)
EW (kg)

6 weeks post-operatively

M

Non-diabetics
N

3

< 0.001

8 2

44.3 ± 0.8
52 ± 1.9
31.3 ± 0.9 < 0.0001
68 ± 4.4

44.1 ± 1.7
52 ± 4.6
32.5 ± 1.3 < 0.0001
63 ± 4.8

0.91
0.93
0.50
0.56

Pre-operative BMI and EW & post-operative BMI and %EWL following RYGBP. pa: BMI post-operatively
compared to baseline for all patients, pb: BMI post-operatively compared to baseline for non-diabetic patients,
pc: BMI (kg/m2) post-operatively compared to baseline for patients with T2DM, pd: Non-diabetic vs. T2DM
subjects. Results are presented as mean ± SEM. Key: RYGBP, Roux-en-Y gastric bypass; BMI, body mass
index; EW, excess weight; EWL: excess weight-loss; T2DM: type 2 Diabetes Mellitus.
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A

BMI post-RYGBP; all, non-diabetic and diabetic patients
ALL
Non-diabetics
Diabetics
0

5

BMI (kg/m2)

10

15

20

25

30

35

40

45

50

Pre-operative
****
****
****

B

****
****
****

3M

(W: weeks, M: months)

Time from operation

6W

****
****
****

6M

12M

****
****
****

18M

****
****
****

24M

****
****

30M

****
****
****

**

%EWL post-RYGBP; all, non-diabetic and diabetic patients
ALL
Non-diabetics
Diabetics
80

%EWL

60

40

20

30
M

24
M

18
M

12
M

6M

3M

6W

0

Time from operation
(W: weeks, M: months)
Pre-operatively

6W

3M

6M

12M

18M

24M

30M

All

188

150

100

122

109

81

60

46

Non-diabetics

135

110

72

93

81

63

39

36

Diabetics

53

40

28

29

28

18

21

10

Figure 5.1: The effects of RYGBP on BMI (A) and %EWL (B) in obese patients with T2DM (red,
solid columns) and without T2DM (green, solid columns). (A) BMI pre-operatively and at 6 weeks,
3, 6, 12, 18, 24, and 30 months following RYGBP. (B) %EWL pre-operatively and at 6 weeks, 3, 6,
12, 18, 24, and 30 months following RYGBP. **** denotes p < 0.0001 for BMI at each post-operative
visit following RYGBP compared to pre-operatively. ** denotes p < 0.01 for BMI (kg/m2) at each
post-operative visit following RYGBP compared to pre-operatively. One-way-ANOVA stats were used
for between groups comparisons at each time-point. Student’s t-test was used for within group
comparisons between each post-operative time-point vs. pre-operatively. The table at the bottom of
panel (B) indicates n number in each group at each of the time-points studied. Key: RYGBP, Roux-en-Y
gastric bypass; BMI, body mass index; EWL, excess weight-loss; T2DM, type 2 Diabetes Mellitus.
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5.4.A.2 The effects of SG on BMI and %EWL
First, we examined the BMI and %EWL responses to SG independently of the
presence or absence of a diagnosis of T2DM. Baseline data and weight-loss data for
each time-point are illustrated in Table 5.3. We found that SG resulted in significant
%EWL and BMI reduction from pre-operatively at all time-points examined; (p <
0.0001 for BMI and % EWL for all time-points post-SG vs. baseline; comparison of
each time-point vs. baseline, Student’s t-test) (Table 5.3 & Figure 5.2A&B).
We then examined the effects of SG in patients without T2DM only. We found that
SG in also resulted in significant %EWL and BMI reduction compared to
preoperatively at all time-points assessed post-surgery [(p < 0.0001 for BMI and %
EWL for all time-points post-SG; comparison of each time-point vs. baseline,
Student’s t-test)] (Table 5.3 & Figure 5.2A&B). 30-month time-point post-SG has not
been assessed due to small number of patients for who data were available.
Next, we evaluated the efficacy of SG on BMI %EWL in patients with T2DM only.
We found that in patients with T2DM, SG induced significant BMI reduction
compared to pre-operatively at all time-points examined post-surgery [(p < 0.01 for
BMI and %EWL for all time-points post-SG; comparison of each time-point vs.
baseline, Student’s t-test)] (Table 5.3 & Figure 5.2A&B).
Comparison of BMI and %EWL achieved with SG in T2DM and non-diabetic
matched groups for preoperative BMI showed that:
i) At 6 weeks and at 3 and 6 months post-SG the T2DM and non-T2DM groups
exhibited comparable BMI and % EWL (p > 0.05) (Table 5.3 & Figure 5.2A&B).
ii) At 12, 18 and 24 months the non-T2DM group exhibited non-significantly lower

BMI than the T2DM patients (p = 0.12, p =0.27, p = 0.15). However, coincident
with these changes, %EWL induced by SG at these time-points was significantly
higher in the non-T2DM group vs. T2DM patients (p <0.05) (Table 5.3 & Figure
5.2A&B).
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Table 5.3 BMI and %EWL in response to SG surgery; in patients with and without
T2DM.

SG
ALL
N
F

Pre-operatively

24 months post-operatively
Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

8

0.51
0.60
0.45
0.78

47.7 ± 0.9
64 ± 2.9
44.3 ± 3.2 < 0.0001
33 ± 2.1

0.94
0.84
0.51
0.32

48.2 ± 1.0
64 ± 2.7
39.3 ± 1.0 < 0.0001
42 ± 2.6

0.61
0.80
0.28
0.27

48.6 ± 1.1
66 ± 3.7
38.6 ± 1.1 < 0.0001
45 ± 3.4

0.71
0.70
0.12
0.04

48 ± 1.4
68 ± 5.6
38.9 ± 1.5 < 0.0001
40 ± 4.8

0.97
0.60
0.27
0.04

49.4 ± 1.6
74 ± 0.9
42.6 ± 1.8
28 ± 6.3

0.57
0.90
0.15
0.01

34 11

48 ± 0.8
65 ± 2.9
36.4 ± 0.9 < 0.0001
54 ± 3.0
8

15

7

48 ± 1.4
64 ± 4.3
36.5 ± 1.5 < 0.0001
54 ± 4.3
15

50.3 ± 1.3
74 ± 4.6
39.9 ± 1.6 < 0.0001
45 ± 5.8

48.7 ± 0.9
65 ± 2.4
44.3 ± 1.0 < 0.0001
20 ± 1.2

37 13

45 15

24

0.60
0.42
0.50

33 12

47.6 ± 0.7
63 ± 2.1
38 ± 0.8 < 0.0001
45 ± 1.9

48.1 ± 1.0
67 ± 3.4
37.5 ± 1.1 < 0.0001
49 ± 3.3

pc

49 ± 0.9
49 ± 0.9
66 ± 2.7

47.6 ± 0.6
63 ± 1..8
41.9 ± 2.0 < 0.0001
36 ± 1.4

48.3 ± 0.7
66 ± 2.2
37.3 ± 0.7 < 0.0001
50 ± 2.3

mean ± SEM (range)

41 19

65 19

39 15

M

47.9 ± 0.6
64 ± 1.7
43.4 ± 0.6 < 0.0001
21 ± 0.9

47.8 ± 0.6
63 ± 1.7
38.5 ± 0.6 < 0.0001
44 ± 1.5
79 26

N
F

pd
non-diabetics
vs. diabetics

41 24

80 23

102 32

25

pb

T2DM

46 ± 0.6
48 ± 0.6
64 ± 1.8

47.7 ± 0.5
64 ± 1.5
42.6 ± 1.7 < 0.0001
35 ± 1.1

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

mean ± SEM (range)

88 27

113 35

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

18 months post-operatively

M

48.2 ± 0.5
64 ± 1.4
43.8 ± 0.5 < 0.0001
21 ± 0.7

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

12 months post-operatively

N
F

122 30

95 46

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

6 months post-operatively

pa

45 ± 0.5
48 ± 0.5 (33-66)
65 ± 1.5 (20-140)

Pre-operative BMI (kg/m2)
Pre-operative EW (kg)
Post-operative BMI (kg/m2)
%EWL

3 months post-operatively

mean ± SEM (range)

163 54

Age (years)
BMI (kg/m2)
EW (kg)

6 weeks post-operatively

M

Non-diabetics

4

10

51 ± 2.0
73 ± 6.4
37.8 ± 2.4 < 0.0001
57 ± 8.0

4

0.001

Pre-operative BMI and EW & post-operative BMI and %EWL following SG. pa: BMI post-operatively
compared to baseline for all patients, pb: BMI post-operatively compared to baseline for non-diabetic patients,
pc: BMI post-operatively compared to baseline for patients with T2DM, pd: Non-diabetic vs.T2DM. Results
are presented as mean ± SEM. Key: SG: sleeve gastrectomy; BMI, body mass index; EW, excess weight; EWL,
excess weight-loss; T2DM, type 2 Diabetes Mellitus.
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A
BMI post-SG; all, non-diabetic and diabetic patients
ALL
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Diabetics
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****
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****
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6M

****
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****
****
****
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****
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B
%EWL post-SG; all, non-diabetic and diabetic patients
ALL
Non-diabetics
Diabetics
80
p = 0.01

60

%EWL

p = 0.04

p = 0.04
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M
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M
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M

6M

3M

6W

0
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217

141

148

134
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33

Non-diabetics

135

115
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84

60

32

19

Diabetics

53

60

45

50

45

22

14

Figure 5.2: The effects of SG on BMI (A) and %EWL (B) in obese patients with T2DM (red,
solid columns) and without T2DM (green, solid columns) T2DM. (A) BMI pre-operatively and at 6
weeks, 3, 6, 12, 18 and 24 months following SG. (B) %EWL pre-operatively and at 6 weeks, 3, 6, 12,
18, 24, and 30 months following SG. **** denotes p < 0.0001 for BMI at each post-operative visit
following SG compared to pre-operatively. *** denotes P < 0.001 for BMI (kg/m2) at each postoperative visit following SG compared to pre-operatively. One-way-ANOVA stats used for between
group comparisons at each time-point. Student’s t-test was used for within group comparisons between
each post-operative time-point vs. pre-operatively. The table at the bottom of panel (B) indicates n
number in each group at each of the time-points studied. Key: SG, sleeve gastrostomy; BMI, body mass
index; EWL, excess weight-loss; T2DM, type 2 Diabetes Mellitus.
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5.4.A.3 Comparison of the effects of RYGBP and SG on weight-loss
5.4.A.3.1 Comparison of the effects of RYGBP and SG on BMI and %EWL in
patients with and without T2DM
In all patients, T2DM and non-diabetics, across BMI-matched groups at pre-surgery
(baseline), RYGBP resulted in significantly lower BMI and significantly greater
%EWL compared to SG surgery at time points examined post-surgeries (Table 5.4 &
Figure 5.3A&B).

5.4.A.3.2 Comparison of the effects of RYGBP and SG on BMI and %EWL in
patients without T2DM
Across BMI-matched groups at pre-surgery (baseline), RYGBP resulted in a trend
towards lower BMI and greater %EWL compared to SG surgery at 6 weeks postsurgery in patients without T2DM (BMI: p = 0.07, %EWL: p = 0.11). At 3 months
post-surgery a trend towards greater %EWL was seen post-RYGBP vs. post-SG, but
BMI was comparable at this time point between the two procedures (p = 0.22,
%EWL: p = 0.08). At 6 months post-surgery the RYGBP subjects achieved a lower
BMI and a greater %EWL compared to SG (BMI: p = 0.045, %EWL: p = 0.03). No
differences were found in BMI and %EWL at 12 months post-surgery (BMI: p =
0.43, %EWL: p = 0.38). Finally, at 18 months post-surgery we found a trend towards
lower BMI and a tendency towards higher %EWL post-RYGBP vs. post-SG (BMI: p
= 0.05, %EWL: p = 0.12); while at 24 months post-surgery there was no difference in
BMI and %EWL (BMI: p = 0.11, %EWL: p = 0.47) (Table 5.5 & Figure 5.4A&C).

5.4.A.3.3 Comparison of the effects of RYGBP and SG on BMI and %EWL in
patients with T2DM
Across T2DM, BMI-matched groups at pre-surgery (baseline), RYGBP resulted in a
trend towards lower BMI and a tendency towards greater %EWL compared to SG
surgery at 6 weeks post-surgery (BMI: p = 0.05, %EWL: p = 0.15). However, from 3
months post-surgery, and up to a follow-up extending to 24 months post-operatively,
RYGBP consistently associated with a lower BMI and a higher %EWL at all timepoints. (Table 5.5 & Figure 5.4B&D).
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Table 5.4 BMI and %EWL in response to RYGBP and SG at 6 weeks and at 3,
6, 12, 18, 24 and 30 months following surgery.

RYGBP
N

6 weeks post-operatively

147

12 months post-operatively

119

18 months post-operatively

111

24 months post-operatively

69

30 months post-operatively
Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL (%)

0.02
0.26
0.008
0.03

47.1 ± 0.9
45.7 ± 0.5
38.4 ± 0.5
36.8 ± 1.2

0.01
0.19
0.01
0.0007

47.1 ± 0.9
45.4 ± 0.5
36.3 ± 0.6
48.1 ± 1.8

0.02
0.66
0.002
0.0002

48.5 ± 1.2
45.3 ± 0.7
35 ±0.8
53 ± 2.0

0.06
0.85
0.001
0.0005

49.1 ± 1.2
46.6 ± 0.9
36.4 ± 1,0
50 ± 3.6

0.02
0.19
0.0004
0.001

48.4 ± 1.5
48.4 ± 1.3
38.8 ± 1.6
45.4 ± 6.3

0.57
0.13
0.0005
0.007

47.9 ± 2.5
52 ± 2.2
39.3 ± 1.9
39.4 ± 6.2

0.31
0.11
0.0007
0.009

49
45.1 ± 1.1
45.3 ± 0.5
32.4 ± 0.6
64.7 ± 2.7

43

29
47.2 ± 1.4
46.3 ± 0.7
31.8 ± 1.1
61.5 ± 2.5

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL (%)

47.1 ± 0.9
46.2 ± 0.5
41.8 ± 0.5
22.0 ± 0.8

79
45.7 ± 0.9
45.1 ± 0.4
32 ± 0.5
66.6 ± 2.1

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

RYGBP vs. SG

115
44.9 ± 0.9
45.1 ± 0.5
33.9 ± 0.5
57.7 ± 1.8

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

mean±SEM

85
44.3 ± 1.1
44.8 ± 0.5
36.6 ± 0.5
43.8 ± 1.6

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

p

145

108

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

6 months post-operatively

N

44.5 ± 0.9
45.5 ± 0.5
39.6 ± 0.7
24.4 ± 0.8

Age
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

3 months post-operatively

mean±SEM

SG

13

10
51.4 ± 1.9
47.9 ± 1.2
31.1 ± 0,7
59.9 ± 3.6

Comparison between RYGBP and SG at 6 weeks, and at 3, 6, 12, 18, 24 and 30 months following
surgery in groups matched for BMI pre-operatively. Results are presented as mean ± SEM. Key:
RYGBP, Roux-en-Y gastric bypass; SG: sleeve gastrectomy; N, number of patients studied; F/U,
follow-up duration post-surgery; BMI, body mass index; EWL, excess weight-loss.
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Figure 5.3: BMI and %EWL in response to surgery in patients with and without T2DM,
comparison between RYGBP and SG. The effects of RYGBP (red, solid columns) and SG (blue,
solid columns) on BMI (A) and %EWL (B). (A) BMI pre-operatively and at 6 weeks, 3, 6, 12, 18, 24,
and 30 months following RYGBP and SG. (B) %EWL pre-operatively and at 6 weeks, 3, 6, 12, 18, 24,
and 30 months following RYGBP and SG. *** denotes p < 0.001 for RYGBP vs. SG. ** denotes p <
0.01 for RYGBP vs. SG. * denotes p < 0.05 for RYGBP vs. SG. Student’s unpaired t-test was used for
between-groups comparisons. The table at the bottom of panel (B) indicates n number in each group at
each of the time-points studied. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; BMI,
body mass index; EWL, excess weight-loss.
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Table 5.5 BMI and %EWL in response to RYGBP and SG in non-diabetic and T2DM patients at 6
weeks and at 3, 6, 12, 18 and 24 months post-surgery.

Non-Diabetics
RYGBP

SG

N
F

6 weeks post-operatively

N
M

86 14

Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

3 months post-operatively

73 11

64 9

24 months post-operatively
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

45.8 ± 0.6
38.1 ± 0.5
38 ± 1.4

0.55
0.22
0.08

37 7

45.6 ± 0.6
36.0 ± 0.7
49.6 ± 2.1

0.98
0.045
0.03

21 5

45.3 ± 0.8
33.5 ± 0.9
60.8 ± 1.9

0.42
0.43
0.38

mean±SEM

46.5 ± 1.3
34.9 ± 1.3
57.1 ± 4.5

0.7
0.05
0.12

48.1 ± 1.9
35.6 ± 2.2
61.1 ± 8.5

0.57
0.11
0.47

F

M

mean±SEM

46 ± 0.9
41.6 ± 0.9
22.5 ± 1.4

0.19
0.05
0.15

45.7 ± 1.2
39.4 ± 1.2
33.9 ± 2.5

0.37
0.002
0.001

44.9 ± 1.0
36.9 ± 1.2
44.4 ± 3.6

0.43
0.03
0.001

45.5 ± 1.1
37.3 ± 1.3
44.2 ± 1.9

0.58
0.01
0.009

45.7 ± 1.0
37.7 ± 1.4
40 ± 5.3

0.96
0.04
0.008

48.1 ± 1.9
38.2 ± 3.4
39 ± 6.5

0.48
0.04
0.006

26 10

43.7 ± 1.0
35.4 ± 1.0
47.9 ± 3.5
24 9

43.7 ± 0.5
32.8 ± 1.0
61.8 ± 3.7
25 8

44.6 ± 1.0
33 ± 0.7
60.4 ± 2.9
13 5

12 6

45.6 ± 1.2
33.9 ± 1.0
58.5 ± 3.5
6

pb

31 14

44.3 ± 0.9
38.1 ± 1.5
25.5 ± 1.5

14 11

15 2

47 ± 0.7
32 ± 1.0
68.1 ± 4.8

M

23 10

22 7

46 ± 0.5
32.2 ± 0.7
65.5 ± 3.0

N

24 9

35 9

45.9 ± 0.4
32.7 ± 0.6
64.8 ± 2.5

Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

0.67
0.07
0.11

SG

N

33 14

46.4 ± 0.6
44.6 ± 1.5
21.8 ± 0.9

64 18

45.7 ± 0.5
34.3 ± 0.5
56.1 ± 2.0

RYGBP
F

mean±SEM

73 16

45.3 ± 0.6
37.1 ± 0.6
41.9 ± 1.8

Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

18 months post-operatively

M

pa

81 19

62 13

Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

12 months post-operatively

F

46 ± 0.6
41.9 ± 0.5
23.9 ± 0.9

Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m 2)
%EWL

6 months post-operatively

mean±SEM

T2DM

5

8 3

47 ± 0.7
34.9 ± 1.0
53.8 ± 5.8

Comparison between RYGBP and SG at 6 weeks and at 3, 6, 12, 18 and 24 months following surgery in groups
matched for BMI pre-operatively. Student’s unpaired t-test was used for between group comparisons. Results are
presented as mean ± SEM. Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; N, number of
studied patients (F: females, M: males); BMI, body mass index; EWL, excess weight-loss; T2DM, type 2
Diabetes Mellitus.
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Figure 5.4: BMI and %EWL in response to surgery in obese patients with T2DM (B & D) and
without T2DM (A & C), comparison between RYGBP and SG. The effects of RYGBP (red, solid
columns) and SG (blue, solid columns) on BMI (A & B) and %EWL (C & D). (A) BMI preoperatively and at 6 weeks, 3, 6, 12, 18 and 24 months following RYGBP and SG in patients without
T2DM. (B) BMI pre-operatively and at 6 weeks, 3, 6, 12, 18 and 24 months following RYGBP and SG
in patients with T2DM. (C) %EWL pre-operatively and at 6 weeks, 3, 6, 12, 18 and 24 months
following RYGBP and SG in patients without T2DM. (D) %EWL pre-operatively and at 6 weeks, 3, 6,
12, 18 and 24 months following RYGBP and SG in T2DM. ** denotes p < 0.001 for RYGBP vs. SG. *
denotes p < 0.05 for RYGBP vs. SG. Student’s unpaired t-test was used for between group
comparisons. The tables at the bottom of panels (C & D) indicate n number in each group at each of
the time-points studied Key: RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; BMI, body
mass index; EWL, excess weight-loss; T2DM, type 2 Diabetes Mellitus.
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5.4.B Part B: Genotyping for common obesity-associated variants
5.4.B.1 Genotyping for common obesity variants and anthropometric data in a
cohort of patients with severe obesity
500 patients (377 females, 123 males) were recruited. Average age was 45.1 years
(range 17-75 years) with mean BMI of 50.4 kg/m2 (range 31-75 kg/m2). 172 patients
had a diagnosis of T2DM; with the remaining 328 patients being were non-diabetics.
Patient characteristics are presented in Table 5.6. The studied SNPs, the observed
frequencies for the minor and major alleles across the cohort and the percentage of
homozygotes for the low and high-risk alleles and heterozygotes are shown in Tables
5.7. All alleles were in Hardy Weinberg equilibrium, except for RBJ rs713586,
NUDT3 rs206936, LRRN6C rs10968576 and PRKD1 rs11847697 (Tables 5.7);
whereas Hardy Weinberg could not be calculated for FAIM2 rs7138803 and NRXN3
rs10150332 due to small minor homozygote number (4 and 1 respectively) (Table
5.7). The frequency of the risk alleles was mostly in accordance with the Hap Map
project and previous GWAS (Frayling et al., 2007, Speliotes et al., 2010, Willer et al.,
2009); however, the frequency for the effect allele was slightly higher in our cohort
for SNPs within or near the FTO, MC4R, TMEM 18, SCE16B, BDNF, NRX3,
NEGRI1, KCTD15 and NUDT3; whilst the frequency for the studied SNPs near or
within TMEM160 and SH2B1 were lower in comparison to previous reports (Frayling
et al., 2007, Speliotes et al., 2010, Willer et al., 2009). Except for FTO rs9939609,
for the rest of the SNPs no differences were identified in BMI between the
homozygotes for the high and low risk alleles and heterozygotes groups (Table 5.8).
A significant effect of FTO rs9939609 genotype on BMI was identified (P = 0.01)
with homozygotes for the risk allele A of FTO rs9939609 exhibiting significantly
greater BMI in comparison to TT homozygotes (effect size AA vs. TT +2.77 kg.m2,
95% CI +0.41, +5.1 kg/m2 p < 0.05). Moreover, a trend for a significant effect of
NUDT3 rs206936 and RBG rs713586 genotype on BMI was identified (p = 0.09 for
both), but this failed to reach statistical significance. Whereas the effect of FAIM2
rs7138803 and NRXN3 rs10150332 on baseline BMI could not be calculated due to
small minor homozygote number (4 and 1 respectively).
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Table 5.6 Baseline characteristics for patients genotyped for common obesityassociated SNPS.

All

Non diabetics

T2DM

Mean ± SEM

Mean ± SEM

Mean ± SEM

500

328 (66)

172 (34)

45.1 (17-75)

44.5 (17-70)

48.4 (19-75)

45.1 (31-75)

50.4 (31-75)

48.4 (31-73)

63.9 (16-163)

79.1 (17-157)

65.8 (16-163)

377 (75)

265 (70)

112 (30)

44.5 ± 0.5

43.1 ± 0.6

47.9 ± 1.0

47.4 ± 0.4

46.9 ± 0.4

48.8 ± 0.8

60.4 ± 1.1

59.2 ± 1.2

63.1 ± 2.2

123 (25)

63 (51)

60 (49)

46.9 ± 0.9

44.5 ± 1.3

49.3 ± 1.2

49 ± 0.8

50.4 ± 1.2

47.7 ± 1.1

75 ± 2.6

79.1 ± 3.7

70.9 ± 3.5

All patients
Number (%)
Age (years, range)
2

BMI (kg/m )
EW (kg)

Females
Number (%)
Age (yrs)
2

BMI (kg/m )
EW (kg)

Males
Number (%)
Age (yrs)
2

BMI (kg/m )
EW (kg)

Key: BMI, body mass index; EW, excess weight; T2DM, type 2 Diabetes Mellitus.
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Table 5.7 Studied SNPs', Closest gene to the SNP, Genotype frequency and MAF for each SNP.

Allele
rsid

Nearest gene

Chr

Number
Effect allele

Others

Major
Heterozygotee
homozygote
(n)
(n)

Minor
homozygote
(n)

HWE
X2 (p value)

Major
homozygote
genotype
frequence

Heterozygote
genotype
frequency

Minor
homozygote
genotype
frequence

Major-allele
frequency

Minor-allele
frequency

Effect (a) freq
Ref results

rs2815752

NEGR1

chr.1

T

C

483

205

223

55

0.23 (p = 0.63)

43

45

12

0.66

0.34

0.61

rs543874

SEC16B

chr.1

T

C

483

279

178

28

0.003 (p = 0.96)

58

37

6

0.76

0.24

0.19

rs1514175

TNNI3K

chr.1

C

A

498

135

237

111

0.13 (p = 0.72)

28

50

23

0.52

0.48

0.43

rs1555543

PTBP2

chr.1

G

A

485

154

249

85

0.83 (p = 0.36)

31

49

19

0.57

0.43

0.59

rs2867125

TMEM18

chr.2

G

A

478

358

109

11

0.61 (p = 0.43)

74

24

2

0.86

0.14

0.83

rs887912

FANCL

chr.2

C

T

488

243

201

45

0.14 (p = 0.71)

49

42

9

0.70

0.30

0.29

rs713586

RBJ

chr.2

A

G

489

148

209

131

9.9 (p = 0.002)

27

50

23

0.52

0.48

0.47

rs2890652

LRP1B

chr.2

C

T

485

331

139

15

0.008 (p = 0.93)

68

29

3

0.83

0.17

0.18

rs9816226

ETV5

chr.3

G

A

481

344

117

16

2.3 (p = 0.13)

71

26

2

0.84

0.16

0.82

rs13078807

CADM2

chr.3

T

A

477

307

155

19

0.01 (p = 0.92)

64

32

4

0.80

0.20

0.20

rs10938397

GNPDA2

chr.4

G

A

481

160

240

81

0.32 (p = 0.58)

34

49

17

0.58

0.42

0.43

rs13107325

SLC39A8

chr.4

T

C

487

410

75

2

0.54 (p = 0.46)

84

15

1

0.92

0.08

0.07

rs2112347

FLJ35779

chr.5

T

G

486

193

229

64

0.09 (p = 0.76)

40

46

13

0.63

0.37

0.63

rs206936

NUDT3

chr.6

G

A

484

282

162

40

5.59 (p = 0.02)

56

38

6

0.75

0.25

0.21

rs987237

TFAP2B

chr.6

G

A

487

324

141

22

1.7 (p = 0.19)

66

31

4

0.81

0.19

0.18

rs10968576

LRRN6C

chr.9

G

A

475

256

171

48

5.66 (p = 0.02)

52

40

8

0.72

0.28

0.31
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Table 5.7 Studied SNPs', Closest gene to the SNP, Genotype frequency and MAF for each SNP.

Allele

rsid

Nearest gene

Chr

Number
Effect allele

Others

Major
Heterozygotee
homozygote
(n)
(n)

Minor
homozygote
(n)

X2 (p value)

Major
homozygote
genotype
frequency

Heterozygote
genotype
frequency

Minor
homozygote
genotype
frequence

Major-allele
frequency

Minor-allele
frequency

Effect (a) freq
Ref results

rs10767664

BDNF

chr.11

C

T

479

332

135

20

1.73 (p = 0.19)

67

29

3

0.82

0.18

0.78

rs3817334

MTCH2

chr.11

A

T

487

172

246

69

1.61 (p = 0.20)

37

48

16

0.61

0.39

0.41

rs4929949

RPL27A

chr.11

T

C

487

137

224

118

1.92 (p = 0.17)

27

50

23

0.48

0.52

0.52

rs7138803

FAIM2

chr.12

A

G

495

285

206

4

NA

61

34

5

0.78

0.22

0.38

rs4771122

MTIF3

chr.13

G

A

480

282

172

26

0.001 (p = 0.97)

59

36

5

0.77

0.23

0.24

rs10150332

NRXN3

chr.14

T

C

486

299

179

1

NA

66

31

4

0.81

0.19

0.21

rs11847697

PRKD1

chr.14

C

T

479

408

68

10

11 (p = 0.0009)

83

16

1

0.91

0.09

0.04

rs2241423

MAP2K5

chr.15

G

A

489

259

205

25

3.74 (p = 0.08)

55

39

7

0.74

0.26

0.78

rs9939609

FTO

chr.16

T

C

486

140

237

108

0.16 (p = 0.69)

28

50

22

0.53

0.47

0.45

rs7359397

SH2B1

chr.16

A

T

485

224

213

49

0.03 (p = 0.88)

46

44

10

0.68

0.32

0.4

rs571312

MC4R

chr.18

A

C

481

251

182

48

3.02 (p = 0.11)

51

41

8

0.71

0.29

0.24

rs29941

KCTD15

chr.19

C

T

488

257

191

40

0.28 (p = 0.59)

52

40

8

0.72

0.28

0.67

rs2287019

QPCTL

chr.19

C

T

488

347

132

9

0.77 (p = 0.38)

72

26

2

0.85

0.15

0.80

rs3810291

TMEM160

chr.19

A

G

471

189

214

78

1.74 (p = 0.19)

38

47

15

0.62

0.38

0.67
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Table 5.8 Number of subjects and baseline BMI for high and low-risk homozygote and heterozygote carrier groups for the studied SNPs. (Mean±SEM)
BMI (mean±SEM)
SNP

Nearest gene

Chr

Number

Homozygotes
low-risk allele

Heterozygotes

Homozygotes
high-risk allele

p value
ANOVA

Effect size
R2

rs2815752

NEGR1

chr.1

483

47.6 ± 0.5

47.8 ± 0.5

49.5 ± 1.3

0.48

0.005

rs1514175

TNNI3K

chr.1

483

47.4 ± 0.7

47.8 ± 0.5

48.2 ± 0.8

0.70

0.001

rs1555543

PTBP2

chr.1

498

47.5 ± 0.8

47.7 ± 0.5

48.4 ± 0.7

0.67

0.002

rs543874

SEC16B

chr.1

485

47.6 ± 0.5

48 ± 0.6

49.9 ± 1.6

0.47

0.004

rs2867125

TMEM18

chr.2

478

45.5 ± 1.5

46.9 ± 0.7

48.2 ± 0.4

0.33

0.007

rs713586

RBJ

chr.2

488

48.5 ± 0.7

47.1 ± 0.6

48.9 ± 0.6

0.09

0.006

rs887912

FANCL

chr.2

489

47.4 ± 0.5

48.4 ± 0.6

47.6 ± 1.2

0.75

0.003

rs2890652

LRP1B

chr.2

485

48.2 ± 0.5

46.9 ± 0.6

50.2 ± 1.9

0.17

0.008

rs13078807

CADM2

chr.3

481

47.6 ± 0.5

48.3 ± 0.6

48.5 ± 1.6

0.43

0.002

rs9816226

ETV5

chr.3

477

47.3 ± 2.4

48.7 ± 0.7

47.7 ± 0.4

0.54

0.003

rs10938397

GNPDA2

chr.4

481

47.3 ± 0.6

48 ± 0.5

49.1 ± 0.9

0.25

0.006

rs13107325

SLC39A8

chr.4

487

47.8 ± 0.4

48.2 ± 0.9

39.9 ± 7.2

0.46

0.005

rs2112347

FLJ35779

chr.5

486

47.6 ± 1.0

48 ± 0.5

47.7 ± 0.6

0.68

0.001

rs206936

NUDT3

chr.6

484

47.5 ± 0.5

48.6 ± 0.6

47.8 ± 1.1

0.09

0.004

rs987237

TFAP2B

chr.6

487

47.6 ± 0.5

48.4 ± 0.7

48 ± 1.6

0.73

0.002

rs10968576

LRRN6C

chr.9

475

47.9 ± 0.5

48.6 ± 0.6

46.6 ± 1.0

0.30

0.006
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Table 5.8 Number of subjects and baseline BMI for high and low-risk homozygote and heterozygote carrier groups for the studied SNPs. (Mean±SEM)
BMI (mean±SEM)
SNP

Nearest gene

Chr

Number
Homozygotes
low-risk allele

Heterozygotes

Homozygotes
high-risk allele

p value
ANOVA

Effect size
R2

rs4929949

RPL27A

chr.11

479

48 ± 0.6

48.1 ± 0.6

47.7 ± 0.8

0.79

0.0004

rs10767664

BDNF

chr.11

487

47.4 ± 1.3

48.8 ± 0.8

47.5 ± 0.4

0.45

0.006

rs3817334

MTCH2

chr.11

487

47.7 ± 0.8

47.8 ± 0.5

48 ± 0.6

0.93

0.0002

rs7138803

FAIM2

chr.12

495

42.8 ± 3.6

48.1 ± 0.6

47.7 ± 0.5

0.48

0.004

rs4771122

MTIF3

chr.13

480

47.8 ± 0.5

48 ± 0.6

48.8 ± 1.9

0.81

0.001

rs11847697

PRKD1

chr.14

486

47.7 ± 0.4

49.2 ± 1.0

47.8 ± 1.4

0.52

0.004

rs10150332

NRXN3

chr.14

479

49.5 ± 0.0

47.8 ± 0.6

48 ± 0.5

NA

NA

rs2241423

MAP2K5

chr.15

489

46.6 ± 1.4

47.9 ± 0.5

48 ± 0.5

0.65

0.001

rs7359397

SH2B1

chr.16

486

48.3 ± 0.5

47.5 ± 0.6

47.9 ± 1.2

0.55

0.002

rs9939609

FTO

chr.16

485

46.3 ± 0.5

48.1 ± 0.5

49.1 ± 0.8

0.01

0.018

rs571312

MC4R

chr.18

481

47.8 ± 0.5

48 ± 0.6

47.8 ± 1.1

0.92

0.000

rs29941

KCTD15

chr.19

488

47.2 ± 1.3

47.9 ± 0.6

47.9 ± 0.5

0.85

0.001

rs2287019

QPCTL

chr.19

488

50.3 ± 2.8

47.7 ± 0.7

47.8 ± 0.4

0.62

0.002

rs3810291

TMEM160

chr.19

471

47.6 ± 0.9

48.4 ± 0.6

47.5 ± 0.6

0.46

0.003
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5.4.B.2 Cumulative genetic susceptibility score
When examining the association between the cumulative genetic susceptibility for
obesity score, we found increases in BMI by 0.17 kg/m2 [(95% CI +0.007, +0.33), p
= 0.041] for each unit increase in the susceptibility score; the latter being
approximately equivalent to carrying one additional high-risk allele. These increases
in BMI are equivalent of 435-551gr weight-gain in adults of 1.60-1.80m in height.
Linear regression adjusted for age, sex and T2DM status revealed increases in BMI
increases by 0.16 kg/m2 [(95% CI +0.004, +0.33), p =0.045] for each unit increase in
the susceptibility genetic risk. This increase in BMI equates to 410-518 gr for adults
of 1.60-1.80 m in height.
Using the histogram distribution for the cumulative susceptibility genetic risk for
obesity across the cohort we identified a high risk group falling above the 75th
percentile of the susceptibility genetic risk score; and a low risk group falling below
the 25th percentile for the susceptibility genetic risk score. The difference in BMI
between the high risk and the low risk group was 1.59 kg/m2, which approximates to
a weight difference of 4.1-5.2 kg. The difference in EW was 5.4 kg.

5.4.C Part C: Prevalence of FTO rs9939609 SNP mutation in a cohort of obese
patients, and impact of the carrier status of FTO rs9939609 on BMI and weightloss following RYGBP and SG
5.4.C.1 The effects of FTO rs9939609 on BMI in obese subjects with and without
T2DM
5.4.C.1.1 Study population characteristics
Overall 625 obese subjects were genotyped for FTO rs9939609. 17 subjects were
excluded as they had previously undergone bariatric surgery. Across the remaining
608 non-operated obese subjects [470 (77%) females and 138 (23%) males)], mean
age was 44.5yrs (range: 17-70 years), mean BMI 48.5 kg/m2 (range: 31-79 kg/m2)
and mean EW 65.7 kg (range: 16-163 kg) (Table 5.9). 24% (n = 145) were
homozygous carriers for the high–risk AA genotype, 30% of patients (n = 178) were
homozygotes for the low-risk all TT genotype, and the remaining 47% (n = 285) were
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AT heterozygotes (Table 5.9). The frequency of the major allele T was p = 0.53, and
the frequency for the minor allele A was q = 0.47; and this was in Hardy Weinberg
equilibrium (Chi square test = 2.17, p-value = 0.14) (Table 5.9). The calculated
frequency of the diploid FTO rs9939609 genotypes was 22%, 54% and 28% for AA,
AT and TT respectively (Table 5.9).

5.4.C.1.2 The effects of FTO rs9939609 on BMI in subjects with severe obesity
A significant effect of FTO rs9939609 genotype on BMI was found. FTO rs9939609
genotype accounted for 1.7% of the BMI variability across our cohort [One-wayANOVA: p = 0.006, adjusted R2 = 0.017]. Heterozygous and homozygous subjects
for the obesity at-risk allele A of FTO rs9939609 exhibited significantly greater BMI
compared to homozygotes for the protective low-risk variant T [AA vs. TT: p <0.01,
effect size of the AA genotype: +2.70 kg/m2, 95%C.I. (+0.59, +4.81); AT vs. TT: p =
0.05, effect size of the AT genotype: +1.84 kg/m2, 95%C.I. (+0.04, +3.64)]. Though
mean BMI was higher in the AA that the AT group, the BMI differences between AA
and AT did not reach significance (p > 0.05) (Table 5.9 and Figure 5.5A).

5.4.C.1.3 The effects of FTO rs9939609 on EW in subjects with severe obesity
Similar to BMI, we also found a significant effect of FTO rs9939609 genotype on
EW. FTO genotype accounted for 1.7% of the EW variability across our cohort [Oneway-ANOVA: p = 0.005, adjusted R2 = 0.017]. Heterozygous and homozygous
subjects for the obesity at-risk allele A of FTO rs9939609 exhibited significantly
greater EW compared to homozygotes for the protective variant T [AA vs. TT: p
<0.01, effect size of the AA genotype: +8.1kg, 95%C.I. (+1.9, +14.4); AT vs. TT: p
< 0.05, effect size of the AT genotype: +5.3 kg2, 95%C.I. (+0.002, +10.7)]. There
was no significant difference in EW between the AA and AT groups (p > 0.05)
(Table 5.9 and Figure 5.5B).
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5.4.C.2 The effects of FTO rs9939609 on BMI & EW in non-diabetic subjects
with severe obesity
5.4.C.2.1 Study population characteristics
Across our cohort of 608 FTO rs9939609 genotyped obese subjects, 427 had no
underlying diagnosis of T2DM (70%). 348 (81%) of these obese non-diabetic
subjects were females and 79 (19%) were males. Mean age across this sub-cohort of
non-diabetic obese subjects was 43 years (range: 17-70 years), whereas mean BMI
was 48.5 kg/m2 (range: 31-79 kg/m2), and mean EW 65.7 kg (range: 17-157 kg). 98
subjects were homozygous for the high-risk allele A of FTO rs9939609 (21%), 198
were AT heterozygotes (50%), and 131 (29%) were homozygous for the low-risk T
allele. The frequency of the major allele T was p = 0.54, and the frequency for the
minor allele A was q = 0.46; and this was in Hardy Weinberg equilibrium (Chi
square test = 1.92, p-value = 0.17) (Table 5.9). The calculated frequency of the
diploid FTO rs9939609 genotypes was 21%, 50% and 29% for AA, AT and TT
respectively (Table 5.9).

5.4.C.2.2 The effects of FTO rs9939609 on BMI in non-diabetic subjects with
severe obesity
A significant effect of FTO rs9939609 genotype on BMI across our obese nondiabetic subjects was found. FTO genotype accounted for 3% of the BMI variability
across our cohort [One-way-ANOVA: P = 0.002, adjusted R2 = 0.03]. Homozygous
subjects for the obesity at-risk allele A of FTO rs9939609 exhibited significantly
greater BMI compared to homozygotes for the protective variant T [AA vs. TT: p
<0.01, effect size of the AA genotype: +3.65 kg/m2, 95%C.I. (+1.21, +6.09)]. BMI
values for AT subjects laid between BMI values for the two homozygote AA and TT
groups, but the differences in BMI between the AT and TT, and between the AT and
AA groups failed to reach statistical significance (AT vs. TT: p > 0.05, and AT vs.
AA p > 0.05) (Table 5.9 and Figure 5.5C).
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5.4.C.2.3 The effects of FTO rs9939609 on EW in non-diabetic subjects with
severe obesity
A significant effect of FTO rs9939609 genotype on EW across our obese nondiabetic subjects was found. FTO genotype accounted for 3% of the EW variability
across our cohort [One-way-ANOVA: p = 0.001, adjusted R2 = 0.03]. Homozygous
subjects for the obesity at-risk allele A of FTO rs9939609 exhibited significantly
greater EW compared to homozygotes for the protective variant T [AA versus TT: p
<0.001, effect size of AA genotype: +11.3 kg, 95%C.I. (+4.0, +18.5)]. EW values
for AT subjects laid between EW values for the two homozygote AA and TT groups,
but only the differences in EW between the AT and AA groups reached statistical
significance [(AT vs. TT: p > 0.05, and AT vs. AA p < 0.05, effect size of AA vs. AT
genotype: +7.11 kg, 95%C.I. (+0.4, +13.8)] (Table 5.9 and Figure 5.5D).

5.4.C.3 The effects of FTO rs9939609 on BMI in T2DM subjects with severe
obesity
5.4.C.3.1 Study population characteristics
Across our cohort of 608 FTO rs9939609 genotyped subjects, 181 (30%) had an
underlying diagnosis of T2DM. 122 (67%) of these subjects were females and 59
(33%) were males. Mean age across this sub-cohort of T2DM obese subjects was
48.4 years (range: 19-75 years), whereas mean BMI was 48.4 kg/m2 (range: 31-73
kg/m2), mean EW 65.8 kg (range: 16-163 kg). 47 subjects were homozygous for the
high-risk allele A of FTO rs9939609 (25%), 87 were AT heterozygotes (50%) and 47
subjects (25%) were homozygous for the low-risk T allele. The frequency of the
major allele T was p = 0.5, and the frequency for the minor allele A was q = 0.5; and
this was in Hardy Weinberg equilibrium (Chi square test = 0.27, p-value = 0.60).
The calculated frequency of the diploid FTO rs9939609 genotypes was 25%, 50%
and 25% for AA, AT and TT respectively (Table 5.9).
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5.4.C.3.2 The effects of FTO rs9939609 on BMI in T2DM subjects with severe
obesity
No significant effect of FTO rs9939609 genotype on BMI across our obese diabetic
subjects was found (One-Way-ANOVA: p = 0.13) (Table 5.9 and Figure 5.5E).

5.4.C.3.3 The effects of FTO rs9939609 on EW in T2DM subjects with severe
obesity
No significant effect of FTO rs9939609 genotype on EW across our obese T2DM
subjects was found [One-way-ANOVA: p = 0.14] (Table 5.9 and Figure 5.5F).

Table 5.9 Baseline age, BMI and EW data for all patients and for the TT, AT & AA groups.
All

TT

AT

AA

Mean ± SEM (range)

Mean ± SEM

Mean ± SEM

Mean ± SEM

608

178 (28)

285 (50)

145 (22)

p (ANOVA)

p (between groups)
AA:TT

AA:AT

AT:TT

All patients
Number (genotype frequency)
Age (years)
BMI (kg/m2)
EW (kg)

44.5 (17-70)
48.5 (31-79)

47 ± 0.5

48.8 ± 0.5

49.7 ± 0.7

0.006

< 0.01

NS

< 0.05

65.7 (16-163)

61.2 ± 1.5

66.6 ± 1.4

69.4 ± 1.7

0.005

< 0.01

NS

< 0.05

427 (70)

131 (29)

198 (50)

98 (21)
NS

NS

Non-diabetics
Number (genotype frequency)
Age (years)
BMI (kg/m2)
EW (kg)

43 (17-70)
48.5 (31-79)

47 ± 0.6

48.4 ± 0.6

50.6 ± 0.9

0.002

< 0.01

65.7(17-157)

61.2 ± 1.8

65.3 ± 1.6

72.4 ± 2.6

0.001

< 0.001 < 0.05

181 (30)

47 (25)

87 (50)

47 (25)

48.4 (31-73)

46.8 ± 1.1

49.7 ± 0.9

47.6 ± 1.3

0.13

NS

NS

NS

65.8 (16-163)

61.4 ± 2.9

69.4 ± 2.9

63 ± 3.6

0.17

NS

NS

NS

NS

T2DM
Number (genotype frequency)
Age (years)
BMI (kg/m2)
EW (kg)

48.4 (19-75)

Results are presented as mean ± SEM. For three groups we used One-way-ANOVA with Bonferroni
post hoc for parametric data and Kruskall Wallis with Dunn’s post hoc for non-parametric data. For
two groups analysis, 2-tailed Student’s t-test for parametric data or Mann-Whitney test for nonparametric data were used. Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; AA,
homozygotes for the high-risk allele A of FTO rs9939609; AT, heterozygotes for FTO rs9939609;
BMI, body mass index; EW, excess weight: NS, non-significant; T2DM, type 2 Diabetes Mellitus.
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A

B
EW, all patinets

BMI, all patients

p ANOVA = 0.005

p ANOVA = 0.006
p < 0.01

70

120

p < 0.01

Excess weight (kg)

p < 0.05

BMI (kg/m2)

60
50
40
30
20

TT

AT

p < 0.05

100
80
60
40
20

AA

TT

C

AT

AA

FTO Genotype

FTO Genotype

D

BMI, non-diabetics

EW, non-diabetics
p ANOVA = 0.001

p ANOVA = 0.002
70

p < 0.001

120
p < 0.01

Excess weight (kg)

p < 0.05

BMI (kg/m2)

60
50
40
30
20

TT

AT

100
80
60
40
20

AA

TT

FTO Genotype

BMI, diabetics
p ANOVA = 0.13

p ANOVA = 0.14

70

120

60

100

50
40
30
20

AA

EW, diabetics

F

BMI (kg/m2)

BMI (kg/m2)

E

AT

FTO Genotype

80
60
40

TT

AT

20

AA

TT

FTO Genotype

AT

AA

FTO Genotype

TT

AT

AA

ALL

178

285

145

Non-diabetics

131

198

98

Diabetics

47

87

47

Figure 5.5: The effects of FTO rs9939609 genotype on BMI (A, C & E) and EW (A, C & E) in
obese subjects with T2DM (E & F) and without T2DM (C & D). (A) BMI in all patients; TT (solid,
blue columns), AT (solid, green columns) and AA (solid, red columns). (B) EW in all patients; TT
(solid, blue columns), AT (solid, green columns) and AA (solid, red columns). (C) BMI in nondiabetics; TT (solid, blue columns), AT (solid, green columns) and AA (solid, red columns). (D) EW
in non-diabetics; TT (solid, blue columns), AT (solid, green columns and AA (solid, red columns). (E)
BMI in patients with T2DM; TT (solid, blue columns), AT (solid, green columns and AA (solid, red
columns). (F) EW in patients with T2DM; TT (solid, blue columns), AT (solid, green columns and AA
(solid, red columns). One-way-ANOVA stats for the overall phenomenon within each group are
indicated on the upper right corner of each panel. Bonferroni’s multiple comparisons test are indicated
over the corresponding graph bars. Key: AA, homozygosity for the high-risk allele A of FTO
rs9939609; TT, homozygosity for the low-risk allele T of FTO rs9939609; AT heterozygotes for FTO
rs9939609; BMI, body mass index; EW, excess weight; T2DM, type 2 Diabetes Mellitus. The table at
the bottom of the figure indicates the n number of patients studied in each group.
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5.4.C.4 The effects of FTO rs9939609 genotype on BMI and %EWL following
RYGBP & SG
5.4.C.4.1 The effects of FTO rs9939609 genotype on BMI and %EWL in
response to RYGBP surgery
Weight data were available up to 30 months following RYGBP. Number of patients,
BMI and %EWL data at each time-point is summarised in Table 5.10.
At each of these studied time-points the AA, AT and TT groups were of comparable
age and had similar pre-operative BMI. With the exception of 18 months postsurgery, RYGBP surgery resulted in comparable BMI and similar %EWL across the
AA, TT and AT groups, at all the aforementioned studied time-points. Though at 18
months post-RYGBP all three genotype-groups exhibited comparable BMI, a trend
towards different % EWL responses was seen (One-way-ANOVA p = 0.06, post-hoc
AT vs. TT p = 0.04; AA vs. TT p > 0.05, AT vs. AA p > 0.05) (Table 5.10 and Figure
5.5A&B).

5.4.C.4.2 The effects of FTO rs9939609 genotype on BMI and % EWL in
response to SG surgery
Weight data were available up to 18 months following SG. Number of patients, BMI
and %EWL data at each time-point is summarised in Table 5.11.
At each of the studied time-points the AA, AT and TT groups were of comparable
age and had similar pre-operative BMI. At all time-points studied, SG surgery
resulted in comparable BMI and similar %EWL across the AA, TT and AT groups
(Table 5.11 & Figure 5.7A&B).

5. 287

A
BMI in the RYGBP group; TT vs. AT vs. AA
AA
AT

BMI (kg/m2)

TT
20

25

30

35

40

45

50

Pre-surgery

(W: weeks, M: months)

Time from operation

6W

3M

6M

12M

18M

24M

30M

B

genotype

6W

3M

6M

12M

18M

24M

30M

TT
AT
AA

37
73
36

31
51
22

23
56
23

27
51
27

16
27
18

13
15
11

11
14
11

%EWL in the RYGBP group; TT vs. AT vs. AA
TT
AT
AA

80

%EWL

60

40

20

0

6W

3M

6M

12M

18M

24M

30M

Time from operation
(W: weeks, M: months)

Figure 5.6: The effects of FTO rs9939609 genotype on BMI and %EWL in response to RYGBP
up to 30 months following surgery. (A) BMI at 6 weeks, 3, 6, 12, 18, 24 and 30 months postRYGBP; TT (solid, blue columns), AT (solid, green columns) and AA (solid, red columns). (B)
%EWL at 6 weeks, 3, 6, 12, 18, 24 and 30 months post-RYGBP; TT (solid, blue columns), AT (solid,
green columns) and AA (solid, red columns). One-way-ANOVA stats for the overall phenomenon with
Bonferroni’s multiple comparisons test were used for data analysis. Key: AA, homozygosity for the
high-risk allele A of FTO rs9939609; TT homozygosity for the low-risk allele T of FTO rs9939609;
AT, heterozygotes for FTO rs9939609; RYGBP: Roux-en-Y gastric bypass; BMI, body mass index;
EWL: excess weight-loss. The table at the bottom of panel A indicates n number of patients studied in
each group.
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Table 5.10 The effects of FTO rs9939609 genotype on BMI and %EWL in response to RYGBP.

RYGBP
6 weeks post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

3 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

6 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

12 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

18 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

24 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

30 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

All

TT

AT

AA

Mean ± SEM (range)

Mean ± SEM

Mean ± SEM

Mean ± SEM

p
(ANOVA)

146

37
14 / 23
43.1 ± 1.9
44.6 ± 0.7
40.2 ± 0.7
23.5 ± 1.6

73
13 / 60
43.6 ± 1.2
44.7 ± 0.6
40 ± 0.6
25.4 ± 1.2

36
17 / 19
46.5 ± 2.1
44.7 ± 0.9
40 ± 0.9
25.2 ± 1.6

0.35
1.00
0.97
0.62

0.81
0.94
0.85
0.45

0.41
1.00
0.99
0.92

0.58
0.91
0.81
0.35

31
11 / 22
43 ± 2.2
44.4 ± 0.7
36.1 ± 0.9
43.7 ± 3.4

51
12 / 39
43.4 ± 1.5
44.5 ± 0.7
36.6 ± 0.7
42.5 ± 2.1

22
9 / 13
44.8 ± 2.8
44.4 ± 1
36.6 ± 1.1
44.1 ± 3.7

0.86
0.99
0.91
0.91

0.87
0.96
0.71
0.95

0.49
0.91
0.95
0.70

0.60
0.93
0.70
0.75

23
6 / 17
44.1 ± 2.0
45.2 ± 0.6
33.8 ± 1.1
57.3 ± 5.0

56
11 / 45
45.4 ± 1.3
45.2 ± 0.6
34 ± 0.6
56.2 ± 2.1

23
8 / 15
46.4 ± 2.0
45.0 ± 0.7
34.7 ± 0.8
53.2 ± 3.9

0.72
0.97
0.78
0.73

0.88
0.83
0.52
0.52

0.72
0.84
0.54
0.48

0.58
0.98
0.82
0.81

27
7 / 20
45.9 ± 2.0
45.1 ± 0.6
31.9 ± 1.1
66.3 ± 5.3

51
12 / 39
44.6 ± 1.3
45.3 ± 076
32.1 ± 0.7
67.1 ± 3.0

27
7 / 16
48.8 ± 2.1
45.2 ± 0.9
32.7 ± 0.7
62.6 ± 2.6

0.21
0.98
0.82
0.67

0.96
0.91
0.55
0.53

0.32
0.93
0.58
0.32

0.30
0.83
0.89
0.89

16
3 / 13
43.6 ± 2.3
44.7 ± 1.1
32.2 ± 1.4
62 ± 7.3

27
6 / 21
44.9 ± 1.5
44.6 ± 0.8
31.8 ± 0.8
65.5 ± 3.2

18
5 / 13
44.5 ± 2.9
44.7 ± 1.0
31.6 ± 0.8
66.6 ± 3.3

0.92
0.99
0.19
0.06

0.95
0.97
0.55
0.43

0.57
0.91
0.77
0.55

0.66
0.94
0.1
0.04

13
10 / 14
46.9 ± 1.6
46 ± 0.9
32.5 ± 1.9
61.1 ± 9.7

15
1 / 14
44.9 ± 2.7
46.2 ± 1.2
31.8 ± 1.1
68.3 ± 4.6

11
6 / 14
49.6 ± 3.6
46.1 ± 1.6
31.9 ± 1.5
68.2 ± 6.2

0.49
1.00
0.68
0.56

1
0.94
0.54
0.44

0.83 0.76
0.99 0.92
0.94 0.43
1
0.337

11
7 / 14
47.8 ± 2.0
44.5 ± 0.7
31.7 ± 1.7
64.1 ± 8.8

14
12 / 14
45.3 ± 3.4
44.5 ± 1.1
31.9 ± 1.5
65.1 ± 7.5

11
7 / 14
53.4 ± 2.5
44.6 ± 1.7
32.3 ± 1.3
64.3 ± 4.6

0.17
1.00
0.96
1

0.1
0.95
0.77
0.99

0.15
0.95
0.83
0.94

44.4 (18-67)
44.7 (32-56)

104
42 (18-67)
44.5 (34-56)

102
46 (22-66)
45.1 (34-58)

105
46 (18-66)
45.2 (32-58)

61
44.4 (18-63)
44.6 (35-53)

39
46.9 (26-65)
46.4 (37-56)

36
48.8 (24-63)
44.5 (36-53)

p (between groups)
AA:TT AA:AT AT:TT

0.87
1
0.94
0.93

Results are presented as mean ± SEM. For three-group analysis we used One-way-ANOVA with Bonferroni post
hoc for parametric data and Kruskall Wallis with Dunn’s post hoc for non-parametric data. For two groups
analysis, 2-tailed Student’s t-test for parametric data or Mann-Whitney test for non-parametric data was used.
Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; AA, homozygotes for the high-risk allele A of
FTO rs9939609; AT, heterozygotes for FTO rs9939609; BMI, body mass index; EW, excess weight; RYGBP,
Roux-en-Y gastric bypass; DM, Diabetes Mellitus.
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Table 5.11 The effects of FTO rs9939609 genotype on BMI and %EWL in response to SG.

SG
6 weeks post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m )
Post-operative BMI (kg/m )
%EWL
2

All

TT

AT

AA

Mean ± SEM (range)

Mean ± SEM

Mean ± SEM

Mean ± SEM

167

50
18 / 32
47 ± 1.6
48.6 ± 0.8
44.4 ± 0.8
18.9 ± 1.4

80
32 / 48
48.4 ± 1.1
48.5 ± 0.8
44 ± 0.8
21.4 ± 1.0

37
46327
47.1 ± 1.4
48.5 ± 1.2
44 ± 1.2
20 ± 1.0

37
9 / 28
45.6 ± 2.0
47.4 ± 0.8
40.1 ± 0.9
33 ± 2.0

68
22 / 46
48.4 ± 1.3
47.4 ± 0.9
40.1 ± 0.9
35.3 ± 1.8

34
7 / 27
45. 4 ± 2.0
46.1 ± 0.8
36.7 ± 0.9
46 ± 2.9

47.8 (18-69)
48.5 (37-66)

2

3 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m )
Post-operative BMI (kg/m )
%EWL
2

140
47.8 (18-69)
47.4 (35-66)

2

6 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m )
Post-operative BMI (kg/m )
%EWL
2

130
48.5 (18-69)
46.1 (33-66)

2

12 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m )
%EWL

90
48.8 (19-69)
46.8 (33-62)

2

18 months post-operatively

Number
T2DM / non-DM
Age (years)
Pre-operative BMI (kg/m2)
Post-operative BMI (kg/m2)
%EWL

56
46.8 (27-69)
46.4 (35-62)

p (ANOVA)

p (between groups)
AA:TT AA:AT

AT:TT

0.75
1.00
0.94
0.28

0.95
0.95
0.78
0.53

0.40
0.98
0.99
0.42

0.37
0.91
0.74
0.14

35
11 / 24
46.9 ± 1.3
47.3 ± 1.3
39.7 ± 1.1
35.5 ± 1.6

0.87
1.00
0.96
0.54

0.6
0.93
0.79
0.37

0.56
0.91
0.84
0.95

0.28
0.81
0.95
0.38

66
33 / 33
50.6 ± 1.1
46.1 ± 0.8
37 ± 0.9
47.7 ± 2.4

30
9 / 21
46.5 ± 1.6
46 ± 1.2
36.3 ± 1.1
48.8 ± 3.4

0.03
1.00
0.13
0.19

0.73
0.98
0.77
0.54

0.06
0.94
0.63
0.81

0.03
0.96
0.83
0.66

23
9 / 14
47.4 ± 2.6
46.8 ± 1.1
36.7 ± 1.7
49.2 ± 6.0

45
20 / 25
50.5 ± 1.4
46.7 ± 1.0
36.3 ± 1.0
50.2 ± 3.2

22
7 / 15
45.9 ± 1.8
46.8 ± 1.6
35.1 ± 1.5
58 ± 5.6

0.18
1.00
0.73
0.91

0.46
0.98
0.48
0.29

0.03
0.97
0.49
0.20

0.28
0.99
0.84
0.87

14
10 / 14
50.2 ± 3.0
46.5 ± 1.3
36.7 ± 1.8
47.5 ± 6.8

30
16 / 14
51.2 ± 1.4
46.4 ± 1.1
36.3 ± 1.3
50.4 ± 4.9

12
8 / 14
42.9 ± 2.3
46.2 ± 2.3
33.9 ± 2.2
62.6 ± 10.8

0.05
0.99
0.56
0.38

0.14
0.91
0.34
0.24

0.01
0.93
0.34
0.25

0.70
0.96
0.87
0.73

Results are presented as mean ± SEM. For three-group analysis we used One-way-ANOVA with Bonferroni
post hoc for parametric data and Kruskall Wallis with Dunn’s post hoc for non-parametric data. For two
groups analysis, 2-tailed Student’s t-test for parametric data or Mann-Whitney test for non-parametric data
was used. Key: TT, homozygotes for the low-risk allele T of FTO rs9939609; AA, homozygotes for the highrisk allele A of FTO rs9939609; AT, heterozygotes for FTO rs9939609; BMI, body mass index; EWL, excess
weight-loss; DM, Diabetes Mellitus; SG, sleeve gastrectomy.
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Figure 5.7: The effects of FTO rs9939609 genotype on BMI and %EWL in response to SG up to
18 months following surgery. (A) BMI loss at 6 weeks, 3, 6, 12 and 18 months post-SG; TT (solid,
blue columns), AT (solid, green columns) and AA (solid, red columns). (B) %EWL at 6 weeks, 3, 6,
12, 18, 24 and 30 months post-RYGBP; TT (solid, blue columns), AT (solid, green columns) and AA
(solid, red columns). One-way-ANOVA stats for the overall phenomenon with Bonferroni’s multiple
comparisons test were used for data analysis. Key: AA, homozygosity for the high-risk allele A of FTO
rs9939609; TT, homozygosity for the low-risk allele T of FTO rs9939609; AT, heterozygotes for FTO
rs9939609; SG, sleeve gastrectomy; BMI, body mass index; EWL, excess weight-loss. The table at the
bottom of panel A indicates the n number of patients studied in each group.
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5.4.C.4.3 Effect of FTO rs9939609 genotype on weight-loss following bariatric
surgery; comparison between RYGBP and SG in TT, AT and AA subjects with
severe obesity
5.4.C.4.3.1 Comparison between RYGBP vs. SG on BMI and %EWL in TT
subjects with severe obesity
The baseline characteristics of the TT, AT and AA groups that were included in the
analysis are illustrated in Table 5.12. All three groups were matched for baseline BMI
and excess weight at all time points studied. There was no significant difference in
age in the AA and TT groups. However the AT subjects who underwent SG were
older compared to AT subjects who underwent RYGBP at all time points assessed.
In TT groups matched for pre-operative BMI and EW, both RYGBP and SG resulted
in comparable BMI (p = 0.43) and %EWL (p = 0.31) from pre-surgery at 6 weeks
post-surgery (6 weeks RYGBP: n= 26, SG = n = 27); and comparable BMI (p = 0.23)
and %EWL (p = 0.23) at 3 months post-surgery (3 months RYGBP: n= 19, SG
n=21). At 6 months post-surgery RYGBP resulted in significantly lower BMI (p =
0.01) and greater %EWL (p = 0.001) from pre-surgery compared to SG (6 weeks
RYGBP: n= 20, SG = n=24). Moreover, at 12 months post-surgery RYGBP also
resulted in significantly lower BMI and induced superior decreases in EW compared
to SG [6 months, RYGBP: n= 17, SG = n=13, BMI (p = 0.03) and %EWL (p = 0.01)]
(Table 5.12 & Figure 5.8A&B). Analysis beyond 12 months has not been undertaken
post-surgery due to small number of patients.

5.4.C.4.3.2 Comparison between RYGBP vs. SG on BMI and %EWL in AT
subjects with severe obesity
In AT groups matched for pre-operative BMI and EW, both RYGBP and SG resulted
in comparable BMI (p = 0.18) and %EWL (p = 0.52) from pre-surgery at 6 weeks
post-surgery (6 weeks RYGBP: n= 51, SG = n = 46); and comparable BMI (p = 0.26)
and %EWL (p = 0.15) at 3 months post-surgery (3 months RYGBP: n = 40, SG n =
40). At 6 months post-surgery RYGBP resulted in significantly lower BMI (p = 0.04)
and greater %EWL (p = 0.07) from pre-surgery compared to SG (6 weeks RYGBP:
n= 47, SG = n = 34). Moreover, at 12 months post-surgery RYGBP also resulted in
significantly lower BMI and induced superior decreases in EW compared to SG [6
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months, RYGBP: n = 40, SG = n = 24, BMI (p = 0.02) and %EWL (p = 0.006)]
(Table 5.12 & Figure 5.8C&D)

5.4.C.4.3.3 Comparison between RYGBP vs. SG on BMI and %EWL in AA
subjects with severe obesity
In AA groups matched for pre-operative BMI and EW. both RYGBP and SG resulted
in comparable BMI (p = 0.22) and %EWL (p = 0.12) from pre-surgery at 6 weeks
post-surgery (6 weeks RYGBP: n = 22, SG n = 29); and comparable BMI (p = 0.54)
and %EWL (p = 0.27) at 3 months post-surgery (3 months RYGBP: n = 14, SG n =
26). At 6 months post-surgery RYGBP resulted in significantly lower BMI (p = 0.53)
and greater %EWL (p = 0.51) from pre-surgery compared to SG (6 weeks RYGBP:
n= 18, SG n = 21). Moreover, at 12 months post-surgery RYGBP also resulted in
significantly lower BMI and induced superior decreases in EW compared to SG [6
months, RYGBP: n = 16, SG n = 15, BMI (p = 0.14) and %EWL (p = 0.58)] (Table
5.12 & Figure 5.8E&F).
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Table 5.12 The effects of FTO rs9939609 genotype on surgically-induced weight loss; RYGBP
vs. SG.

TT

AT

RYGBP

SG

Mean ± SEM

Mean ± SEM

26 (21/5)

27 (22/5)

45 ± 1.6

45 ± 1.7

44.4 ± 0.5

44.9 ± 0.6

52.2 ± 1.3

54.1 ± 1.6

39.8 ± 0.6

40.8 ± 0.6

24.6 ± 1.4

21.5 ± 1.4

19 (15/4)

21 (18/3)

44 ± 1.7

47 ± 1.9

45.2 ± 0.7

45.7 ± 0.6

54.4 ± 1.8

55.8 ± 1.9

36.8 ± 0.9

38.3 ± 0.7

41.7 ± 3.7

35.9 ± 2.3

20 (17/3)

24 (21/3)

45 ± 1.3

47 ± 1.8

44.5 ± 0.9

45.4 ± 0.9

52.5 ± 2.4

55.6 ± 2.7

32.7 ± 1.1

37.2 ± 1.1

62.8 ± 4.7

42.6 ± 3.1

17 (13/4)

13 (10/3)

45 ± 1.7

46 ± 2.1

45.1 ± 0.9

46.4 ± 1.3

55.3 ± 2.4

57.8 ± 3.2

28.9 ± 1.1

33.6 ± 1.4

84.4 ± 4.6

60.5 ± 5.0

pa

AA

RYGBP

SG

Mean ± SEM

Mean ± SEM

51 (45/6)

46 (38/8)

43 ± 1.1

48 ± 2

46.2 ± 0.4

46.4 ± 0.6

pb

RYGBP

SG

Mean ± SEM

Mean ± SEM

22 (17/5)

29 (23/6)

pc

6 weeks post-operatively
Number (F/M)
Age (yrs)
Pre-operative BMI (kg/m2)
Pre-operative EW( kg)
Post-operative BMI (kg/m2)
%EWL

1
0.69
0.57
0.43
0.31

58 ± 1.1

58.6 ± 1.9

40.4 ± 0.7

42.4 ± 0.6

23.3 ± 0.9

22.2 ± 0.9

40 (35/5)

40 (33/7)

41 ± 1.1

48 ± 1.1

44.3 ± 0.8

45.2 ± 0.9

52.7 ± 2.3

54.2 ± 2.5

36.6 ± 0.8

38.1 ± 0.9

42.2 ± 2.4

37.3 ± 2.2

47 (42/5)

34 (28/6)

44 ± 1.1

50 ± 2.2

44.9 ± 0.6

46 ± 1.2

0.02
0.82
0.84
0.18
0.52

42 ± 2.4

47 ± 1.5

47.9 ± 1.9

47.8 ± 1.0

66.2 ± 5.9

63.8 ± 2.9

40.4 ± 2.5

43.6 ± 0.9

24.1 ± 1.7

20.8 ± 1.0

14 (11/3)

26 (20/6)

0.15
0.97
0.73
0.22
0.12

3 months post-operatively
Number (F/M)
Age (yrs)
Pre-operative BMI (kg/m2)
Pre-operative EW( kg)
Post-operative BMI (kg/m2)
%EWL

0.50
0.65
0.65
0.23
0.23

0.02
0.49
0.67
0.26
0.15

45 ± 2.2

47 ± 1.1

47.4 ± 1.9

47.7 ± 1.4

63.8 ± 5.7

63.4 ± 4.0

38.2 ± 1.5

39.4 ± 1.2

42.5 ± 3.0

38.2 ± 2.3

18 (15/3)

21 (17/4)

0.58
0.91
0.96
0.54
0.27

6 months post-operatively
Number (F/M)
Age (yrs)
Pre-operative BMI (kg/m2)
Pre-operative EW( kg)
Post-operative BMI (kg/m2)
%EWL

0.70
0.51
0.46
0.01
0.001

54 ± 1.7

56.2 ± 3.1

32.9 ± 0.9

36.1 ± 1.1

62.3 ± 4.2

51.2 ± 3.4

40 (36/4)

24 (20/4)

43 ± 1

49 ± 1.3

46 ± 0.7

46.6 ± 1.4

57.3 ± 1.9

59.3 ± 4.0

32.2 ± 0.8

36 ± 1.3

68 ± 3.3

52.2 ± 4.0

0.04
0.38
0.52
0.04
0.07

40 ± 2.2

45 ± 1.4

46 ± 0.9

45.6 ± 1.3

60.2 ± 2.6

57.8 ± 4.1

34.5 ± 0.7

35.4 ± 1.2

55.9 ± 2.9

52.2 ± 4.4

16 (13/3)

15 (13/2)

0.12
0.83
0.63
0.53
0.51

12 months post-operatively
Number (F/M)
Age (yrs)
Pre-operative BMI (kg/m2)
Pre-operative EW( kg)
Post-operative BMI (kg/m2)
%EWL

0.70
0.48
0.59
0.03
0.01

0.02
0.74
0.63
0.02
0.01

44 ± 2.5

43 ± 1.4

46.3 ± 0.7

47.5 ± 1.9

61 ± 2.0

62.8 ± 5.9

31.9 ± 0.6

34.5 ± 1.8

67.1 ± 3.3

55.8 ± 1.9

Results are presented as mean ± SEM. For two groups analysis, 2-tailed Student’s t-test for parametric
data or Mann-Whitney test for non-parametric data was used. pa: RYGBP vs. SG in TT genotype carriers;
pb: RYGBP vs. SG in AT genotype carriers; pc: RYGBP vs. SG in AA genotype carriers. Key: TT,
homozygotes for the low-risk allele T of FTO rs9939609; AA, homozygotes for the high-risk allele A of
FTO rs9939609; AT, heterozygotes for FTO rs9939609; BMI, body mass index; EWL, excess weight-loss;
RYGBP, Roux-en-Y gastric bypass; SG, sleeve gastrectomy.
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Figure 5.8: The effects of RYGBP and SG on BMI and %EWL in obese TT (A & B), AT (C & D)
and AA (E & F) genotype groups of FTO rs9939609. (A) The effect of RYGBP (solid, red columns)
vs. SG (solid, blue columns) on BMI in TT subjects. (B) The effect of RYGBP (shaded, red columns)
vs. SG (shaded, blue columns) on %EWL in TT subjects. (C) The effect of RYGBP (solid, red
columns) vs. SG (solid, blue columns) on BMI in AT subjects. (D) The effect of RYGBP (shaded, red
columns) vs. SG (shaded, blue columns) on %EWL in AT subjects. (E) The effect of RYGBP (solid,
red columns) vs. SG (solid, blue columns) on BMI in AA subjects. (F) The effect of RYGBP (shaded,
red columns) vs. SG (shaded, blue columns) on %EWL in AA subjects. 2-tailed Student’s t-test for
parametric data or Mann-Whitney test for non-parametric data was used for between group analyses
and indicated over the corresponding graph. Key: AA, homozygosity for the high-risk allele A of FTO
rs9939609; TT, homozygosity for the low-risk allele T of FTO rs9939609; AT, heterozygotes for FTO
rs9939609; BMI, body mass index; EWL, excess weight-loss; RYGBP, Roux-en-Y gastric bypass; SG,
sleeve gastrectomy. The tables at the bottom of the graphs indicate the n number of patients studied in
each group.
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5.5 Discussion
Within this body of work we generated a dataset of 625 obese patients attending
UCLH Bariatric Services, one of the major providers for bariatric surgery across the
UK. The overall characteristics of our subjects are comparable to those reported
across other bariatric datasets. For example Supariwala et al., reported their data
across their dataset of n = 652 bariatric subjects in their USA practice (Supariwala et
al., 2014). Mean age in this dataset was 47 years, mean BMI at 47.9 kg/m2, male to
female ratio of 16%/84% and T2DM incidence was 38%. In a second study Pitzul et
al., examined disposition in patients referred for bariatric surgery (Pitzul et al., 2014).
Their cohort consisted of 1237 patients of mean age 47 years, mean BMI 47 kg/m2
and of female predominance. Finally, in the context of our collaborative projects we
merged our dataset with the cohort of bariatric patients referred for surgery at Pisa
University (Magi et al., 2013). Characteristics of subjects across the Pisa cohort were:
mean age: 43.5 years, mean BMI: 48.2 kg/m2, male/female: 24%/76%, T2DM 23%.
Thus, overall the characteristics of our UCLH subjects with mean age of 44.5 years,
mean BMI of 48.5 kg/m2, male/female ratio of 25%/75% and T2DM incidence of
29.6%, were somewhat comparable to those reported in other bariatric cohorts.
Below, we focus our discussion on our key findings on the weight-loss effects of
RYGBP and SG in our centre within each procedure, between procedures, in relation
to T2DM status and in relation to FTO genotype (Magi et al., 2013).

Weight-loss effects of RYGBP and SG in the UCLH Bariatric Centre: n the work
outlined in this chapter we compared the efficacy of RYGBP and SG in a single
centre retrospective study at the UCLH tertiary large volume bariatric unit. Moreover,
we compared the efficacy of the two procedures in groups of patients matched for
preoperative adiposity in terms on BMI and %EWL. We found that both RYGBP and
SG induced significant weight-loss within a follow-up period extending up to 30
months post-RYGBP and 24 months post-SG. Direct comparison of the two
procedures across all patients (including patients with and without T2DM) revealed
that RYGBP resulted in superior weight-loss outcomes at all-time points studied as
compared to SG (6 weeks and 3, 6, 12, 18, 24 and 30 months post-surgery). When we
accounted for the presence of a T2DM diagnosis, we found that RYGBP induced
significant weight-loss in T2DM and non-diabetic patients, with no differences
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observed between the two groups. On the other hand, SG resulted in significant
weight-loss at all at all-time points in both patients with and without T2DM, but nondiabetic patients exhibited superior weight-loss as compared patients with T2DM
from 1-year post-SG onwards and up to the maximum study follow-up of 24 months
post-SG. Direct comparison of the two procedures showed that RYGBP induced
superior weight-loss vs. SG in non-diabetic patients at 3 and 6 months post-surgery.
However, after 6 months weight-loss outcomes were comparable. Whereas in patients
with T2DM RYGBP induced superior weight-loss vs. SG at all 3, 6, 12, 18 and 24
months post-surgery.
A number of studies have compared the effects of RYGBP vs. SG surgery in an
attempt to identify the most efficacious procedure. Here, we discuss some of the
highest evidence level available on the topic. In a randomized trial in Greek subjects
Kehagias et al., reported that BMI was reduced to comparable levels following
laparoscopic RYGBP and laparoscopic SG at each of the three years of the study
follow-up. However, SG was shown to be superior to RYGBP in the first two years
post-surgery in terms of %EWL, with again a superior %EWL albeit non-significant
(p = 0.13) observed at the third year of the study follow-up (Kehagias et al., 2011).
The actual magnitude of %EWL achieved in the study by Kehagias et al., was
comparable to that seen in our study as far as RYGBP is concerned; but however,
Kehagias et al., reported substantially greater %EWL post-SG as compared to our
study (Kehagias et al., year-1, RYGBP %EWL=65.5%, SG=72.9; year-2, RYGBP
%EWL=65.3%, SG=73.2; year-3, RYGBP %EWL=62.1%, SG=68.5; our study year1, RYGBP %EWL=68.3%, SG=50.3%; year-2, RYGBP %EWL=67%, SG=44.6;
year-2.5, RYGBP %EWL=66.6%, SG data not available) (Kehagias et al., 2011)
(Table 1.5, Chapter 1). However, Kehagias et al., studied non-superobese patients
(BMI<50 kg/m2), of younger age compared to our cohort (mean age for RYGBP and
SG respectively 33.7 and 36 years). Furthermore, the study n number was lower
(n=30 per procedure), and <8% of their cohort had T2DM; whereas we studied obese
and superobese patients, our n numbers were greater and incidence of T2DM was
higher (28% in RYGBP and 30% in our SG cohort). A second randomized study by
Woelnerhanssen et al., found no differences in %WL in non-diabetic obese patients
up to 52 weeks post-RYGBP and SG (Woelnerhanssen et al., 2011) (Table 1.4,
Chapter 1). The authors studied non-superobese patients (BMI < 50 kg/m2), their n
number was relatively small (n=12 and n=11 for RYGBP and SG respectively), and
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their patient groups were younger (mean age for RYGBP and SG respectively was 41
and 35 years). Since the authors reported %WL, whereas we examined %EWL it is
not possible to contextualise their results in comparison to ours numerically, in terms
of weight-loss outcomes. In a third randomised study Ramon et al., observed
significant BMI reductions following both procedures, with comparable BMI
between the two groups at 3 months post-surgery, but with a significantly lower BMI
at 12 months seen in the RYGBP group vs. SG (Ramon et al., 2012). Their n numbers
were small (n = 7 and n=8 for RYGBP and SG respectively), 2 patients in each group
had T2DM, subjects were non-superobese (BMI: 35-50 kg/m2), and mean age
comparable to the mean age of our groups (46 and 50 years respectively for RYGBP
and SG) (Ramon et al., 2012). Since the authors reported BMI at the end points and
not %EWL it is not feasible to draw direct comparisons with regards to the magnitude
of the achieved weight-loss, especially given the different start-off mean BMI across
our studies. In a fourth prospective randomized trial Peterli et al., reported
comparable weight-loss success for the two procedures extending up to one-year
follow-up across small groups of non-diabetic subjects (n = 12 per procedure, mean
baseline BMI for RYGBP and SG respectively 48 and 45 kg/m2) (Peterli et al., 2012).
The %EWL at 77% for RYGBP and 66% for SG at one year post-surgery was greater
than the %EWL achieved in our subjects for both procedures at the same time-points.
In a more recent randomised trial by the same group, both procedures were found to
be almost equally efficacious regarding weight-loss up to one year after surgery
(Peterli et al., 2013). In this study the authors reported outcomes across cohorts of
107 SG cases and 110 RYGBP cases. Mean age was 42 and 43 years for RYGBP and
SG respectively, whereas mean baseline BMI was 44.2 kg/m2 for RYGBP and 43.6
kg/m2 for SG (Peterli et al., 2013). The prevalence of T2DM was 24% and 26%
respectively for RYGBP and SG (Peterli et al., 2013). %EWL achieved at one, two
and three years post-RYGBP were 77%, 78%, 72%; whereas for the same time-points
post-SG %EWL was 72%, 69%, 62% (Peterli et al., 2013). Thus, overall the %EWL
achieved post-RYGBP was somewhat higher vs. our study, with substantially greater
%EWL reported by Peterli et al., post-SG compared to the %EWL achieved in our
subjects. Helmio et al., in their randomised sleevepass trial also found comparable
weight-loss performance of the two procedures extending up to six months postsurgery (Helmio et al., 2012). In this study 119 cases of RYGBP (mean baseline BMI
45.1 kg/m2) and 121 cases of SG (mean baseline BMI 44.3 kg/m2) were included.
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The reported %EWL at three months post-RYGBP was 41.4%, whereas post-SG
38.2%; thus similar to our observed %EWL which at three months post-surgery was
44.2% and 34.9% for RYGBP and SG respectively. The authors also reported sixmonth %EWL outcome data, which were 52.9% and 49.2%. These outcomes were
somewhat inferior to our %EWL post-RYGBP at the same time point which was
59.2%; whereas in our study SG cases achieved less %EWL at the same time-point of
43.7%, Furthermore, in a randomised trial in diabetics Keidar et al., found no
superiority of RYGBP (n = 19) over SG (n = 18) in terms of both weight-loss and
HbA1c up to 12 months post-surgery (Keidar et al., 2013). In a case control study,
albeit with a large number of subjects, RYGBP (n = 786, mean age 37 years, mean
baseline BMI: 38 kg/m2, 5.5% T2DM patients) was found to induce superior %EWL
than SG (n = 811, mean age 36.4 years, mean baseline BMI: 37.9 kg/m2, 3.9% T2DM
patients) at years one and two post-surgery, with a trend towards greater %EWL also
seen at year 3 (Boza et al., 2012). The %EWL reported by Boza et al., were much
greater than the ones achieved in our centre for both RYGBP and SG [Boza et al.,:
year-1, RYGBP %EWL=97.2%, SG=86.4%; year-2, RYGBP %EWL=94.6%,
SG=84.1%; year-3, RYGBP %EWL=93.1%, SG=86.8 (Boza et al., 2012)] (Tables
1.4, Chapter 1).
Meta-analysis is a powerful statistical tool used to evaluate the literature in a specific
field in a dual qualitative and quantitative manner. By merging data of small clinical
trials a meta-analysis approach increases the possibility of detecting an intervention’s
effects. In a recent meta-analysis across 32 studies by Li et al., found that RYGBP is
superior to SG in terms of weight reduction, albeit the differences were not
significant (Li et al., 2014). Moreover, superiority of RYGBP was demonstrated in
terms of resolution of the obesity associated comorbidities, with higher T2DM
resolution rates post-RYGBP vs. SG; this latter point corroborating evidence of
previous reports linking RYGBP with a T2DM remission rate of 80% and SG 50%
(Buchwald et al., 2009). However, this relative superiority of RYGBP occurred in the
face of higher incidence of complications and higher reoperation rates, while these
were lower post-SG. Importantly out of the studies included only a few had follow-up
data beyond one year and the study by Lim et al., was the only extending to a followup of 5 years; this latter study showed comparable weight-loss effects for SG and
RYGBP (Lim et al., 2014) (Tables 1.4, Chapter 1).
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There are several reasons that could help reconcile the literature discrepant findings
when it comes down to the efficacy of RYGBP and SG in terms of weight-loss. An
obvious such reason is the technical variability relating to different surgeonexperience, seniority level and learning curve, and differences in technical parameters
such as the size of bougie used for SG and the distance of the distal resection site
from pylorus. Furthermore, differences in subject characteristics such as age, start off
BMI, history of comorbid conditions including T2DM, also have a contributory role
to the differential findings reported from different groups (Ortega et al., 2012).
A number of studies have reported on the impact of T2DM on the surgically-induced
weight-loss outcomes. Carbonell et al., in a larger study of more than 650 patients
reported a lower %EWL and higher BMI in T2DM vs. non T2DM patients at 1 year
post-RYGBP (Carbonell et al., 2008); whereas, studies by Yunsheng et al., (Ma et al.,
2006), Perugini et al., (Perugini et al., 2003), and Campos et al., (Campos et al.,
2008) also reported inferior weight-loss outcomes for RYGBP in T2DM patients vs.
patients without underlying T2DM. Furthermore, Ortega et al., also found that T2DM
negatively influenced weight-loss in response to RYGBP and SG surgery (Ortega et
al., 2012). However, when the authors included HbA1c in their multivariate
regression model, T2DM no longer associated with %EWL, thus indicating that the
difference in EWL between patients with and without T2DM could be at least in part
explained by the differences in metabolic control. On the basis of this, the authors
suggested that baseline metabolic control may be considered as a continuous risk
factor from the non-diabetic to the diabetic range, and speculated that the enhanced
lipogenic insulin-mediated effects resultant from decreased post-operative insulin
resistance (by weight-loss) in T2DM patients may limit their weight-loss responses.
Interestingly, in another study by Anderson et al., diabetic men, but not women, lost
more weight that non-diabetic men in response to SG; thus, the authors speculated
that the negative impact of T2DM on weight-loss may apply to men only (Andersen
et al., 2014). Our results indicate i) equivalent performance for RYGBP for patients
with and without T2DM, ii) superior weight-loss by SG in patients without T2DM as
compared to patients with T2DM; therefore, collectively our data suggest a superior
performance of RYGBP vs. SG in patients with underlying T2DM. Subjectcharacteristics, including baseline metabolic status and sex, as well as technical
procedural differences and methodological differences (regression analysis by others
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vs. direct comparison of groups with and without T2DM in our cohort) can explain
these differences in observations by previous studies and our study.

Contribution of common-obesity susceptibility variants in the BMI phenotype of
patients with severe obesity referred for bariatric surgery: The association between
FTO variation and obesity has been well established (Frayling et al., 2007, Dina et
al., 2007, Speliotes et al., 2010, Fawcett and Barroso, 2010). In accordance with the
current literature we also observed that across our database of obese subjects, carrier
status of the A allele (AT and AA subjects) exhibited greater BMI and %EW in
comparison to homozygous subjects for the protective T allele. FTO genotype
accounted for 1.7% of the BMI variability and 1.7% for the variability in EW,
observations that remain in line with the small effect size (ranging between 2-4%) of
GWAS highlighted SNPs on the phenotype in question. When we examined the
effects of FTO genotype on BMI and %EW in our obese non-diabetic subjects, again
the A allele was associated with greater BMI and %EW, however no association of
FTO genotype with these anthropometric indices was seen in our T2DM obese
subjects. This latter observation possibly relates to a type 1 error since the majority of
our subjects did not have a diagnosis of T2DM, thus leaving a small n number in the
T2DM group.
Next, we examined the prevalence of 30 SNPs identified previously by GWAS to
associate with the risk for obesity, across 500 of our obese patients. The frequency of
the risk alleles was mostly in accordance with the Hap Map project and previous
GWAS; however, the frequency for the effect allele was slightly higher in our cohort
for SNPs within or near the FTO, MC4R, TMEM 18, SCE16B, BDNF, NRX3,
NEGRI1, KCTD15 and NUDT3 (Speliotes et al., 2010, Willer et al., 2009). Overall
these results suggest that most loci known to influence BMI in the general population,
also contribute to severe obesity. Nevertheless, these results need to be interpreted
with caution, as our sample number was small.
Subsequently, in an attempt to further understand the contribution of common
obesity-associated SNPs to the BMI phenotype of patients with severe obesity, we
extended the above work by collaboration with the University of Pisa and the
Wellcome Trust Centre for genetics at the University of Oxford. In this extended
work we investigated whether 32 common obesity-susceptibility variants (Table 5.7,
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with 2 more SNPs, rs956885 and rs9299 near OLFM4 and HOXB4 respectively) are
enriched in bariatric patients with severe obesity referred for bariatric surgery as
compared to normal-weight controls (Magi et al., 2013). To this end, we compared
559 patients from UCLH and 444 patients from the Bariatric Unit at the University of
Pisa (mean BMI 48. ± 8.1 and 48.7 ± 7.9 respectively) with a control group of 1809
normal-weight controls; with the control group derived from cases previously
genotyped as part of the Wellcome Trust Case Control Consortium 2 or another
genotyping effort. Key findings of this work were that i) the intronic FTO rs9939609
variant strongly associated with severe obesity, ii) FTO held the strongest association
and the greatest effect size on BMI in patients with extreme obesity and a BMI ≥60
kg/m2, and that iii) that 13 further common obesity-associated SNPs were nominally
associated with severe obesity namely NEGRI, FAIM2, TMEM18, PRKD1, MC4R,
SLC39A8, TNN13K, OLFM4, LRP1B, KCTD15, TFAP2B, GNPDA2 and SEC16B
(Magi et al., 2013). Furthermore, when we examined the cumulative effect of SNPs
on BMI phenotype in patients with severe obesity by generating a genetic risk score
for the 32 genotyped variants, we found that the polygene risk score convincingly
distinguished between the normal BMI and severely obese patients (Magi et al.,
2013). Thus, overall these findings indicated that the strong association with between
FTO variation and BMI is preserved in severe obesity. In addition, these results
suggested that beyond FTO, other common obesity-susceptibility low penetrant
variants also contribute to severe obesity. Finally, collectively these results indicate
that the severely obese phenotype in our bariatric patients represents an extreme tail
of the population BMI variation. Future, genetic studies focused on bariatric patients
would further help to an increased understanding of the obesity genetic basis and
pathogenesis.

Impact of FTO rs9939609 genotype on the weight-loss effects of RYGBP and SG
surgery: To date there is limited data on the effects FTO variation on weight changes
by bodyweight intervention strategies. Most studies have explored the impact of FTO
genotype on weight-loss by lifestyle interventions. In a dietary intervention study by
Razquin et al., lower bodyweight-gain was reported in FTO rs9939609 A-allele
carriers than wild type subjects following a 3-year Mediterranean diet (Razquin et al.,
2010). However, Reinehr et al., reported a trend towards lower weight-loss in AA
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overweight children following 1-year lifestyle intervention (Reinehr et al., 2009).
Furthermore, other studies have failed to detect any effect of FTO genotype on
weight-loss by lifestyle interventions. Firstly, Still et al, failed to detect any
significant effects of FTO genotype on weight-loss by short-term pre-operative diet
and behavioural intervention (Still et al., 2011). Secondly, Franks et al., tested for
genotype-treatment interactions in the Diabetes Prevention Program and found no
association between FTO genotype and weight-loss at one year by lifestyle
interventions (Franks et al., 2008). Thirdly, Lappalainen et al., in the Finnish
Diabetes prevention study reported that the FTO variant rs9939609 did not impact on
weight change achieved by a four-year lifestyle intervention (Lappalainen et al.,
2009). Fourthly, in a study conducted in German obese children and adolescents
assessed at one year after joining an outpatient obesity intervention program, no
impact of FTO genotype on weight-loss was detected (Muller et al., 2008). Lastly, in
a cross-section analysis of data derived from 1500 non-diabetic subjects from the
Tubingen family study, FTO rs8050136, a SNP with a HapMap pairwise with
rs9939609 r2 > 0.8, was associated with higher baseline BMI. However, FTO
rs8050136 had no impact on bodyweight changes at nine months into the Tubingen
lifestyle intervention program (an intervention aimed at 5% weight-loss by diet and
3hr weekly exercise) (Haupt et al., 2008). Therefore, it currently remains
controversial whether FTO plays a role in weight changes achieved by lifestyle
interventions.
Some studies to date have shown an impact of genotype on the weight-loss effects of
bariatric surgery. For example Rinella et al., have implicated a number of SNPs that
may exert a role to the weight-loss success of gastric bypass (Rinella et al., 2013).
Hatoum et al., have reported that weight-loss after RYGBP is associated with a
variant at 15q26.1 (Hatoum et al., 2013). A limited number of studies to date have
assessed the effects of FTO genotype on surgically induced weight-loss. In a study
conducted in Taiwan by Liou et al., no effect of FTO rs9939609 genotype was found
on the weight-loss success of GB, but however the authors reported greater decreases
in BMI and fasting glucose levels in AA subjects vs. the combined AT/TT groups at 6
months following laparoscopic mini gastric bypass (Liou et al., 2011). However,
these reports may be confounded by the approach utilized by the authors, since they
combined the AT with the TT subjects. Given that per allele dose dependent effects
have been attributed to FTO variants, with this approach Liou et al., in essence have
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contaminated their control genotype group. Furthermore, pre-operative start-off BMI
has been shown to significantly impact on the weight-loss success of bariatric surgery
(Still et al., 2011). In the study by Liou et al., the authors have not presented the presurgery BMI for each of the genotype groups, and thus it is unclear whether their
results could have been confounded by BMI differences across the three FTO
genotype groups pre-operatively (Liou et al., 2011). Another study evaluated the
effect of other variants of the FTO gene (rs1421085, rs1121980, rs8050136,
rs7190492 and rs16945088) on surgical weight-loss outcomes (Sarzynski et al.,
2011). This study reported that the rs16945088 FTO variant was associated with
maximum weight-loss following banding (GB and VBG), with minor allele
homozygotes showing 3kg inferior weight-loss compared to homozygotes for the
major FTO allele. No impact of FTO genotype was found on the maximum weightloss response to RYGBP and neither of the procedures associated with weight-regain
following surgery (Sarzynski et al., 2011). Finally, De Luis et al., reported greater
%EWL in TT subjects at 3 months post-BPD compared to AA and AT combined
groups, but equivalent % EWL at 9 and 12 months (de Luis et al., 2012).

Here, we have examined the effects of RYGBP and SG surgery on weight-loss
outcomes in a single tertiary centre high volume bariatric unit. Though our study was
not randomized, its main advantage is the relatively large n numbers at most of the
time-points assessed, and the evaluation of the weight-loss outcomes in groups
matched for pre-operative BMI and %EW. We found that post-SG surgery AA, TT
and AT subjects achieved comparable BMI and %EWL at all studied time-points
extending up to 18 months post-surgery. Similarly, no significant differences were
seen in BMI and %EWL post-RYGBP surgery across AA, AT and TT subjects at all
studied time-points extending up to 30 months post-surgery, with the exception of the
18-month follow-up time point. At the latter all three FTO genotypes achieved
comparable BMI, but AT subjects exhibited significantly lower %EWL compared to
TT subjects. Within groups comparison analysis for RYGBP vs. SG, showed superior
weight-loss outcomes post-RYGBP vs. SG surgery in TT and AT subjects; results
which remain in line with previous reports of superiority of RYGBP, and our findings
in our database analysis where we found RYGBP vs. SG to be more efficacious in
terms of weight-loss outcomes independently of FTO gene status. However,
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homozygotes for the minor at-risk allele A of FTO exhibited equivalent BMI and
%EWL responses to RYGBP and SG. This latter point may potentially indicate a
relatively superior performance of SG in AA subjects, such that it can induce
equipotent effects to those achieved the “gold standard” procedure RYGBP. This is
an interesting observation accounting for the greater effects of SG vs. RYGBP in
reducing circulating ghrelin levels, as shown in Chapter 3 (Yousseif et al., 2013);
coupled with our recently published findings of altered ghrelin profile in healthy
normal-weight AA subjects as compared to TT controls, with AA subjects found to
exhibit a lower fasting ghrelin and attenuated post-meal ghrelin suppression as
compared to TT controls; findings that implicate ghrelin dysregulation in the obesity
predisposition mediated by FTO variation (Karra et al., 2013a).
Key advantages of our study include the single centre treatment for the subjects, with
a standardized surgical approach; and the examination at each of the studied time
points of groups matched for pre-operative BMI and EW. This later point is
particularly important, as the initial start-off weight and BMI have been shown to
impact on weight-loss outcomes (Campos et al., 2008). There are several limitations
in our study that need to be considered, and first of all the relatively small n numbers.
Other reasons that could explain the differences between our study and others,
include differences in preoperative BMI, subjects’ gender ratio and ethnicity, the
amount of final weight-loss, the duration of follow-up, the different types of
procedures examined and differences in operative techniques. Limitations of our
study include the fact that we only focused on weight-loss outcomes and did not
examine outcomes of resolution of obesity comorbidities, including T2DM and/or
HbA1c data, data on complication rates and reoperation rate. Furthermore, our follow
up is limited to 30 months post-surgery and a lengthier follow-up of our cohort in the
future would be more informative on the long-term effects of the two surgeries. We
used %EWL as an outcome measure for weight-loss. It has been suggested that
percentage weight-loss (%WL) may represent a better outcome measure compared to
%EWL, as the former is not confounded BMI (Hatoum and Kaplan, 2013).
Moreover, in our analysis we did not use multilevel linear regression, which could
have been utilized as an alternative mean of interrogating the data, if the variables
fulfilled the prerequisites of the method (i.e. for rectilinear association, normality of
the error terms at each level model and homoscedasticity etc.). Where we compared
the effects of RYGBP vs. SG in relation to FTO gene status, though the AA and TT
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groups were matched for age, however the AT subjects who underwent SG were
older than the AT subjects who underwent RYGBP. Thus, the within-genotype
RYGBP vs. SG comparative data pertaining to the AT group, may be confounded by
this age difference, since age has been identified as a factor impacting on weight-loss
outcomes of bariatric surgery (Manning et al., 2014). Therefore, this limitation will
need to be considered in relation to this specific dataset. In addition, we did not
collate data relating to the degree of physical activity and engagement with exercise
post-surgery, and again this is a factor that could have impacted on the weight-loss
outcomes. Finally, it needs to be considered how drop-outs may have impacted on the
study outcomes, as usually drop-outs tend to associate with worse outcomes.

Our results may have a potential clinical utility. From a surgicogenomic perspective
which advocates a role for a genotype-tailored approach in bariatric surgery, our
results could indicate that SG may be the procedure of choice for AA subjects in light
of its comparable weight-loss performance to RYGBP, and considering its lower
technical complexity, shorter operative time and lower overall complication risk.
Acknowledging the limitations of our study -amongst which the limited sample size,
the ethnic heterogeniity of our subjects- persistence of these observations in our
expanding bariatric cohort, and/or replication of such findings by other groups would
increase the confidence for such an argument. In a broader picture, the prospect of
choosing the optimum procedure for individual patients on the basis of carrier status
for obesity genetic variants would represent a significant clinical advancement. Such
an approach would allow for optimization of outcomes in operated patients and at the
same time would assist in avoiding unnecessary negative outcomes and adverse
effects. Nevertheless, it currently remains unclear whether the genes associated with
BMI phenotype are the same or different to genes that impact on the outcomes of
weight-loss interventions. Acquisition of this knowledge will require the reverse
approach, whereby weight-loss outcomes are examined in relation to genetic makeup. Future studies will be required to establish a role for adopting a surgicogenomic
approach in the clinical setting.
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Chapter 6
FINAL DISCUSSION
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One of the key aims of the work in this thesis was to gain insights into the effects of
the commonly performed bariatric procedures, the ‘gold standard’ RYGBP and SG,
on weight-loss, appetite, circulating gut hormones, plasma insulin and glucose levels.
Furthermore, our studies also focused on gaining additional insights into the genetics
of obesity, by examining the prevalence of common genetic variants associated with
obesity in our cohort of patients with severe obesity; and by assessing the impact of
FTO genotype on the effects of RYGBP and SG. Our findings have been discussed
in detail and contextualized in relation of the current literature on a chapter-tochapter basis. This section is aimed at providing a summary of the key findings of
this work.

In study I detailed in Chapter 3 we report our findings of a prospective, parallelgroup study comparing the effects of RYGBP and SG on anthropometric indices,
appetite and circulating gut hormones at 6 and 12 weeks post-surgery. Our results
showed that:
•

Both RYGBP and SG resulted in marked and comparable reductions in BMI and
adiposity at 6, and 12 weeks; and in comparable %EWL at 6 and 12 months postsurgery. We observed a significant, comparable decline in plasma leptin levels at
6 and 12 weeks post-surgery; with a strong positive association between
circulating leptin and the adiposity traits BMI, fat mass and VFA at both postoperative visits for the RYGBP and SG groups.

•

RYGBP at least in part negated the anticipated rises in acyl-ghrelin levels in
response to weight-loss. Post-SG, fasting and meal-stimulated circulating acylghrelin levels declined, and were significantly lower compared to post-RYGBP.

•

RYGBP and SG resulted in marked and sustained increases in meal-stimulated
PYY3-36 and active GLP-1 compared to pre-operatively. A greater post-prandial
PYY3-36 AUC and active GLP-1 AUC with a more sustained release pattern was
observed following RYGBP compared to SG.

•

Despite the greater enhancements in post-prandial active GLP-1 post-RYGBP as
compared to SG, we observed similar peak and post-prandial insulin responses in
both groups.
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•

RYGBP and SG resulted in marked changes in temporal circulating glucose
patterns with earlier, steeper and greater rises in plasma glucose. Both surgical
procedures resulted in an earlier fall of glucose values post-meal towards fasting
glucose levels, and lower 2hr post-prandial glucose levels; findings that would
indicate improvements in glucose tolerance post-operatively.

•

Both operations resulted in comparable reductions in HOMA-IR. Moreover, both
procedures comparably enhanced the first phase of insulin secretion. RYGBP
caused decreases in the late phase of insulin secretion, but post-SG insulin
AUC60-180 non-significantly increased.

In study II detailed in Chapter 3 we assessed the effects of RYGBP and SG on
anthropometrics, plasma glucose, insulin, glucagon levels, circulating incretins and
the gut hormones PYY3-36 and acyl-ghrelin in another cohort of patients. This study
showed that:
•

Similar to our findings in study I, RYGBP and SG were equipotent in decreasing
BMI, fat mass, VFA and EW at 6 and 12 weeks post-surgery. The significant
post-operative adiposity reductions were associated with marked and comparable
declines in plasma leptin levels following both RYGBP and SG.

•

Neither procedure altered fasting glucose levels, however, glucose excursions in
response to nutrient-intake dramatically changed following both operations, with
a leftward shift of meal-stimulated glucose responses vs. time; steeper rises in
plasma glucose levels early post-meal; higher peak plasma glucose levels; much
faster declines in glucose concentrations from the peak glucose; markedly
reduced late post-prandial glucose levels; and a decline in 2hr post-prandial
plasma glucose concentrations, indicating improved glucose tolerance.

•

We observed no effects of either of the procedures on fasting plasma insulin.
However, similar to plasma glucose, plasma insulin curves were also
significantly changed by RYGBP and SG, and both groups post-operatively
exhibited an accelerated and early insulin secretion post-meal.

•

Both procedures associated with a decline in HOMA-IR, which is a commonly
used surrogate for hepatic insulin resistance.
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•

In this cohort we replicated our observations from study I relating to active GLP1 levels; with fasting active GLP-1 levels unaltered following either procedure,
and both groups exhibiting marked enhancements in post-meal active GLP-1.
However, again RYGBP was associated with more marked increases in postmeal active GLP-1 levels compared to SG.

•

In relation to GIP levels we found that: i) neither RYGBP nor SG altered fasting
T-GIP; ii) both procedures similarly affected the early post-meal T-GIP plasma
levels, which were comparably enhanced at 6 and 12 weeks post-surgery
following RYGBP and SG; iii) the two procedures differentially altered the later
post-meal circulating T-GIP levels, with sharp declines in the late plasma T-GIP
levels post-RYGBP and reduced AUC60-180, whilst AUC60-180 was unchanged
post-SG; iv) RYGBP significantly lowered T-GIP AUC0-180, while T-GIP AUC0180

did not change post-SG; and v) values of I-GIP measured at 12 weeks post-

surgery mirrored those of T-GIP; i.e. neither procedure altered fasting I-GIP,
both operations produced increments in the early post-meal I-GIP plasma levels,
RYGBP reduced late I-GIP plasma levels and I-GIP AUC60-180, while late postmeal I-GIP circulating concentrations and I-GIP AUC60-180 remained unchanged
post-SG.
•

RYGBP and SG augmented fasting plasma glucagon at 12 weeks, and enhanced
post-meal glucagon concentrations at both post-operative visits. The rises in postmeal glucagon levels were more pronounced post-RYGBP.

•

In agreement with study I (Yousseif et al., 2013), we observed again marked
increased increments in post-meal PYY3-36 following both procedures, with again
in this study this effect being more pronounced in the RYGBP group compared
to SG.

•

In accordance with study I, SG was associated with a more favorable profile of
circulating levels of the hunger hormone acyl-ghrelin, with lower levels achieved
post-SG compared to RYGBP.

•

With regards to the effects of the two procedures on appetite we found that: i)
RYGBP resulted in significant and persistent reductions in fasting hunger ratings,
at both post-operative visits, whereas fasting hunger perception returned to
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baseline levels at the 6-week visit post-SG; ii) both procedures reduced mealstimulated hunger; iii) similar to hunger, fasting PFC ratings were significantly
lower post-RYGBP, unaltered at 12 weeks post-SG and both operations resulted
in significantly decreased post-meal PFC; iv) both procedures resulted in
significant increases in fullness perception in the fasted state at 6 weeks postsurgery compared to pre-operatively; v) both procedures increased post-prandial
fullness; and vi) fasting sickness ratings remained unaltered by either of the
procedures, while both procedures increased post-meal sickness. Overall, these
results indicate that despite the comparable weight reductions, subjective appetite
and circulating gut hormones differentially changed in response to RYGBP vs.
SG. Considering the matched adiposity between the RYGBP and SG groups at
the time-points studied, this would suggest that the post-operative alterations in
appetite and gut hormone profiles are weight and adiposity-independent, and
relate to the surgical procedures per se.

In Chapter 4 we built upon our previously published work where we have reported
a novel link between the FTO gene and the orexigenic hormone acyl-ghrelin (Karra
et al., 2013). One of the major findings of these studies was that across two
independent cohorts of healthy, normal-weight, adiposity-matched AA and TT
humans, the AA genotype was associated with significantly lower circulating
concentrations of the orexigenic hormone acyl-ghrelin in the fasted state, attenuated
meal-induced suppression of acyl-ghrelin, and attenuated post-meal suppression of
subjective hunger (Karra et al., 2013). In Chapter 4 we extended this work on the
FTO-ghrelin link by examining the ghrelin phenotype in relation to FTO genotype in
humans with severe obesity. We found no differences in circulating acyl-ghrelin
between our obese AA and TT groups, who showed comparable ghrelin profiles in
all aspects; including fasting acyl-ghrelin, post-meal acyl-ghrelin levels, acyl-ghrelin
AUC0-180, temporal profiles for Δ acyl-ghrelin suppression, Δ acyl-ghrelin AUC0-180,
nadir acyl-ghrelin and time to reaching nadir acyl-ghrelin. We then examined the
effects of SG, a procedure that excises the majority of the Gr-cells at the densest site
of ghrelin, the stomach fundus, in AA and TT subjects. We observed that SG
resulted in comparable reductions in weight and adiposity between the two groups.
Furthermore, fasting ghrelin and ghrelin AUC0-180 comparably declined in the control
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TT genotype post-SG and in the AA group. However, despite the comparable
adiposity of the two groups pre-operatively and at the post-operative assessments,
AA patients post-SG displayed lower fasting acyl-ghrelin with an associated reduced
Δ acyl-ghrelin AUC0-180 as compared to TT controls.
Since in our studies in healthy normal-weight AA and TT subjects, we had found
that AA normal-BMI subjects had attenuated hunger reduction post-meal compared
to the TT adiposity-matched subjects in response to a ~1800 kcal caloric load (Karra
et al., 2013), we then compared hunger in obese AA vs. adiposity matched obese TT
subjects. We found that in obese humans fasting hunger, hunger AUC0-180 and Δ
hunger AUC0-180 were comparable between obese AA and TT subjects. Post-meal
reduction in hunger and PFC were less sustainable in the AA group, and subjective
hunger and PFC post-meal ratings started to rise from nadir values towards baseline
(pre-meal, fasting values) earlier compared to TT subjects. In agreement with our
findings in healthy, normal BMI AA and TT humans who had comparable satiety
profiles, there were no differences in satiety between the obese AA and TT groups.
Finally, we did not detect any differences in the perceived pleasantness of food
intake and sickness between AA and TT obese patients.
When we compared the performance of SG in obese AA vs. obese TT patients we
speculated that if ghrelin signalling is key in the pathogenesis of obesity in relation to
FTO genotype, then post-SG reductions in circulating acyl-ghrelin levels might
result in greater weight-loss in AA compared to TT subjects. In this small cohort of
patients and within a limited follow-up period extending only up to three months
post-surgery, we observed no significant differences in BMI and adiposity post-SG,
with both groups showing significant and incremental weight and fat losses postsurgery. However, interestingly the slope of %EWL was steeper in the AA group,
with some evidence of diversion of the %EWL curves between the two FTO
genotypes in favour of the AA subjects. However, these differences were nonsignificant, and longer follow-up would be needed to assess whether SG ultimately
results in superior long-term weight reduction in AA vs. TT patients. Moreover,
comparable non-significant decreases in hunger were observed in both genotypes
post-SG. However, the AA group exhibited more sustainable post-meal suppression
of hunger from fasting hunger at both post-operative visits compared to TT, and
experienced significant reductions in hunger AUC0-180 at both post-operative
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assessments; whereas hunger AUC0-180 significantly declined only at the 6-week
post-SG visit in the TT group. Furthermore, both groups experienced significant and
comparable reductions in fasting PFC, post-meal PFC and PFC AUC0-180; but again
mirroring the hunger profiles, PFC post-meal tended to be more sustainably reduced
in AA subjects. Finally, SG resulted in significant increases in fasting fullness in the
AA group only, but post-prandial satiety and satiety AUC0-180 were more markedly
enhanced in the TT group. Together these results suggest that SG ameliorated
appetite in both FTO rs9939609 genotypes, but produced superior ameliorations in
hunger, PFC and fasting fullness in the AA group, and a superior increase in postmeal satiety in the TT group. Longer follow-up studies would be needed to examine
how these changes in appetite ultimately translate into long-term weight-loss
outcomes post-SG between AA and TT subjects.

In Chapter 5 we compared the efficacy of RYGBP and SG in a single centre
retrospective study at the UCLH tertiary large volume bariatric unit; in groups of
patients matched for preoperative adiposity in terms on BMI and EW. We found that
both RYGBP and SG induced significant weight-loss within a follow-up period
extending up to 30 months post-RYGBP and up to 24 months post-SG. When we
compared the two procedures across all patients (including patients with and without
T2DM) we found that RYGBP resulted in superior weight-loss at all time points
studied as compared to SG (6 weeks and 3, 6,12,18,24 and 30 months post-surgery).
When we accounted for the presence of a T2DM diagnosis, we observed that
RYGBP induced significant weight-loss in T2DM and non-diabetic patients, with no
differences observed between the two groups. Whereas, SG resulted in significant
weight-loss at all at all-time points in both patients with and without T2DM, but nondiabetic patients exhibited superior weight-loss as compared to diabetics from 1-year
post-SG onwards persisting up to the maximum study follow-up of 24 months postSG. RYGBP induced superior weight-loss vs. SG in non-diabetic patients at 3 and 6
months post-surgery, with however equivalent weight outcomes thereafter. Whereas
in patients with T2DM RYGBP induced superior weight-loss vs. SG at all 3, 6, 12,
18 and 24 months post-surgery.
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Next, we sought to evaluate the contribution of common-obesity susceptibility
variants in the BMI phenotype of patients with severe obesity referred for bariatric
surgery by setting up a database of 625 UCLH obese patients. In extended work
(which was completed after completion of my research placement) by collaboration
with the University of Pisa and the Wellcome Trust Centre for genetics at the
University of Oxford we investigated whether 32 common obesity-susceptibility
variants are enriched in bariatric patients with severe obesity referred for bariatric
surgery as compared to normal-weight controls (Magi et al., 2013). To this end, we
compared 559 patients from UCLH and 444 patients from the Bariatric Unit at the
University of Pisa with a control group of 1809 normal-weight controls. Key
findings of this work were that: i) the intronic FTO rs9939609 variant strongly
associated with severe obesity, ii) FTO held the strongest association and the greatest
effect size on BMI in patients with extreme obesity and a BMI ≥ 60kg/m2, and that
iii) 13 further common obesity-associated SNPs were nominally associated with
severe obesity namely NEGRI, FAIM2, TMEM18, PRKD1, MC4R, SLC39A8,
TNN13K, OLFM4, LRP1B, KCTD15, TFAP2B, GNPDA2 and SEC16B (Magi et al.,
2013). Furthermore, when we examined the cumulative effect of SNPs on BMI
phenotype in patients with severe obesity by constructing a genetic risk polygene
score for the 32 genotyped variants, we found that this polygene score convincingly
distinguished between the normal BMI and severely obese patients (Magi et al.,
2013). Thus, overall these findings indicate that the strong association with between
FTO variation and BMI is preserved in severe obesity. In addition, these results
indicate that in addition to FTO, other common obesity-susceptibility low-penetrant
variants also contribute to severe obesity. Finally, collectively these findings indicate
that the severely obese phenotype in our bariatric patients represents an extreme tail
of the population BMI variation.
Finally, in Chapter 5 we examined the impact of FTO rs9939609 genotype on the
weight-loss effects of RYGBP and SG surgery in the UCLH centre. We found that
post-SG surgery AA, TT and AT subjects achieved comparable BMI and %EWL at
up to 18 months post-surgery. Similarly, no differences were found in BMI and
%EWL post-RYGBP surgery across AA, AT and TT subjects up to 30 months postsurgery. Within groups comparison analysis for RYGBP vs. SG, showed superior
weight-loss outcomes post-RYGBP vs. SG surgery in TT and AT subjects. However,
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homozygotes for the minor at-risk allele A of FTO exhibited equivalent BMI and
%EWL responses to RYGBP and SG. This latter point may indicate superior
performance of SG in AA subjects, such that it can induce equipotent effects to those
achieved the ‘gold standard’ procedure RYGBP.
Collectively this work offers additional insights in the weight-loss outcomes of the
RYGBP and SG, the changes in circulating gut hormones engendered by the two
procedures, and the effects of common obesity-associated variants on the weight-loss
effects of bariatric surgery. Hopefully, ongoing research efforts in the field will
enable the development of less inasive bariatric procedures and novel medical
therapies to combat the epidemics of obesity and diabetes.
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Abstract Laparoscopic Roux-en-Y gastric bypass (LRYGBP)
reduces appetite and induces significant and sustainable weight
loss. Circulating gut hormones changes engendered by
LRYGBP are implicated in mediating these beneficial effects.
Laparoscopic sleeve gastrectomy (LSG) is advocated as an
alternative to LRYGBP, with comparable short-term weight loss
and metabolic outcomes. LRYGBP and LSG are anatomically
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distinct procedures causing differential entero-endocrine cell
nutrient exposure and thus potentially different gut hormone
changes. Studies reporting the comparative effects of LRYGBP
and LSG on appetite and circulating gut hormones are controversial, with no data to date on the effects of LSG on circulating
peptide YY3-36 (PYY3-36) levels, the specific PYY anorectic
isoform. In this study, we prospectively investigated appetite
and gut hormone changes in response to LRYGBP and LSG in
adiposity-matched non-diabetic patients. Anthropometric indices, leptin, fasted and nutrient-stimulated acyl-ghrelin, active
glucagon-like peptide-1 (GLP-1), PYY3-36 levels and appetite
were determined pre-operatively and at 6 and 12 weeks postoperatively in obese, non-diabetic females, with ten undergoing
LRYGBP and eight adiposity-matched females undergoing
LSG. LRYGBP and LSG comparably reduced adiposity. LSG
decreased fasting and post-prandial plasma acyl-ghrelin compared to pre-surgery and to LRYGBP. Nutrient-stimulated
PYY3-36 and active GLP-1 concentrations increased postoperatively in both groups. However, LRYGBP induced greater, more sustained PYY3-36 and active GLP-1 increments
compared to LSG. LRYGBP suppressed fasting hunger compared to LSG. A similar increase in post-prandial fullness was
observed post-surgery following both procedures. LRYGBP
and LSG produced comparable enhanced satiety and weight
loss. However, LSG and LRYGBP differentially altered gut
hormone profiles.

Keywords Laparoscopic Roux-en-Y gastric bypass
(LRYGBP) . Laparoscopic sleeve gastrectomy (LSG) .
Appetite . Acyl-ghrelin . Peptide YY3-36 (PYY3-36) . Active
glucagon-like petide-1 (GLP-1)
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Introduction
Obesity is a leading cause of morbidity and mortality, placing
growing demands on healthcare systems. Bariatric surgery
induces significant long-lasting weight loss, ameliorates
obesity-associated co-morbidities and reduces mortality
[1]. Laparoscopic Roux-en-Y gastric bypass (LRYGBP) is
the ‘gold standard’ procedure, resulting in 65–80 % excess bodyweight loss, decreased appetite, and rapid weightindependent amelioration of type-2 diabetes mellitus (T2DM)
[2–5]. LRYGBP is cost-effective, but technically challenging
with associated mortality—albeit low ∼0.09 % [6]—and micronutrient deficiencies risks, necessitating lifelong followup. Laparoscopic sleeve gastrectomy (LSG) (originally undertaken as a first-step in super-obese patients with subsequent
conversion to a hybrid restrictive–malabsorptive procedure) is
technically less complex, with lower complications and nutritional deficiencies rates than LRYGBP [2]. In light of reports of
comparable weight loss and metabolic outcomes to LRYGBP,
LSG is increasingly undertaken as a stand-alone procedure
[7–10]. However, its long-term efficacy for weight loss and
metabolic benefit remains unclear [8, 10].
Understanding the mechanisms mediating the weight loss
and metabolic effects of bariatric surgery is key for developing
less invasive procedures and medical obesity treatments. Postoperative changes in circulating gut hormones, including
ghrelin, peptide YY (PYY) and glucagon-like peptide-1
(GLP-1), are thought to play a key role to the beneficial
outcomes of bariatric surgery [2].
Ghrelin is produced by X/A-like cells predominantly located in the stomach fundus and proximal small intestine. Its
circulating levels increase with fasting and decrease postprandially. Acyl-ghrelin, the bioactive form, exerts orexigenic
properties and is produced by ghrelin octanoylation in serine3 mediated by ghrelin-O-acyl transferase (GOAT). Acylghrelin is rapidly converted by endogenous esterases to the
main circulating form, des-acyl-ghrelin [11]. Moreover, ghrelin is labile, with highest stability in acidic states [12]. Thus,
plasma acyl-ghrelin assessment requires specific sample processing by addition of esterase inhibitor and plasma acidification [13].
GLP-1 and PYY are released post-prandially by distal gut
entero-endocrine L-cells [2]. Bioactive forms of GLP-1 augment glucose-dependent insulin release and decrease appetite
[2]. Active GLP-1 is rapidly inactivated by the protease dipeptidyl-peptidase-4 (DPP-4). PYY3-36 reduces appetite,
bodyweight and adiposity and is produced by truncation of
the full-length PYY1-36 by DPP-4 [14]. The effects of PYY136 on appetite and feeding are less clear. In rodents, central
PYY1-36 administration stimulates feeding [15], whereas
equipotent or weaker anorexigenic effects to PYY3-36 have
been attributed to peripheral PYY1-36 administration [16,
17]. However, to date, there is no evidence that systemically
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administered PYY1-36 alters human appetite [18]. Accurate
assessment of plasma active GLP-1 and PYY3-36 requires
rapid addition of DPP4-inhibitor to samples [13]. Dietinduced weight loss increases ghrelin and reduces PYY, but
has little effect on GLP-1 [4, 19, 20], whilst in post-LRYGBP
despite the weight loss, ghrelin decreases and marked, weightindependent, increments in nutrient-stimulated plasma PYY
and GLP-1 occur [2–5, 21–24].
LRYGBP and LSG differentially alter gastrointestinal anatomy. LRYGBP reduces stomach volume and bypasses the
majority of the stomach, duodenum and proximal jejunum,
with direct nutrient delivery to the distal gut [2]. In LSG, the
gastric fundus (the major source of ghrelin source) is excised,
and this accelerates gastric emptying and intestinal transit
post-operatively resulting in rapid nutrient delivery to the
duodenum and hindgut [25–27]. Thus, LSG and LRYGBP
produce differential nutrient exposure of entero-endocrine
cells, and as such would be anticipated to differentially alter
circulating gut hormones. Most studies comparing the two
procedures report larger decreases in circulating fasting
and/or meal-stimulated ghrelin after LSG versus LRYGBP
[21, 28–30]; however, findings of their effects on hindgut
hormones have been inconsistent, reporting either comparable
increases in GLP-1 and/or total-PYY [8, 21, 28, 29, 31]; or
superior total-PYY [32] and GLP-1 [30] increases postLRYGBP versus LSG. Technical procedural variations, differences in hormonal isoforms assessed, time-lapse from surgery, subjects’ HOMA-IR and glycaemic status, and differences in subject standardization and sample processing may
account for these discrepancies.
Several studies have measured total-ghrelin, total-GLP-1
and/or total-PYY post-surgery, which depict hormone production, but may not necessarily reflect circulating levels of their
respective bioactive forms. In support of this, DPP-4 activity
declines after LRYGBP [33], whereas GOAT expression is
altered by caloric restriction and plasma GOAT is BMIdependent and thus may change post-bariatric surgery
[34–36]. Moreover, the effects of LSG on the anorectic
PYY-isoform, PYY3-36, are unknown. Therefore, we prospectively compared the effects of LSG and LRYGBP on
anthropometric indices, leptin, acyl-ghrelin, active GLP-1,
PYY3-36, and appetite in non-diabetic patients using our
established subject standardisation and stringent sampleprocessing protocols.

Materials and Methods
Subjects
Ten obese non-diabetic females undergoing LRYGBP (age=
46.8±1.5 years, body mass index [BMI]=45±1.5 kg/m2) and
eight adiposity-matched non-diabetic females undergoing
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LSG (age = 41.4 ± 3.4 years, BMI = 44 ± 1.6 kg/m2) were
recruited. Inclusion criteria were female sex (for purpose of
sex matching), BMI=40–50 kg/m2, aged 18–60 years, and
undergoing their first bariatric procedure. Exclusion criteria
were T2DM, smoking, alcohol consumption >20units/week
and intra-operative/ early post-operative complications. Subjects
gave written consent, and approval was obtained from
University College London Hospitals Ethics Committee (project
09/H0715/65).
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variability, 3.8, 6.6, and 6.8 %; intra-assay variability, 2.6, 4.5,
and 5 %). Plasma leptin and active GLP-1 were assayed by
ELISA (respectively: sensitivity 0.5 ng/mL, 2 pM; inter-assay
variability N/A, 7.5 %; intra-assay variability, 3.2 and 5.2 %)
(radioimmunoassays and ELISAs by Millipore, Watford, UK).
Plasma glucose was determined by enzymatic colorimetric
assay, Infinity™ Glucose Oxidase Reagent (sensitivity
3.3 mmol/L; ThermoFisher, Loughborough, UK). Insulin resistance was calculated using the homeostasis model assessment for insulin resistance, HOMA-IR [38].

Surgical Procedures
Statistical Analysis
LRYGBP included an antecolic–antegastric Roux-en-Y construction with 120-cm alimentary/80-cm biliopancreatic limbs
and a small vertical gastric pouch. LSG was performed as
previously described [37] and calibrated tightly with a 32-Ch
bougie with stapling commenced 5 cm from the pylorus.
Study Protocol
Patients attended for a 500-kcal test meal (43 % carbohydrate/
18 % protein/39 % fat) within 2 weeks pre-surgery and at 6
and 12 weeks (6w and 12w) post-operatively. Subjects
maintained similar food intake, refrained from alcohol 24 h
prior to each study day, fasted from 9 p.m. and drank only
water. At ∼9 a.m. on study days, a peripheral cannula was
inserted, and 1 h was allowed for recovery/habituation [13].
At t0 min, a baseline visual analogue scale (VAS) [13] and a
blood sample were collected. Subjects consumed the test meal
(250 ml Resource2.0+fibre, Nestle Nutrition, Croydon, UK)
within 15 min, with blood drawn at t15, t30 and every 30 min
thereafter until t180 min post-meal. Coincident with blood
sampling, subjects completed appetite VAS [13]. Samples
were processed by previously described stringent protocols
[13].

Results are expressed as mean ± standard error of the mean.
Normal distribution was assessed by D’Agostino-Pearson
omnibus normality test. Integrated area-under-the-curve
(AUC) t0–t180 for appetite and hormone concentrations versus time was calculated using the trapezoid rule. Non-paired
student’s t test was used for between-groups comparisons, and
paired student’s t test and repeated measures one-way ANOVA
with Bonferroni post-hoc for within-groups’ analysis. p< 0.05
was considered significant.

Results
Preoperative Patient Characteristics
The two groups had comparable age, BMI and adiposity and
exhibited similar circulating fasting leptin, acyl-ghrelin, PYY336, active GLP-1, glucose, insulin levels and HOMA-IR at
baseline (Fig. 1, Tables 1 and 2). In response to the test meal,
we observed decreases in hunger and acyl-ghrelin and increases in perceived satiety and in plasma PYY3-36, active
GLP-1, glucose, and insulin, with no between-groups differences (Fig. 1, Tables 1 and 2).

Anthropometric Phenotyping
Post-surgery Changes in Adiposity and Plasma Leptin
Height was determined by a wall-mounted stadiometer (242
Measuring Rod, Seca, UK), and body composition by multifrequency bioimpedance (InBody_720, Biospace, Derwent
Healthcare, UK). Excess weight (EW) was calculated by
subtracting ideal bodyweight (based on BMI=25 kg/m2) from
pre-operative bodyweight. Percent excess weight loss
(%EWL) was calculated as: [100×(bodyweight pre-surgery
− current bodyweight)/excess weight].
Hormone Assays
To limit inter-assays’ variability, samples were processed simultaneously. Plasma insulin, PYY3-36 and acyl-ghrelin were
assayed by radioimmunoassay (assays’ characteristics, respectively: sensitivity 2 μU/mL, 20 pg/mL, 7.8 pg/ml; inter-assay

Both procedures induced comparable, marked reductions in
BMI, fat mass, visceral fat area (VFA) and fasting leptin, with
similar BMI and %EWL observed at 6w and 12w postsurgery (Tables 1 and 2).
Post-operative Fasting and Nutrient-Stimulated Plasma
Acyl-ghrelin Levels
Post-LRYGBP fasting acyl-ghrelin non-significantly decreased at 6w (p =0.06), but rose towards pre-surgery values
by 12w (p =0.74). Post-meal, plasma acyl-ghrelin levels were
reduced compared to pre-surgery at t30 at 6w and 12w postoperatively, whereas acyl-ghrelinAUC0-180 remained unaltered
(Fig. 2, Table 2). At both post-LSG visits, lower fasting acyl-
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ghrelin levels and nutrient-stimulated levels at t30 and t60 were
observed, with a trend towards decreased acyl-ghrelinAUC0180 (p< 0.1) compared to pre-surgery (Table 2). Fasting acylghrelin and acyl-ghrelinAUC0-180 were significantly lower
post-LSG versus post-LRYGBP (Fig. 2, Table 2).
Post-operative Fasting and Nutrient-Stimulated Plasma
PYY3-36 and Active GLP-1 Levels
Fasting PYY3-36 and active GLP-1 did not significantly
change following either procedure (Fig. 3, Table 2). However,
marked augmentation of nutrient-stimulated PYY3-36 and active GLP-1 occurred post-operatively (Fig. 3) (LRYGBP:
PYY3-36 6w and 12w: t15–t180, active GLP-1 6w: t15–
t180, 12w: t15–t150; LSG: PYY3-36 6w: t15–t180, 12w:
t15–t150, active GLP-1 6w: t15–t90, 12w: t30–t120), with
associated increases in PYY3-36AUC0-180 and active GLP1AUC0-180 (Fig. 3, Table 2) (LRYGBP: PYY3-36AUC0–180
6w=↑2.5±0.2-fold, 12w=↑2.3±0.3-fold, active GLP-1AUC0–
180: 6w&12w=↑5.1±0.8-fold; LSG: PYY3-36AUC0–180 6w
and 12w=↑1.7±0.2-fold, active GLP-1AUC0–180: 6w=↑3.1±
0.4-fold, 12w=↑2.4±0.3-fold). The LRYGBP group exhibited
significantly higher PYY3-36AUC0-180 and active GLP1AUC0-180, with higher meal-stimulated levels versus LSG
(PYY3-36, 6w: t90–t150, 12w: t120–150; active GLP-1 6w:
t15–t30, 12w: t30–t180) (Fig. 3, Table 2).
Post-operative Subjective Hunger and Satiety Scores
Fasting hunger significantly decreased post-LRYGBP, but
remained unchanged post-LSG. Both procedures comparably
reduced hungerAUC0-180 in response to the standard test meal
(Fig. 4, Table 2). At 12w, fasting hunger was lower postLRYGBP versus LSG, with no other between-groups differences in hunger (Fig. 4, Table 2).
Fasting fullness non-significantly declined at 6w (p= 0.06),
but returned to baseline by 12w post-LRYGBP, whereas
remained unchanged post-LSG. Both procedures comparably
enhanced postprandial fullness (Fig. 4, Table 2).

Discussion
LRYGBP and LSG reduced BMI, excess weight, adiposity
and plasma leptin at 6w and 12w post-operatively to a similar
extent. Hence, the observed differences in appetite and gut
hormones were not attributable to differences in weight loss
and more likely reflect differences in the surgical procedures
per se.
Our study reports the first comparison of plasma acylghrelin in non-diabetic patients’ post-LRYGBP and LSG.
These procedures produce differential nutrient contact with
ghrelin-producing X/A -like cells. Post-LRYGBP, X/A -like
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cells in the gastric fundus and duodenum remain in situ but
are excluded from nutrient contact. Diet-induced weight loss
increases ghrelin [19]. Yet, despite marked weight loss, postLRYGBP fasting acyl-ghrelin non-significantly decreased at
6w but rose towards baseline values by 12w, whereas at t30
post-meal declined from pre-surgery at 6w and 12w. Our
results suggest that stomach fundus and duodenal ghrelinproducing cells contribute to circulating ghrelin postLRYGBP despite their exclusion from nutrient contact and
that mechanisms independent from X/A -like cell nutrientsensing, for example the vagus nerve [39], may signal mealinduced ghrelin suppression. Chronaiou et al. provided direct
evidence that fundus ghrelin-producing cells remain active
post-LRYGBP by demonstrating superior decreases in ghrelin
post-LRYGBP+fundus resection versus LRYGBP with fundus preservation [23]. Interestingly Barazzoni et al. reported
no change in total ghrelin, but significantly increased acylghrelin at 1, 3, 6 and 12 months post-LRYGBP [24].
Substantial differences in sample handling by addition of
esterase inhibitor and plasma acidification in our study may
underlie these discrepant findings.
LSG removes gastric fundus ghrelin-producing cells and
accelerates nutrient delivery to duodenal ghrelin-producing
cells by increasing gastric emptying [25–27]. After LSG,
40–50 % decreases in fasting total-ghrelin have been reported,
sustained for up to 5 years post-surgery, with reductions in
post-meal circulating ghrelin levels [21, 28, 40]. We also
observed reductions in fasting acyl-ghrelin and acylghrelinAUC0-180 post-LSG. Moreover, as anticipated in view
of the stomach fundus excision, LSG induced superior acylghrelin reductions than LRYGBP. Interestingly, despite removing the majority of the gastric fundus, fasting acylghrelin and acyl-ghrelinAUC0-180 declined by only ∼20–
30 % post-LSG. A possible explanation is that although the
majority of ghrelin-producing cells are in the stomach fundus,
circulating acyl-ghrelin may primarily originate from the duodenum. Alternatively, plasma acyl-ghrelin is highly regulated, and compensatory up-regulation of duodenal ghrelinproduction may occur.
PYY and GLP-1 are released from distal gut L-cells. Postmeal their levels rapidly rise, implicating a yet unknown
neural and/or humoral mechanism to this initial release.
Subsequent PYY and GLP-1 release results from L-cell
nutrient-contact. LRYGBP and LSG increase gastric emptying [25–27, 41] but have different effects on gut nutrientpassage. LRYGBP excludes nutrients from foregut contact
and expedites nutrient delivery to distal gut L-cells, which is
suggested to augment hindgut hormone release; the ‘hindgut
theory’. LSG accelerates gastric emptying, reduces acid production and rapidly transits nutrients into the duodenum and
proximal intestine, enhancing foregut stimulation [2]. Few
studies have examined the effects of LRYGBP on circulating PYY3-36, the anorectic PYY-isoform. This is the
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Fig. 1 Fasting and nutrient-stimulated appetite, gut hormones, glucose
and insulin for the LRYGBP and LSG groups pre-operatively. (A)
Temporal hunger visual analogue scales (VAS) ratings for the LRYGBP
(red, filled squares) and LSG (blue, filled circles). (B) Temporal fullness
VAS for the LRYGBP (red, filled squares) and LSG (blue, filled circles)
groups. (C) Plasma acyl-ghrelin temporal profile for the LRYGBP (red,
filled squares) and LSG (blue, filled circles) groups. (D) Plasma PYY3-
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36 temporal profile for the LRYGBP (red, filled squares) and LSG (blue,
filled circles) groups. (E) Plasma active GLP-1 temporal profile for the
LRYGBP (red, filled squares) and LSG (blue, filled circles) groups. (F)
Plasma glucose temporal profile for the LRYGBP (red, filled squares)
and LSG (blue, filled circles) groups. (G) Plasma insulin temporal profile
for the LRYGBP (red, filled squares) and LSG (blue, filled circles)
groups. Results are expressed as mean±SEM
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1.05±0.02
54±3.3
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13.9±2.2

Mean±SEM

6 Weeks

0.40
<0.05
0.47
<0.01

N/A
<0.01
<0.0001
<0.0001

<0.0001
N/A

pc

53.1±12.3
2,645±388
25±9.0
13,116±546

37.8±5.3
1.02±0.0
49±3.2
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37.4±1.7
19.9±3.0

Mean±SEM

12 Weeks

0.70
0.06
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<0.001
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<0.0001
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pd

0.80
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0.66
0.68

N/A
0.30
0.99
0.45

0.66
N/A

0.13

pe

g

f

e

d

c

b

a

LRYGBP versus LSG at 12w post-surgery

LRYGBP versus LSG at 6w post-surgery

Signifies LRYGBP versus LSG at pre-surgery

LSG 12w post-surgery versus pre-operatively

Signifies LSG 6w post-surgery versus pre-operatively

LRYGBP 12w post-surgery versus pre-operatively

Signifies LRYGBP 6w post-surgery versus pre-operatively

0.08
0.35
0.40
0.32

0.77
0.37
0.95
0.49

0.81
0.56

pf

0.03
0.96
0.72
0.31

0.81
0.22
0.95
0.63

0.84
0.67

pg

P (between groups)

LRYGBP proximal gastric bypass, LSG sleeve gastrectomy, BMI body mass index, EWL excess weight loss, WHR waist to hip ratio, VFA visceral fat area, AUC area-under-the-curve

%EWL (%)
WHR
Total fat mass (kg)
VFA (cm2)
Appetite VAS
Fasting hunger (mm)
Hunger AUC0-180 (mm × min)
Fasting fullness (mm)
Fullness AUC0-180 (mm × min)

Age
Anthropometrics
BMI (kg/m2)
Weight loss (kg)

Mean±SEM

Mean±SEM

Mean±SEM

pa

Pre-operatively

6 Weeks

Pre-operatively

12 Weeks

LSG

LRYGBP

Table 1 Anthropometric characteristics and appetite VAS for the LRYGBP and LSG groups pre-operatively and at 6 and 12 weeks post-surgery (mean ± SEM)
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a

LRYGBP versus LSG at 12w post-surgery

LRYGBP versus LSG at 6w post-surgery

Signifies LRYGBP versus LSG at pre-surgery

LSG 12w post-surgery versus pre-operatively

Signifies LSG 6w post-surgery versus pre-operatively

LRYGBP 12w post-surgery versus pre-operatively

Signifies LRYGBP 6w post-surgery versus pre-operatively

0.97
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74.2±11.3
0.57
30,771±3,528 <0.01

4.2±.01
2,804±443

Mean ± SEM

12 weeks
pe
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<0.01 0.92 0.93
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0.93
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4.2±.01
2,255±328

0.41

0.34
0.94

0.26
0.58

0.88 0.62 0.20 0.25
<0.05 0.13 0.005 0.0001

87.8±10.7
0.09 0.79 0.34 0.87
30,186±4,233 <0.05 0.80 0.007 0.05

100±6.5
<0.01 0.14 0.02 0.001
18,234±1,087 0.09 0.31 0.008 0.002

<0.01 33.4 ±4.9

pc

110±6.3
<0.05
18,725±1,275 0.08

38.9±5.0

Mean ± SEM

LRYGBP proximal gastric bypass, LSG sleeve gastrectomy, PYY peptide YY, GLP-1 glucagon-like peptide-1, AUC area-under-the-curve

Fasting glucose (mmol/L)
Glucose AUC0-180
(mmol × min/L)
Insulin
Fasting Insulin (mU/L)
Insulin AUC0-180
(mU × min/L)
HOMA-IR

Fasting leptin (ng/mL)
Acyl-ghrelin
Fasting acyl-ghrelin (pg/mL)
Acyl-ghrelin AUC0-180
(pg × min/mL)
PYY3-36
Fasting PYY3-36 (pg/mL)
PYY3-36 AUC0-180
(pg × min/mL)
Active GLP-1
Fasting active GLP-1 (pmol/L)
Active GLP-1 AUC0-180
(pmol × min/L)
Glucose

Mean±SEM

Pre-operatively 6 weeks

Pre-operatively 6 weeks

12 weeks

LSG

LRYGBP

Table 2 Gut hormones and glycaemia indices for the LRYGBP and LSG groups (mean ± SEM)
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Fig. 2 The effects of LRYGBP and LSG on plasma fasting, mealstimulated acyl-ghrelin and acyl-ghrelinAUC0–180. Plasma acyl-ghrelin
temporal profile in response to the test-meal for LRYGBP (a) and LSG
(b) groups at pre-surgery (black, solid squares), and at 6w and 12w postoperatively (red, solid circles and green, solid triangles, respectively). c
Acyl-ghrelinAUC0–180 for LRYGBP (black, solid columns) and LSG
groups (grey, solid columns) at pre-surgery and at 6w and 12w post-

operatively. Results are expressed as mean±SEM. *p< 0.05, withingroup at 6w post-operatively compared to pre-surgery; †p< 0.05, within-group comparisons at 12w post-operatively versus pre-surgery; ‡p<
0.05, within-group 6w versus 12w comparison. The p values at the right
upper corner of c indicate one-way ANOVA within-group analysis.
Within-group Bonferroni post hoc and between-group t test significance
is indicated over the corresponding bars

first report of plasma PYY3-36 post-LSG. LRYGBP and
LSG markedly enhanced nutrient-stimulated PYY3-36,
with, however, greater, more sustained post-prandial
PYY3-36 release post-LRYGBP. These findings are in
keeping with the procedural anatomical differences and
suggest that factors originating from foregut and hindgut
regulate PYY3-36 levels. Our findings of superior PYY336 enhancement post-LRYGBP versus LSG are in accord
with those of Valderas et al. for total-PYY [32]. However,
they are at odds with reports of comparable post-prandial
total-PYY following LRYGBP and LSG [21, 29, 31].
Differences in PYY-isoforms assessed, sampling timepoints, subject standardization, sample handling and in
subjects’ HOMA-IR pre-surgery may account for these
discrepancies.
Similarly to PYY3-36, both procedures augmented
nutrient-stimulated active GLP-1 levels, with again greater,
more sustained release observed post-LRYGBP. These

findings are at odds with reports by Chambers et al. of similar
increases in nutrient-stimulated active GLP-1 post-sleeve gastrectomy and gastric bypass in rats [8]. These discrepancies
may be accounted for by structural inter-species rodenthuman stomach differences, which potentially affect gastric
emptying post-surgery and hence gut hormone responses.
Moreover, Chambers and colleagues measured active GLP-1
5 months post-surgery in weight-stable rats, whilst our studies
were undertaken during the acute weight-loss phase. Peterli
et al. have reported greater meal-stimulated active GLP-1
responses at 1 week and non-significant increases 12 weeks
post-LRYGBP versus LSG [21]. In another study, they
showed non-significantly greater active GLP-1 peak and active GLP-1AUC following LRYGBP [29]. Again, methodological and subject-related differences may underlie these
discrepancies.
Despite greater reductions in the ‘hunger hormone’ acylghrelin post-LSG versus post-LRYGBP, paradoxically the
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Fig. 3 The effects of LRYGBP and LSG on fasting, meal-stimulated
plasma concentrations and area-under-the curve (AUC0–180) for PYY3–36
and active GLP-1. Plasma PYY3-36 temporal profile in response to the
test-meal for LRYGBP (a) and LSG (b) groups at pre-surgery (black,
solid squares) and at 6w and 12w post-operatively (red, solid circles and
green, solid triangles, respectively). Plasma active GLP-1 temporal profile in response to the test-meal for LRYGBP (c) and LSG (d) groups at
pre-surgery (black, solid squares) and at 6w and 12w post-operatively
(red, solid circles and green, solid triangles , respectively). PYY3-
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36AUC0-180

(e) and active GLP-1AUC0-180 (f) for LRYGBP (black, solid
columns) and LSG groups (grey, solid columns) at pre-surgery and at 6w
and 12w post-operatively. Results are expressed as mean±SEM. *p <
0.05, **p <0.01 and ***p <0.001 within-group at 6w post-operatively
compared to pre-surgery. †p <0.05, ††p <0.01 and †††p <0.001 for withingroup comparisons at 12w post-operatively versus pre-surgery. The
p values at the right upper corner of e and f indicate one-way ANOVA
within-group analysis. Within-group Bonferroni post hoc and betweengroup t test significance is indicated over the corresponding bars

250

Fig. 4 The effects of LRYGBP and LSG on fasting, meal-stimulated and
area-under the curve (AUC0–180) for subjective hunger and fullness VAS
ratings. Hunger VAS temporal profile in response to the test-meal for
LRYGBP (a) and LSG (b) groups at pre-surgery (black, solid squares),
and at 6w and 12w post-operatively (red, solid circles and green, solid
triangles, respectively). Fullness VAS temporal profile in response to the
test-meal for LRYGBP (c) and LSG (d) groups at pre-surgery (black,
solid squares) and at 6w and 12w post-operatively (red, solid circles and
green, solid triangles , respectively). HungerAUC 0-180 (e ) and
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fullnessAUC0-180 (f) for LRYGBP (black, solid columns) and LSG
groups (grey, solid columns) at pre-surgery and at 6w and 12w postoperatively. Results are expressed as mean±sem. *p<0.05, **p<0.01
and ***p<0.001 within-group at 6w post-operatively compared to presurgery. †p <0.05, ††p <0.01 and †††p <0.001 for within-group comparisons at 12w post-operatively versus pre-surgery. The p values at the right
upper corner e and f indicate one-way ANOVA within-group analysis.
Within-group Bonferroni post hoc and between-group t test significance
is indicated over the corresponding bars
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LRYGBP group exhibited lower fasting hunger; post-prandial
hunger was reduced comparably by both procedures. We also
observed similar post-operative increments in nutrientstimulated fullness perception in both groups. These findings
again are slightly at odds with the accepted notion that PYY336 and active GLP-1 mediate satiety, as LRYGBP induced
superior increases of these anorectic peptides and thus would
be expected to result in greater satiety perception. These
findings highlight that additional factors to active GLP-1 and
PYY3-36 regulate satiety.
The novel finding of our study is the characterisation for the
first time of the effects of LSG on circulating levels of the
anorectic PYY-isoform, PYY3-36. Moreover, our study is the
first to simultaneously measure bioactive forms of ghrelin,
PYY and GLP-1 in the same patient cohort, while concurrently
undertaking parallel appetite assessment. The main strength of
our study is the use of validated subject-standardisation protocols, stringent sample processing [13], and tight groupmatching pre-operatively for the gut hormone confounders
age [42], sex [43] and adiposity [44]. Furthermore, we studied
patients without T2DM, dissecting out confounding effects of
T2DM on the incretin effect [45], circulating PYY3-36 [5] and
ghrelin [46]. The limitations of our study are our small sample
sizes, non-randomization and limited follow-up. We studied
females only as these represent the majority of patients undergoing bariatric surgical procedures in the UK, and future studies
are needed to assess whether gender differences exist in postoperative gut hormone changes. Moreover, studies in patients
with T2DM are required to examine whether their inferior
weight-loss outcome post-bariatric surgery [47] results from
altered/aberrant gut hormone responses. Future larger,
randomised studies with longitudinal assessment of gut hormones, intestinal transit, glycaemic and anthropometric indices
are required to further elucidate the mechanisms underlying the
beneficial effects of LRYGBP and LSG in an attempt to develop novel, less invasive surgical and non-surgical T2DM and
obesity treatments.
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Abstract
The prevalence of severe obesity, defined as body mass index (BMI) $35.0 kg/m2, is rising rapidly. Given the
disproportionately high health burden and healthcare costs associated with this condition, understanding the underlying
aetiology, including predisposing genetic factors, is a biomedical research priority. Previous studies have suggested that
severe obesity represents an extreme tail of the population BMI variation, reflecting shared genetic factors operating across
the spectrum. Here, we sought to determine whether a panel of 32 known common obesity-susceptibility variants
contribute to severe obesity in patients (n = 1,003, mean BMI 48.468.1 kg/m2) attending bariatric surgery clinics in two
European centres. We examined the effects of these 32 common variants on obesity risk and BMI, both as individual markers
and in combination as a genetic risk score, in a comparison with normal-weight controls (n = 1,809, BMI 18.0–24.9 kg/m2);
an approach which, to our knowledge, has not been previously undertaken in the setting of a bariatric clinic. We found
strong associations with severe obesity for SNP rs9939609 within the FTO gene (P = 9.361028) and SNP rs2815752 near the
NEGR1 gene (P = 3.661024), and directionally consistent nominal associations (P,0.05) for 12 other SNPs. The genetic risk
score associated with severe obesity (P = 8.3610211) but, within the bariatric cohort, this score did not associate with BMI
itself (P = 0.264). Our results show significant effects of individual BMI-associated common variants within a relatively small
sample size of bariatric patients. Furthermore, the burden of such low-penetrant risk alleles contributes to severe obesity in
this population. Our findings support that severe obesity observed in bariatric patients represents an extreme tail of the
population BMI variation. Moreover, future genetic studies focused on bariatric patients may provide valuable insights into
the pathogenesis of obesity at a population level.
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societies [2,3,4], despite a flattening in the trend for levels of
overall obesity [5]. Given the disproportionately higher health
burden and healthcare costs associated with severe obesity [6],
understanding the underlying mechanisms, including genetic
factors, is a biomedical research priority.
BMI is heavily dependent on genetic susceptibility as demonstrated by twin and adoption studies [7,8]. Furthermore, in the
quest to elucidate the biological basis of obesity, genome wide
association studies (GWAS) using single nucleotide polymorphisms
(SNPs) have identified more than 40 genetic variants to date that
are associated with BMI or risk for obesity (defined as BMI

Introduction
Obesity is a serious and increasing threat to the health of
populations globally. The high burden of obesity-related comorbidities, such as type 2 diabetes, cardiovascular disease and
certain cancers, heighten the severity of this obesity crisis.
Globally, in 2008 over 200 million men and almost 300 million
women were obese, defined by body mass index (BMI $30 kg/
m2), which represents an approximate doubling of the prevalence
of obesity since 1980 [1]. Alarmingly, the prevalence of severe
obesity (BMI $35 kg/m2) continue to rise rapidly in westernised
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(n = 4) or a documented BMI of ,35.0 kg/m2 (n = 5), which
resulted in a total of 559 patients from the UCLH centre being
included. 36 UCLH patients, who had undergone previous
bariatric surgery for treatment of severe obesity (BMI $35.0 kg/
m2) at other bariatric centres, were included in the case-control
analysis but not in the analysis for SNP effects on BMI. 444 Italian
patients who attended to the Obesity Centre at the Endocrinology
Unit of the University Hospital of Pisa, Italy, from January 2003 to
December 2011, for evaluation prior to bariatric surgery, were
recruited to the study. Thus, 1,003 samples were available for the
case-control analysis and 967 (excluding n = 36 patients who had
previous bariatric surgery) were included in the within-group
analysis. BMI was calculated from the weight and height
measurements recorded at the first visit to the bariatric clinic.
Weight was measured using the Walkthrough Platform A12SS
Stainless Steel Indicator. Height was measured using a wallmounted digital stadiometer. Demographic and comorbidity data
were collected by means of an electronic clinical data record. The
National Health Service Research Ethics Committee approved the
research protocol (ID#09/H0715/65) and all participants provided written informed consent. The control group was comprised
of normal-weight population-based controls from the British 1958
Birth Cohort (B58C) who were previously genotyped either as part
of the Wellcome Trust Case Control Consortium 2 [25] or
another related genotyping effort [26]. From a total of 5,382 B58C
reference samples, we selected individuals with BMI in the normal
range (18.0–24.9 kg/m2, mean 22.861.6 kg/m2), amounting to
1,809 normal-weight controls, 64% of whom were female and
36% male. B58C controls had anthropometric data measured
during a biomedical examination undertaken at the age of 44–45
years [27].

$30 kg/m2) [9,10,11]. The finding that multiple common
variants have effects on the risk of being obese invokes the
‘common disease, common variant’ hypothesis of obesity [12,13].
However, the considerable gap between the 2% of variance
attributable to common variants and the much higher estimated
heritability raises questions over what constitutes the genetic basis
of obesity [12,13]. Previous studies have suggested that individuals
who have extreme obese phenotypes, such as early onset (BMI
$95th percentile achieved before the age of 10–18 years old)
[14,15] or severe adult obesity (BMI $35.0 kg/m2) [16], represent
an extreme tail of the population BMI variation, with a higher
burden of shared genetic factors [17]. Alternatively, extreme
obesity may be viewed as a separate entity with distinct underlying
genetic factors [18]. Previous GWAS reports for severe adult
obesity case-control samples identified associations only with
SNPS within the intronic FTO locus [16,19], consistent with the
robust association of these SNPs with BMI in the general
population [10]. In contrast, other GWAS evaluating early onset
extreme obesity detected loci distinct from those identified in the
meta-analysis of adult BMI [20,21,22]. Importantly, a recent
genome-wide analysis for loci associated with clinical classes of
obesity and extreme BMI tails [11], drawn from populations
within the prior Genetic Investigation of ANthropometric Traits
(GIANT) meta-analysis of adult BMI, detected no new loci
associated with class 3 obesity (BMI $40 kg/m2), in addition to
those uncovered in the original meta-analysis. While two new loci
were found to be associated with class 2 obesity (BMI 35.0–
39.9 kg/m2), this study provides strong evidence that the majority
of common BMI-increasing variants continue to have effects
across the full BMI spectrum.
Bariatric or weight-loss surgery is indicated for patients with a
BMI $40.0 kg/m2 or $35.0 kg/m2 in the presence of at least one
obesity-related comorbidity, and currently represents the most
effective treatment for patients with severe obesity [23]. In light of
the marked health benefits of bariatric surgery, the number of
patients being referred for bariatric surgery assessment is
increasing, with over 340,000 bariatric procedures undertaken in
2011 [24]. The assessment of patients in bariatric surgery centres
thus offers an opportunity to undertake genetic studies in a
population at the upper tail of the BMI spectrum.
Therefore, we investigated whether 32 known common obesitysusceptibility variants are enriched in a cohort of patients with
severe obesity attending a bariatric surgical assessment clinic,
compared with normal-weight (BMI 18.0–24.9 kg/m2) controls.
We found that a genetic risk score, calculated based on all 32
genotyped SNPs, is associated with severe obesity but there was no
significant effect of the genetic risk score on BMI within the
bariatric cohort.

DNA Extraction and Quantification of Bariatric Surgery
Case Samples
All DNA extractions from peripheral blood samples were
performed using the QIAamp DNA Blood Midi Kit (Qiagen)
according to the manufacturer’s instructions. DNA concentration
and purity were determined with UV spectrophotometry (Nanodrop) measuring the spectrophotometric absorbance ratios of
260 nm/280 nm. High quality DNA was considered to have an
A260/A280 ratio of 1.85 - 2.10. All genomic DNA was diluted to a
final concentration of 5 ng/ml.

SNP Genotyping of Bariatric Surgery Case Samples
30 single nucleotide polymorphisms (SNPs) corresponding to
loci identified in the GIANT meta-analysis of adult BMI [10] were
genotyped. Genotyping was not successful for two other SNPs,
rs12444979 near GPRC5B and rs4836133 near ZNF608. Two
further SNPs, corresponding to the additional loci near HOXB5
and OLFM4 uncovered in a meta-analysis of childhood severe
obesity [14] and which also yielded directionally consistent
associations in the meta-analysis of adult BMI [10], were also
genotyped. Of note, the FTO SNP genotyped was rs9939609,
which was the SNP reported in the first GIANT GWAS [9] and is
in strong to complete linkage disequilibrium with other reported
intronic FTO SNPs [28]. Genotyping of bariatric patients was
performed by KBioscience (Hertfordshire, UK). SNPs were
genotyped using the KASP (KBioscience Competitive AlleleSpecific PCR) SNP genotyping system (www.lgcgenomics.com/
genotyping/kasp-genotyping-reagents/). The following quality
criteria were applied to both bariatric cases and B58C control
samples: HWE p-value .0.0001, genotype callrate .95%, and
sample callrate .90%. Blind duplicates were used to detect
possible DNA mixup.

Methods
Study Population and Anthropometric Measures
Patients were recruited from two bariatric centres; the
University College London Hospitals (UCLH) Centre for
Weight-loss, Metabolic and Endocrine Surgery, London, UK
and the University Hospital of Pisa (UHP), Pisa, Italy. Individuals
of European descent were included in the analyses in order to
facilitate comparison with a UK population-based control group.
Patients with a BMI $35.0 kg/m2 who donated a peripheral
blood sample for DNA analysis were recruited to the study. At the
UCLH Centre, 585 patients who attended bariatric surgery clinics
were recruited between October 2009 and October 2012. Of these
585 patients, 26 were excluded due to incomplete clinical data
(n = 11), absence of genotyping (n = 6), unsuccessful genotyping
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(Table S1 in File S1). Upon combining all 32 genotyped SNPs into
a genetic risk score, we found a significant difference in the
average risk score between normal-weight control group and the
bariatric surgery group (P = 8.3610211, adjusted R2 = 0.0043)
(Figure 1). Comparison of the effects of BMI-associated SNPs in
patients in specific BMI categories in the bariatric cohort
(,40.0 kg/m2, 40.0–44.9 kg/m2, 45.0–49.9 kg/m2, 50.0–
59.9 kg/m2, $60.0 kg/m2) and the normal-weight control group
revealed that both the strongest effects for the SNP rs9939609
within the FTO gene (b = 1.0860.23, P = 3.461026) and the
weakest effects for the SNP rs2815752 near the NEGR1 gene
(b = 0.0260.22, P = 0.9) were in the $60.0 kg/m2 BMI category
(Table 3). In order to place our findings in the context of the
recent GIANT-extremes results [11], we compared the effects of
the BMI-increasing SNPs on odds of severe obesity in our study
with those from the GIANT-extremes analyses and detected no
significant differences (Figure 2).
Next, we examined the association of the BMI-increasing SNPs
with BMI within the bariatric surgery cohort alone (n = 967,
excluding n = 36 patients who had previous bariatric surgery).
Nominal associations with BMI were found only for SNP
rs9939609 within the FTO gene (P = 0.01, b = 0.1160.04) and
with SNP rs2815752 near the NEGR1 gene, however, paradoxically, there was a negative effect direction for the NEGR1 locus
effect allele (P = 0.03, b = 20.160.05). Furthermore, the 32 SNP
genetic risk score did not distinguish between BMI values within
bariatric surgery patients (P = 0.264, adjusted R2 = 0.0045). We
then undertook linear analyses, using both standardized and
unstandardized BMI values, to compare the effects on BMI within
the bariatric surgery group with previously published data from
the GIANT meta-analysis of adult BMI (GIANT-BMI) [10].
These analyses revealed no significant differences between the
compared effect sizes (Figure 3A–B).

Statistical Analysis
Statistical analyses were performed using the programs PLINK
[29], SNPTEST [30], and R software environment [31]. Logistic
regression analyses were performed using an additive genetic
model to evaluate the difference between the normal-weight
control group (n = 1,809) and the sample of bariatric surgery
patients (n = 1,003). Additionally, linear regression analyses with
an additive genetic model were performed for BMI within the
bariatric sample-set alone (n = 967, excluding n = 36 patients who
had previous bariatric surgery), firstly using standardized BMI
values (see Model S1 in File S1 for standardization formula) in
order to compare effect sizes within the bariatric cohort with the
known effect sizes derived from inverse standardized BMI values
in the published meta-analysis [10], and secondly, using unstandardized BMI values in considering the BMI distribution of the
bariatric cohort sample-set. To compare between the reference
effect sizes from the published meta-analysis [10] and effect sizes in
the bariatric cohort, we used a standard t-test. Secondary logistic
and linear regression analyses were performed using both
dominant and recessive models. Power analysis for single marker
effects, performed with a genetic power calculator (http://pngu.
mgh.harvard.edu/̃purcell/cgi-bin/cc2k.cgi) taking a trait prevalence of 4%, a risk allele frequency of 20%, and p-value threshold
adjusted for 32 independent samples (a = 0.05/32 = 0.00132),
showed that power estimates for genotype relative risks of 1.1,
1.15, 1.2 and 1.25 were 4.2%, 15.1%, 36.9% and 62.9%
respectively. All analyses were adjusted for gender, age and
country of origin. A previous analysis demonstrated that the
common BMI-increasing SNPs do not appear to have strong allele
frequency differences across five diverse European populations,
including the B58C cohort and an Italian cohort [10], therefore a
specific Italian control sample-set was not sought.
Multiple marker analyses were performed with PLINK [29]
using genetic scores calculated from all 32 genotyped markers with
their relative weight based on their effect sizes in the published
meta-analysis [10] (Model S2 in File S1). Linear regression model
in R was used for evaluating the predictive value of the genetic
score in relation to BMI within the bariatric cohort and logistic
regression was used to determine the extent to which genetic
scores distinguished between the normal-weight control and
bariatric cohort groups.

Discussion
In a comparison with normal-weight controls, our analysis of
genotype data from European adults with severe obesity attending
two bariatric surgery centres has again demonstrated a strong
association of the intronic FTO SNP rs9939609 with severe
obesity. Furthermore, we have shown that a further 13 of the other
31 obesity susceptibility loci that we investigated are at least
nominally associated with severe obesity in this cohort of patients
being assessed for bariatric surgery. Combination of the 32 SNPs
into a genetic risk score convincingly distinguished between
normal BMI controls and severely obese patients, which further
highlights the influence of common variants on the presence of
severe obesity in adults. Our study is, to our knowledge, the first to
perform such a comprehensive polygene risk score in a cohort of
patients with severe obesity specifically in the setting of a bariatric
surgery clinic, ranging from complicated class 2 obesity (BMI
35.0–39.9 kg/m2 in the presence of at least one obesity-related
comorbidity) to the super super-obese category (BMI $60.0 kg/
m2) (Table 3). Our results suggest that severe obesity represents an
extreme of the continuum of BMI variance in the general
population, consistent with the results from the recent GIANTextremes analysis [11].
The methodological approach relating to the polygene risk
score represents a novel aspect of our study. While one previous
case-control GWAS also specifically studied subjects with severe
obesity (mean BMI 50.468.1 kg/m2), who were attending a
bariatric surgery centre, there are important differences between
our study design and that of the Cotsapas et al. study [16]. After
finding a genome-wide association with severe obesity for the FTO

Results
A total of 1,003 patients attending a bariatric surgery assessment
clinic were included in the case-control analyses (see Table 1 for
baseline demographic and anthropometric characteristics). Firstly,
we undertook a comparison of the effects of BMI-raising SNPs in
the normal-weight control (n = 1,809) and the bariatric surgery
(n = 1,003) groups to determine whether known BMI-increasing
SNPs are associated with severe obesity in our cohort. We found
associations for SNP rs9939609 within the FTO gene
(P = 9.361028) and SNP rs2815752 near the NEGR1 gene
(P = 3.661024). Directionally consistent nominal associations were
also detected for SNPs at the FAIM2, TMEM18, PRKD1 and
MC4R(B) loci (P,0.01), and at the SLC39A8, TNNI3K, OLFM4,
LRP1B, KCTD15, TFAP2B, GNPDA2 and SEC16B loci (P,0.05)
(Table 2). Analysis of SNPs at the other 18 loci did not reveal any
evidence of association. However, 9 of these 18 SNPs had effects
directionally consistent with the GIANT meta-analysis results
(Table 2). Secondary analyses using both dominant and recessive
models revealed similar results to the additive model (Table S1 in
File S1). Stronger associations were found for six SNPs using the
dominant model and for two SNPs using the recessive model
PLOS ONE | www.plosone.org

3

August 2013 | Volume 8 | Issue 8 | e70735

Genetics of Obesity in Bariatric Surgery Patients

Figure 1. The boxplot displays genetic risk scores in bariatric patients compared to normal-weight controls. The average genetic risk
score differentiated well between normal-weight controls group and the bariatric surgery group (P = 8.3610211).
doi:10.1371/journal.pone.0070735.g001

of obesity at increasing levels of severe obesity. The robust
association of the FTO locus with severe obesity is likely to be
mediated through well-documented effects on increasing energy
intake [35], and it is highly likely that the altered function in the
FTO gene itself is mechanistically responsible for the phenotypic
effects [36]. However, the mechanisms underlying the FTO risk
allele phenotype and the SNP effects on FTO gene function remain
to be fully explored. Interestingly, in this regard, recent evidence
suggests that the functional effects of the FTO SNP rs9939609 may
be mediated through differential methylation of FTO itself [37]
and myriad other genes [38].
Along with the strong association of the FTO locus, we also
detected association of the SNP rs2815752 near the NEGR1 gene
with severe obesity. This NEGR1 SNP ranked among the top four
most strongly associated with extremes of obesity of all 32 BMIassociated loci in the GIANT analyses [10,11]. Interestingly, we
found that the NEGR1 risk allele had a negative effect direction in
relation to BMI within the bariatric cohort, a finding that reached
nominal significance and in keeping with the consistent decreasing
trend in effect size with increasing BMI categories observed
(Table 3). Notably, a recent GWAS analysis demonstrated an
association of two deletions (43 kb and 8 kb) upstream of NEGR1
with early onset extreme obesity [22]. Importantly, these deletions
segregate on distinct haplotypes [9]. The rs2815752 SNP is known
to tag the 43 kb deletion [9], however the protective 8 kb deletion
is the major driver of the association with extreme obesity at the
NEGR1 locus and is tagged by an alternative SNP (rs1993709)
[22]. In this context, our findings suggest that the NEGR1
rs2815752 SNP contributes to the genetic risk of severe adult
obesity, likely driven by the alternative signal [22], but that the

locus, the investigators then evaluated 12 of the known BMIassociated loci for association with severe obesity. They found that
there was a higher burden of risk alleles in patients with severe
obesity than in controls and in the more extreme half of BMI
distribution within this bariatric cohort [16]. In contrast, we
employed a more comprehensive analysis evaluating the contribution of 32 common BMI-increasing SNPs to severe obesity.
Rather than using the approach of comparing number of risk
alleles as in the Cotsapas et al. study, the genetic scores in our study
were calculated based on the relative weight of the SNP effect sizes
reported in GIANT-BMI meta-analysis. Furthermore, our study
employed a comparison with normal-weight controls, whereas the
anthropometric data of the controls in the Cotsapas et al. study
were not available. Previous studies have used such risk scores in
the setting of extremes of obesity, with varying results, however
these studies employed a more limited panel of SNPs
[15,16,22,32]. Nevertheless, the polygenetic approach employed
in the GIANT-extremes analysis demonstrates the utility of
combining multiple common variants, including those with effect
size ,0.05, in explaining BMI variance [11].
Our results are consistent with previous studies demonstrating
that SNPs in the first intron of FTO bear the strongest association
with obesity, of the known BMI-raising SNPs [10,16,19], and also
are
strongly
associated
with
extremes
of
obesity
[11,16,19,20,22,33,34]. We found that the FTO SNP rs9939609
was also nominally associated with BMI within the severe obese
cohort. Furthermore, among the 32 loci, the FTO locus held the
strongest association and largest effect size in patients with a BMI
$60.0 kg/m2. Taken together, these findings suggest that FTO
variants retain an important contributory role in the pathogenesis
PLOS ONE | www.plosone.org
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Figure 2. Results of our logistic regression analysis were compared with the GIANT-extremes results using combined data from
obesity class 2 and 3 groups [11]; in terms of odds ratio (OR) with 95% confidence intervals (CI). There were no significant differences
between the compared OR. See Table 2 for allocated reference numbers of SNPs. The diagonal line represents the expected plotted values for our
results, based on the GIANT-extremes results. The SNPs below the diagonal line are those which had a larger effect in our study compared to GIANTextremes, whereas the SNPs above the diagonal line represent SNPs which had a larger effect in GIANT-extremes compared to our study.
doi:10.1371/journal.pone.0070735.g002

effects may be predominantly relevant at lower points on the
continuum of severe adult obesity. The comparable effects
observed in our study and data from Wheeler et al. [22] highlights
the important contribution of the NEGR1 locus to both adult and
early onset forms of severe obesity. However, further studies with
increased power are required to confirm our finding that, contrary
to the early onset form [22], there is a relatively smaller
contribution of the NEGR1 locus at the extreme tail of the severe
adult obesity spectrum. Of note, NEGR1 has been implicated in
hypothalamic control of body weight and food intake [39].
Evidence for a possible functional basis for the association effects
of variants at the NEGR1 locus have also been explored [22].
Evidence that the 8-kb deletion upstream of NEGR1 encompasses
a single binding site for a transcriptional repressor of NEGR1
begins to provide valuable insights into why these NEGR1 variants
are associated with severe obesity [22], however the downstream
mechanisms underlying the association remain to be elucidated.
The lower magnitudes of association with severe obesity found
for the other 12 BMI-increasing SNPs suggest that these loci exert
a smaller influence on the development of severe obesity.
However, power issues relating to the sample size of our study

Table 1. Baseline demographic and clinical characteristics of
bariatric patients.

All

UCLH

UHP

Total number (n)

1,029

585

444

Excluded (n, %)

26

26

0

Included (n, %)

1,003

559 (56)

444 (44)

Age* (years)

44.6611

45.5610.8

43.5611.1

Female (%)

709 (71)

370 (66)

339 (76)

Male (%)

294 (29)

189 (34)

105 (24)

BMI* (kg/m2)

48.468.1

48.767.9

48.268.3

Type 2 diabetes (n, %)

260 (26)

157 (28)

104 (23)

Metabolic risk** (n, %)

583 (58)

299 (53)

284 (64)

Prev. bariatric surgery (n, %)

36 (4)

36 (6)

0 (0)

*Data are shown as mean 6 SD.
**Defined as presence of $1 major cardiovascular risk factor.
doi:10.1371/journal.pone.0070735.t001
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Figure 3. Effect sizes (i.e. changes in BMI) within the bariatric cohort, calculated by using standardized BMI values were compared
with the known effect sizes derived from inverse standardized BMI values in the GIANT-BMI meta-analysis [10] (A), and by using
unstandardized BMI values (B). Of note, the FTO marker effect size plotted for the GIANT-BMI data relates to the SNP rs1558902 (SNP rs9939609
in our study). There were no statistically significant differences between the compared effect sizes. See Table 2 for allocated reference numbers of
SNPs.
doi:10.1371/journal.pone.0070735.g003

are likely to have impacted upon the strength of the associations.
Our finding that only 9 of the remaining 18 SNPs had effects
directionally consistent with the GIANT-BMI results [10] raises
the possibility that a proportion of SNPs that are associated with
BMI in the general population may not contribute to severe
obesity. This is in contrast with the data from the GIANTextremes analysis, in which the effects of all 32 BMI-associated loci
on all obesity-related traits were directionally consistent with the
prior study of adult BMI, although 4 SNPs were not at least
nominally associated with class 3 obesity [11]. However, it is
important to note that there is a considerable overlap between the
populations used for GIANT-extremes [11] and the prior GIANTBMI meta-analysis [10]. Our study was undertaken in an
independent cohort of patients with severe obesity, and this
methodological difference may account for our divergent findings.
There is also evidence from the recent study in the SCOOP cohort
(UK children of European ancestry with severe early-onset obesity,
n = 1,509) [22], that there is an incomplete overlap between loci
influencing obesity-related phenotypes among the general adult
population (GIANT) or early onset severe obesity (SCOOP). This
concept is supported by comparing results from case-control
studies of extreme obesity, including our findings, summarized in
Table S2 in File S1, suggesting that extreme obesity is a
heterogeneous disorder with varying genetic influences, both
shared and unshared across the spectrum. Nevertheless, in our
study, we did not find any significant differences between odds
ratios or effect sizes when compared with GIANT-extremes data
[11] (Figure 2) or GIANT-BMI data [10] (Figure 3A–B)
respectively. Therefore, the relatively small sample sizes in the
studies summarized in Table S2 in File S1 may have impacted
upon the strength of the associations with common BMIassociated variants detected, in particular for risk alleles with
relatively lower frequencies such as the PRKD1 risk allele.
Interestingly, the sample size in our study compares well with
PLOS ONE | www.plosone.org

that of class 3 obesity in the GIANT-extremes study, drawn from a
pool of over 260,000 individuals, highlighting the productive
potential for undertaking genetic studies in patients attending
bariatric centres.
There are a number of potential limitations pertaining to our
study, chief amongst them is the lack of a ‘hypothesis-free’ study
design. Our results should be interpreted with caution, in this
regard, as our research question may have introduced a bias into
the findings. Furthermore, our study did not address other genetic
factors such as highly penetrant rare variants, that may exert an
increasing contribution in more extreme obesity and therefore
contribute to the ‘missing heritability’ of BMI-related phenotypes
[12]. For example, the recent genome-wide copy number variation
(CNV) analysis again in the SCOOP cohort demonstrated a
higher burden of rare, and in particular, singleton CNVs in the
extreme obesity cohort compared to controls [22]. Furthermore,
we acknowledge that our study is insufficiently powered to
replicate findings for all BMI-associated loci, many of which were
identified only using sample sizes several orders of magnitude
higher than in our study [10]. However, the potential to replicate
some of the strongest signals remained and we were also able to
test if any known loci had stronger effects in such an extreme
obesity dataset compared to the published population-based data.
Our findings in relation to the modest effects of these specific
common BMI-associated variants, as aptly demonstrated in
Figure 1, are consistent with the well-documented gap between
explained variance due to common variants (,2%) and estimated
heritability (h2) of obesity (,40–70%) [12,13,40]. However, a
novel approach called genome-wide complex trait analysis
(GCTA) has yielded results that suggest there are a multitude of
low penetrance common variants, each with causal effects too
small to allow detection by GWAS, together accounting for up to
17% of the overall BMI variance [41], which has been further
corroborated by the GIANT-extremes polygene analysis [11].
6
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Table 2. Results of logistic regression for the 32 genotyped SNPs.

#Ref

Nearest gene

Chr

rsid

EA

EAF cases EAF controls

b

P

OR
24

#1

NEGR1

1

rs2815752

A

0.67

0.59

0.25

3.6610

#2

PTBP2

1

rs1555543

C

0.57

0.60

20.12

0.08

0.88

#3

SEC16B

1

rs543874

G

0.22

0.21

0.17

0.04

1.19

#4

TNNI3K

1

rs1514175

A

0.45

0.41

0.18

0.01

1.19

#5

FANCL

2

rs887912

T

0.32

0.29

0.13

0.09

1.14

#6

LRP1B

2

rs2890652

C

0.16

0.14

0.23

0.02

1.26

#7

RBJ

2

rs713586

C

0.48

0.49

20.004

0.95

0.996

#8

TMEM18

2

rs2867125

C

0.84

0.81

0.26

0.005

1.29

#9

CADM2

3

rs13078807

G

0.22

0.19

0.14

0.11

1.15

#10

ETV5

3

rs9816226

T

0.83

0.81

0.17

0.07

1.18

#11

GNPDA2

4

rs10938397

G

0.45

0.41

0.16

0.02

1.17

#12

SLC39A8

4

rs13107325

T

0.09

0.07

0.35

0.008

1.42

#13

FLJ35779

5

rs2112347

T

0.62

0.63

20.07

0.36

0.93

#14

NUDT3

6

rs206936

G

0.23

0.19

0.07

0.44

1.07

#15

TFAP2B

6

rs987237

G

0.20

0.17

0.22

0.02

1.24

#16

LRRN6C

9

rs10968576

G

0.27

0.31

20.003

0.97

0.997

#17

BDNF (B,M)

11

rs10767664

A

0.78

0.77

0.16

0.06

1.17

#18

MTCH2

11

rs3817334

T

0.42

0.41

0.06

0.41

1.06

#19

RPL27A

11

rs4929949

C

0.46

0.52

20.06

0.36

0.94

#20

FAIM2

12

rs7138803

A

0.40

0.36

0.21

0.004

1.23

#21

MTIF3

13

rs4771122

G

0.23

0.22

0.09

0.27

1.10

#22

OLFM4

13

rs9568856

A

0.14

0.12

0.25

0.02

1.28

#23

NRXN3

14

rs10150332

C

0.21

0.21

0.16

0.06

1.18

#24

PRKD1

14

rs11847697

T

0.06

0.04

0.44

0.007

1.55

#25

MAP2K5

15

rs2241423

G

0.75

0.77

20.05

0.56

0.95

#26

FTO

16

rs9939609

A

0.49

0.38

0.38

9.261028

1.47

#27

SH2B1

16

rs7359397

T

0.33

0.39

20.14

0.05

0.87

#28

HOXB5

17

rs9299

T

0.64

0.66

20.09

0.2

0.91

#29

MC4R (B)

18

rs571312

A

0.27

0.22

0.22

0.007

1.24

#30

KCTD15

19

rs29941

G

0.71

0.67

0.17

0.02

1.19

#31

QPCTL

19

rs2287019

C

0.84

0.81

0.16

0.08

1.17

#32

TMEM160 (Q)

19

rs3810291

A

0.66

0.68

20.12

0.12

0.89

1.29

#Ref, reference number of SNPs allocated for Figures 2 and 3; Chr, chromosome; rsid, reference SNP identification number; EA, Effect allele, i.e, BMI-increasing allele as
reported in the GIANT-BMI meta-analysis; EAF, effect allele frequency; b; effect size; OR, odds ratio.SNPs yielding at least nominal evidence for association are
highlighted in bold and SNPs with effect direction inconsistent with GIANT-BMI results are highlighted in italics.
doi:10.1371/journal.pone.0070735.t002

In summary, we have demonstrated that, among 32 BMIincreasing common variants, at least 2 are strongly associated and
12 other variants are nominally associated with severe obesity in
patients attending a bariatric surgery centre. Combination of all 32
genotyped SNPs in a genetic risk score was associated with severe
obesity, however the risk score was not associated with actual BMI
within the bariatric cohort. We conclude that significant effects of
individual BMI-associated common variants can be found even in
a relatively small sample size, in a comparison of a bariatric cohort
to normal-weight controls, and that the burden of such lowpenetrant risk alleles contributes to severe obesity in this
population. These findings add more support to the hypothesis
that severe obesity represents an extreme tail of the population
BMI variation. However, the limitations of our study prevent us
from drawing any conclusions regarding the relative importance of
common genetic variants compared to other factors, genetic or

Such a GCTA approach has also been undertaken in a recent
analysis of twin studies and revealed that 37% of BMI h2 could be
explained by the effects of multiple common SNPs [42]. An
additional consideration is that the heritability of severe obesity is
not as well delineated as for overweight and lower levels of obesity,
although familial aggregation of severe obesity is well documented
[40]. Many of the classical twin studies involve less obese
populations and are not directly generalizable to severe obesity
[7,8]. Gene-environment interactions are another potential
explanation for the unexplained heritability [40]. In this light,
while our results suggest that accumulation of common variants
predisposes to severe obesity, actual BMI in adults with severe
obesity may be relatively more dictated by other factors including
environmental influences [43], compared to individuals in lower
BMI categories.
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Table 3. Association results with FTO SNP rs9939609 and NEGR1 SNP rs2815752 in categories of BMI, compared with normalweight controls.
BMI Categories (kg/m2)

35.0–39.9

40.0–44.9

45.0–49.9

50.0–59.9

$60.0

n

116

237

270

246

84

P

0.1

0.01

0.002

0.047

3.461026

b

0.35

0.35

0.40

0.26

1.08

SE

0.21

0.14

0.13

0.13

0.23

FTO SNP

NEGR1 SNP
n

116

239

266

250

83

P

0.11

0.01

0.08

0.07

0.93

b

0.32

0.33

0.22

0.22

0.02

SE

0.20

0.13

0.12

0.12

0.22

b, effect size; SE, standard error.
doi:10.1371/journal.pone.0070735.t003

otherwise, that are likely to contribute to severe obesity.
Nevertheless, future genetic studies focused on bariatric patients
may provide valuable insights into the pathogenesis of obesity at a
population level.
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