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Abstract
Propionate is a short chain fatty acid produced in the colon via fermentation of undigested foods.
Elegant in vitro and in vivo studies have shown that increased production of propionate in the gut
can reduce body weight and energy intake, and improve glucose homeostasis. These positive
effects have been attributed to increased levels of the gut hormones, PYY and GLP-1, increased
energy expenditure and improved beta-cell function. Furthermore, bariatric surgery increases levels
of colonic propionate and this likely contributes to the huge weight loss seen with this treatment.
Additionally, other short chain fatty acids and the consumption of fermentable carbohydrates to
increase levels of short chain fatty acids can delay gastric emptying and affect the central regulation
of appetite. Taken together, these findings suggest propionate could have several beneficial health
effects in humans.

Inulin-propionate ester was developed to deliver propionate to the colon. Effects of acute delivery
of propionate to the colon with a single dose of inulin-propionate ester was investigated in healthy
human volunteers on energy intake, subjective ratings of appetite and satiety and plasma glucose
and insulin levels. Potential mechanisms for any effects were explored by assessing plasma levels
of PYY and GLP-1, gastric emptying using

13C-octanoic

acid, energy expenditure using indirect

calorimetry, and central effects using fMRI. In addition, encapsulated sodium propionate was used
to assess delivery to the small intestine on appetite and glucose and insulin levels.

Acutely increasing colonic levels of propionate significantly reduced energy intake, increased
satiety, increased levels of PYY and GLP-1, and reduced anticipatory food behaviour in humans.
No effects were observed on gastric emptying, plasma levels of glucose and insulin and energy
expenditure. In addition, delivery of propionate to the small intestine did not affect appetite or
plasma levels of glucose and insulin.

Colonic propionate significantly reduced energy intake and reduced appetite likely through
increasing levels of GLP-1 and PYY and reducing anticipatory food behaviour. In addition,
propionate does not affect appetite or glucose and insulin levels via the small intestine. As obesity
is a growing epidemic, it is likely that interventions that increase colonic propionate levels could
prevent weight gain or drive weight loss by regulating energy homeostasis.
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Chapter 1 Introduction
1.1 Obesity
1.1.1

Definition

The World Health Organisation (WHO) characterise obesity and being overweight, as the excessive
or abnormal accumulation of body fat which may impact upon health (World Health Organization,
2015). More commonly, obesity is classified through the body mass index (BMI). The BMI is
calculated based on the mass of the person in kg divided by the height of the person in m 2 to give
an approximation of the total amount of body tissue (muscle, bone and fat). The BMI is then
categorised as underweight, normal, overweight or obese. A BMI of over 25 kg/m2 defines a person
as overweight and a BMI of over 30 kg/m 2 defines a person as obese.
Obesity is a rapidly growing worldwide epidemic, which now affects over 600 million adults and 42
million children under the age of 5 worldwide (World Health Organization, 2015). Approximately 8%
of deaths in Europe can be attributed to obesity and diseases related to obesity (Public Health
England, 2007). In 2007, obesity cost the UK economy approximately £15.8 billion, including £4.2
billion in costs to the National Health Service. Further costs to the economy come from diseases
associated with obesity impacting upon day-to-day lives and preventing sufferers from going to
work (Public Health England, 2007).

The excess accumulation of body fat is likely caused through a constant and complex relationship
between genetic predisposition and the environment. The rise in obesity is foremost likely linked to
modern food production and wider availability of energy-dense or ‘fast’ foods. In addition to this,
amounts of exercise and energy expenditure have declined due to the modern sedentary urban
lifestyle (McPherson et al., 2007).
As well as changes in eating habits, several monogenic and polygenic genes have been identified
which regulate food intake and energy balance. Mutations in these genes can affect the central
regulation of food intake and energy homeostasis, resulting in the accumulation of excess body fat.
It is likely these genetic mutations are also contributing to the rise in obesity cases (Choquet and
Meyre, 2011).
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1.1.2

Relationship between obesity and non-communicable diseases

It is well documented that there is a relationship between obesity and chronic diseases, hence the
imminent need to reduce levels of obesity. Excess body fat increases the risk of cardiovascular
disease. Specifically high blood pressure,hyperlipidaemia, atherosclerosis (Re, 2009). (McGill et
al., 2002) have all been linked to being overweight or obese. Additionally, obese individuals are
more likely to have an increased risk of heart attack and sudden cardiac death (SCD) (Plourde et
al., 2014). Individuals suffering from obesity also have an increased risk of suffering from a stroke.
This is because most overweight people have high cholesterol, high blood pressure and high levels
of fats in their blood which all increase the susceptibility of having a stroke (Mitchell et al., 2015).
Additionally, obese individuals are more likely to develop type 2 diabetes due to its link to insulin
resistance, (Lois and Kumar, 2009). Obesity also increases the risk of developing cancers through
various linked mechanisms (Calle et al., 2003, Wolin et al., 2010). It is also known that there is a
strong association between depression and obesity (de Wit et al., 2010).

1.1.3

Current treatments and solutions for obesity

The long-term management of obesity can be complicated. Treatments aim to decrease weight to
a normal BMI and reduce the risk of serious disease, so long-term health is not impacted. In
particular, the prevention of any future weight gain after weight loss is very important. Treatments
should take into account that weight regain is common and may hinder the overall weight
maintenance and loss process. A solution which enables weight loss and maintenance of a normal
weight to avoid any long-term health conditions needs to be rapidly sought.
Lifestyle changes
Commonly, the first method to address excessive body fat is targeting diet and exercise. Many
studies have shown that exercising for 30 minutes, 5 times a week can stop weight gain and
encourage weight stability(Office of Disease Prevention and Health Promotion, 2008). A common
contributor to obesity is a poor unbalanced diet (normally too much sugar and fat), so specifically,
diets should be changed to reduce the fat and sugar intake and encourage eating less, more often.
Overweight people can improve their health and prevent risk of chronic disease by changing diet
and exercising more even if initially they do not lose weight. Over a 12 month period, a combined
approach between physical activity and diet has been found to be more effective for weight loss
rather than doing exercise or diet alone(Johns et al., 2014).

Evidence on whether lifestyle

interventions successfully reduce and maintain weight loss is controversial. Some studies show
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lifestyle interventions to be effective for long-term weight loss(Tuomilehto et al., 2001), however the
majority of studies indicate that lifestyle interventions alone are unable to sustain weight loss and
regain. In one study, more than half of the participants in the study gained weight within the first
twelve months after lifestyle interventions, only one in four successfully avoided weight gain over
three years, and less than one in twenty lost and maintained weight successfully(Crawford et al.,
2000). In another study, looking at weight regain a year after lifestyle interventions, less than 8%
had continued to lose weight (>5%), 59% had maintained their weight, and 33% had regained
weight. The main challenge is understanding how to intervene in an obesogenic environment to
ensure weight loss but also prevent weight regain (Weiss et al., 2007).

Pharmacological interventions
Several pharmacological approaches to target weight loss have appeared on the market over the
past several decades. Regrettably most of these have since been withdrawn because of substantial
side effects. For example, the fenfuramines were a major anti-obesity drug targeting the serotonin
system launched in 1980 but were withdrawn in 2004 due to substantial cardiovascular side effects
(Rothman and Baumann, 2009). In recent years, the involvement of several neuropeptides in
regulating appetite and food intake has been discovered. It is likely that new therapeutics will act to
target these. Currently, GLP-1 receptor agonists are used in type 2 diabetes but may also promote
weight loss and may be a new class of anti-obesity drug used in the future (Pucci and Finer, 2015).
However, administration of these drugs which act my modulating levels of neuropeptides may be
problematic, as studies so far show they can cause severe nausea and this needs to be accounted
for (De Silva and Bloom, 2012). Principally, the safety of these new anti-obesity drugs continues to
be a high concern and is hindering treatment of obesity in a pharmacological manner, so nonpharmacological interventions may be the treatments of the future (McGavigan and Murphy, 2012).

Bariatric Surgery
Bariatric surgery using gastric bands or gastric bypasses is often used to treat obesity as a last
resort when other methods have failed to promote weight loss. These kinds of surgery are only
recommended for patients with a BMI of over 35 kg/m2. In this situation patients have a much higher
risk of getting type 2 diabetes, cardiovascular disease and premature death.
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Studies have shown that successful gastric bypasses and bands can increase a patient's life by an
average of 2.5-12.0 years (Pontiroli and Morabito, 2011). This is in addition to dramatically reducing
levels of type 2 diabetes and cardiovascular complications(Sjostrom et al., 2004), and encouraging
a stable lower weight (Buchwald et al., 2004).

This information is all positive, however, in the USA, an alternative study found that 3 years after
their bariatric surgery most patients had only lost, on average, 38% of their excess body weight, so
may not be as dramatically effective as often thought. With this type of surgery, a 50% or greater
loss of the preoperative excess body weight would be expected. This amount of weight loss,
however, is still higher than other strategies, as this amount of weight loss then enables the patient
to be at a low enough weight to reverse or ameliorate any weight-related comorbidities (Balsiger et
al., 1997).

The potential mechanism of how bariatric surgery may help encourage weight loss in obesity is not
entirely clear. Studies have shown that levels of the gut hormones glucagon-like peptide 1 (GLP-1)
and peptide YY (PYY) are increased in patients in the months following a Roux-ex-Y gastric bypass
and it may be these that are involved in the weight loss and maintenance process (Borg et al.,
2006). In addition, after a Roux-ex-Y gastric bypass, propionate levels are significantly increased
(Zhang et al., 2009), and this may encourage the weight loss observed. Surgery carries many risks,
so other treatments that may modulate levels of these gut hormones (if they are indeed causing the
weight loss) with fewer or no risks should be developed.

As diet therapy often fails, bariatric surgery is successful, but limited to only a small group of patients
and a lot of drug treatments have failed because of severe side effects. Methods or a combination
of methods which are simple to administer and carry little or no risks need to be developed to aid
the future treatment of obesity (Pucci and Finer, 2015).
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1.2 Appetite regulation
1.2.1 The gut-brain axis in appetite regulation
Appetite and energy homeostasis are regulated by complex interactions between the
gastrointestinal tract and central nervous system. This is more commonly known as the gut-brain
axis (Dockray, 1988). Communication between the brain and the gut is bidirectional, with function
of the gastrointestinal tract, as well as, brain control of satiety being affected. This communication
enables maintenance of energy homeostasis.

1.2.2 The hypothalamus, brainstem and vagus nerve
Within the brain the major sites of appetite regulation are the hypothalamus and brain stem. These
receive and integrate hormonal and neuronal signals concerning appetite. There are several
defined but highly connected regions of the hypothalamus which are involved in energy
homeostasis. These include the lateral hypothalamic area (LHA), dorsomedial nucleus (DMN),
ventromedial nucleus (VMN), paraventricular nucleus (PVN) and the arcuate nucleus (ARC).

The ARC is anatomically well located (near the median eminence where there is an incomplete
blood-brain-barrier) to receive hormonal and neural signals from the gut, pancreas and adipose
tissue. The ARC also receives direct input from the brainstem. The brainstem is neurally innervated
by the vagus nerve, the gastrointestinal tract, the abdominal viscera and the mouth (Young, 2012).
Mechanosensitive and chemosensitive neurons connected to the vagus nerve are located within
the intestinal muscles and mucosa. This is an important appetite regulating pathway from the gut
to the brain (Berthoud et al., 1995). The vagus nerve also likely mediates the effects of gut
hormones on the brain when they are produced from enteroendocrine cells (Abbott et al., 2005).

1.2.3 Anorexigenic and orexigenic neuropeptides
Pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART) peptide
are anorexigenic neuropeptides. CART and POMC expressing neurons are found in the lateral ARC
(Elias et al., 1998). Injection of CART reduces energy intake (Lambert et al., 1998) and fasting
reduces CART levels in the ARC, demonstrating its anorexigenic effect (Kristensen et al., 1998).
Similarly, POMC is a precursor of α-melanocyte stimulating hormone which is important in energy
homeostasis because of its anorexigenic effect (Tsujii and Bray, 1989). Humans with mutations in
the melanocortin receptor can suffer from morbid obesity (Yeo et al., 1998).
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Agouti-related peptide (AgRP) and neuropeptide Y (NPY) are orexigenic neuropeptides which are
abundantly expressed in the lateral ARC (Broberger et al., 1998). Injection of NPY increases food
consumption and decreases energy expenditure (Billington et al., 1991). Similarly, injection of AgRP
also causes increased food consumption and body weight gain (Small et al., 2001).

The balance between orexigenic and anorexigenic signaliing maintain energy homeostasis. Any
dysfunction or disruption in these signalling systems can lead to increased energy intake and weight
gain, with a potential risk of obesity and associated diseases.

1.2.4 Using functional magnetic resonance imaging to measure brain activity in appetite
regulation
Functional magnetic resonance imaging (fMRI) is a non-invasive technique used to measure activity
in the brain under certain conditions. fMRI enables us to detect differences in regions of brain
activity between treatments and in response to different tasks. The principles of fMRI rely on
differences in the levels of oxygen in the blood entering the brain. Areas with more activity require
more oxygenated blood, and oxygenated blood behaves differently in a magnetic field to
deoxygenated blood. The measurement of oxygen use, blood volume and blood flow is termed the
blood-oxygen-level-dependent (BOLD) signal.

The BOLD signal is detected in an fMRI scanner using radio waves and a magnetic field. Radio
waves are fired at the area of the brain being studied and this causes movement of the electrically
charged protons found in the nuclei of hydrogen atoms. When the magnetic field is switched on,
the protons are all aligned, but when a burst of radio waves is fired, the protons are knocked out of
alignment. When this burst of radio waves stops, the protons begin to realign, and as this is
happening they release signals which the scanner detects. Protons from the areas with the most
oxygenated blood produce the strongest signals, and indicate the most brain activity. A 3D image
is produced from these signals and then areas of activity are mapped in squares called voxels which
are representative of groups of thousands of neurons. To increase levels of oxygenated blood to
the areas of interest in a study, specific relevant tasks are performed. For example, when looking
at appetite regulation, activity in the hypothalamus and brainstem can be mapped in response to
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food images or smells and non-food images or smells. This can then be used alongside treatments
to assess any modulation of brain activity (Killgore et al., 2003, Beaver et al., 2006, Goldstone et
al., 2009).

1.3 Gut Hormones
1.3.1 Background
In response to food intake several physiological responses occur. One of these of particular interest
is the production of gut hormones from the gastrointestinal tract. The presence of food in the gut is
detected by enteroendocrine L-cells which produce gut hormones upon stimulation, and these gut
hormones can then affect the gut-brain axis. The amount of gut hormones produced can be
modulated by the anticipation of food, gastric distention, and the nutrient composition of the food.
These gut hormones affect gut function, are able to modulate further energy intake and cause
satiation (De Silva and Bloom, 2012). A wide array of gut hormones are responsible for these
processes but in this introduction, Peptide YY (PYY) and Glucagon-like Peptide 1 (GLP-1) will be
the main focus.

1.3.2 PYY
PYY also known as pancreatic peptide YY3-36 or peptide tyrosine tyrosine, is a short peptide made
up of 36 amino acids. PYY is closely related to NPY and Pancreatic polypeptide and they share
structural homology. PYY is a ligand for the G- protein coupled receptors Y1, Y2, Y4, Y5 and Y6
(Blomqvist and Herzog, 1997). Upon feeding, large amounts of PYY are produced in the L-cells of
the colon and ileum, with smaller concentrations also being produced in the stomach. Levels of
PYY in the plasma are low when in a fasted state. After food intake, PYY begins to be released
after 30 minutes, and the highest levels are detected 1 to 2 hours postprandially. PYY is known to
remain in the plasma for up to 6 hours after a meal (Adrian, 1985). In addition, PYY levels in the
brain are higher in a fed rather than fasted state. PYY plays an important role in regulating appetite
which will be discussed in section 1.3.4. (De Silva and Bloom, 2012).

1.3.3 GLP-1
GLP-1 is the biologically active peptide product form of the selectively cleaved 160 amino acid long
proglucagon. GLP-1 binds to the G-protein coupled receptor GLP-1 receptor (GLP-1R) (Dillon et
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al., 1993). GLP-1 is produced in the L-cells of the small intestine in response to food intake (Holst,
2007). Levels of GLP-1 in the plasma show a biphasic response postprandially with an initial peak
between 30 and 60 minutes and a second peak at around 120 minutes when the body produces
fatty acids (Snyder et al., 2008). It is important to note that GLP-1 has a very short half-life of 2
minutes as it is rapidly degraded by dipeptidyl peptidase IV (DPP-IV) (Kieffer et al., 1995). This
needs to be considered when developing anti-obesity drugs targeting GLP-1. Despite this, GLP-1
still plays an important role in appetite regulation and this will be discussed further in section 1.3.4.
(De Silva and Bloom, 2012).

1.3.4 Role of PYY and GLP-1 in appetite regulation.
PYY and GLP-1 are heavily involved in the regulation of energy intake and appetite. Obesity has
been linked to lower circulating basal levels of PYY and meal-stimulated levels of PYY in adult and
children (Batterham et al., 2003, Roth et al., 2005). Several studies have shown that increasing
levels of PYY can dramatically decrease food intake in both obese and non-obese individuals. PYY
dose-dependently reduces energy intake by 32% in healthy humans (Degen et al., 2005) and by
33% in obese individuals over a 24 hour period (Batterham et al., 2002). Increasing levels of GLP1 shows similar effects on food intake to PYY. GLP-1 dose-dependently reduces energy intake in
rats (Schick et al., 2003), and infusing GLP-1 in healthy individuals significantly increases subjective
ratings of satiety and significantly decreases food intake (Flint et al., 1998).

GLP-1 and PYY are able to affect appetite control by modulating anorexigenic and orexigenic
signalling in the brain. PYY and GLP-1 released by the enteroendocrine L-cells in the gut affects
the ARC, vagus nerve and brainstem to control energy intake. PYY and GLP-1 decrease NPY and
AgRP neuronal activity and increase activity of POMC and CART neurons thereby inhibiting food
intake (Bewick, 2012). In addition, infusion of PYY and GLP-1 significantly reduced the BOLD signal
in areas involved in food reward and response in humans (De Silva et al., 2011).

A schematic diagram linking the gut hormones to traditional anorexigenic and orexigenic signalling
is shown in Figure 1.1. The exact mechanisms of how GLP-1 and PYY affect energy homeostasis
are not entirely clear so need to be explored further.
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Figure 1.1: Diagram showing the effect of gut hormones on orexigenic and anorexigenic
signalling in appetite regulation.
In response to food reaching the intestine, entereoendocrine L cells produce PYY and GLP-1.
These gut hormones signal to the hypothalamus, brainstem and vagus nerve to modulate traditional
orexigenic and anorexigenic signals in the ARC of the hypothalamus to control food intake. Activity
of the orexigenic neuropeptides, NPY and AgRP are decreased and activity of the anorexigenic
neuropeptides, POMC and CART are increased to reduced overall energy intake. In addition,
activity in the PVN and higher brain centres is also modulated in response to food. Diagram adapted
from (Bewick, 2012).

1.4 Non-digestible carbohydrates
1.4.1 Definition
Non-digestible carbohydrates (NDC) are mainly defined as carbohydrates that are resistant to
digestive enzymes in the stomach, small intestine and are generally not digested before reaching
the colon (Darzi et al., 2011).

1.4.2 Classification and sources of non-digestible carbohydrates
Plant foods are major sources of NDC in the diet (Slavin, 1987). The most classic examples of NDC
are dietary fibre, inulin, and resistant starch, plus other relatively small components that are
associated with NDC in the plant cell walls, for example, lignin, are also classed as NDC (Scientific
Advisory Committee on Nutrition, 2014). The main two classes of NDC are oligosaccharides and
polysaccharides. Oligosaccharides have a degree of polymerisation between 3 and 9 and are
divided into the subgroups: α-glucans; which can be digested in the small intestine and non αglucans; which all tend to reach the caecum. Polysaccharides have a degree of polymerisation of
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10 or greater and are divided into the subgroups: starch (α-glucans) and non-starch
polysaccharides (non α-glucans) and these all tend to reach the caecum undigested.

1.4.3 Role of NDC and obesity
As obesity continues to rise, it could be partially or wholly attributed to changes in eating patterns
over the last 50 years. In particular, the typical Western diet now contains more fat than in previous
years (Scientific Advisory Committee on Nutrition, 2014). In addition to this, there have been large
changes in the quality and quantity of carbohydrates (CHO) that are consumed in the Western diet
(Briefel and Johnson, 2004, Grooms et al., 2013). In most Western countries the major sources of
NDC are grains, starchy vegetables, legumes and fruits. However, these are poor quality sources
of NDCs as they only supply 1-3g of NDC per serving, which is very low (Slavin, 1987).

The UK National Diet and Nutrition Survey (NDNS) from 2008 to 2012 published in 2014 by Public
Health England identified that the typical UK adult diet contains excessive added sugars, saturated
fat and not enough fruit and vegetables. Of particular concern is the finding that UK adults only
consume on average less than 14g of fibre per day whilst the dietary reference value recommends
at least 18g/day. In response to this, a recent draft report on fibre and CHO consultation from the
Scientific Advisory Committee for Nutrition (SACN) recommended increasing the guideline adult
daily total fibre intake to 30g/day in the UK (Scientific Advisory Committee on Nutrition, 2014).
These imbalances in most Western adults' diets are likely linked to increased cases of obesity.

1.4.4 Beneficial effects of NDC on body weight
NDC have several benefits towards health and may also encourage weight loss. Several population
studies suggest there is an inverse relationship between consuming NDCs and weight gain (Liu et
al., 2003, Ludwig et al., 1999) and that there is also an inverse correlation between consuming
NDCs and fat mass (Kromhout et al., 2001, Nelson and Tucker, 1996, Tucker and Thomas, 2009).
Studies have shown that an increased intake of NDC is able to increase satiety and decrease
appetite. NDC have a low energy density which is important in controlling energy intake (Slavin and
Green, 2007). A high intake of NDCs is able to reduce overall energy intake. In one study,
consuming 14g of NDC reduced overall ad libitum food intake by 10% and caused significant
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average weight loss of almost 1.9 kg over a 3 month period. Therefore it is clear that NDC have a
beneficial impact on both energy intake and body composition (Howarth et al., 2001).

The mechanisms underlying the effect of NDCs on weight gain and food intake may be by several
different routes. It is speculated that NDCs could replace high caloric food from the diet, may
prevent macronutrients being absorbed in the gut, may alter the environment inside the gut or cause
increased levels of gastric distension (Heaton, 1973).

1.4.5 Processing of NDC in the colon to produce short chain fatty acids
NDC are resistant to digestion in the stomach and small intestine and travel relatively unprocessed
to the large intestine when they undergo fermentation by specific bacteria. The NDC are broken
down over several stages in the colon. In the colon there are several specific regions and each
region has its own specialist microbiota, dependent on pH and which digestive secretions are
present, leading them to work together as a community. An illustration of these regions and their
microbiota can be seen in Figure 1.2.

The bacteria possess various different enzymes to break down respective parts of the NDC before
short chain fatty acids (SCFAs) are then produced in the final stages. For example; the epithelial
layer of the gut normally contains minimal bacteria when in a healthy state. The diffuse mucin layer
contains specialist colonisers, including Akkermansia muciniphilia, before the main digestion and
breakdown of NDC in the gut-liquid phase in the lumen where there is a diverse microbial
community. Starch and plant-cell containing foods are digested by specialised primary colonisers,
including several species of Ruminococcus. This fermentation by the bacteria produces
metabolisable energy (~2 kcal/g), gases (CO2, H2, and CH4) and SCFAs.
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Figure 1.2: Schematic diagram showing the specific populations of microbiota that inhibit
the large intestine.
The several specific regions of the colon are each inhabited by their own specialist microbiota,
which work effectively together as a community. 1) In the epithelial layer and inner mucin layer there
is minimal colonisation of microbiota; 2) the diffuse mucin layer is inhabited by specialist colonizers;
3) the gut-liquid phase in the lumen hosts diverse microbiota; 4) the gut-substrate particles phase
in the lumen hosts specialised primary colonisers. Figure taken from (Flint et al., 2012).
SCFAs are produced via very specific biochemical pathways as shown in the schematic diagram in
Figure 1.3. Bacteria metabolise monosaccharides to form phosphoenolpyruvate (PEP) via two main
pathways; the glycolytic pathway and the pentose-phosphate pathway (Cummings, 1981, den
Besten et al., 2013b, Miller and Wolin, 1996). PEP is converted into pyruvate and acetyl-CoA, which
are further converted to other products, in particular, the SCFAs (Flint et al., 2012, Macfarlane and
Macfarlane, 2003).

Acetate is produced by the oxidative decarboxylation of pyruvate and hydrolysis of acetyl-CoA, or
by using formate. This is catalysed by several species of microbiota including Bifidobacteria.
Butyrate is produced by the condensation of two molecules of acetyl-CoA, and is catalysed by
several microbiota including Clostridia (Cummings, 1981, Jorgensen et al., 1997). Propionate is
produced via carbon dioxide fixation which forms succinate which is then decarboxylated or via the
reduction of acrylate and lactate (Blackburn and Hungate, 1963, Paynter and Elsden, 1970). This
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formation of propionate is triggered by several species of microbiota including the Bacteroides.
These SCFAs are then further processed by specialist colonies of bacteria including E.
rectale/roseburia and Faecalibacterium prausnitzii (Flint et al., 2012). The SCFAs serve many
functions, but predominantly they are utilised in the Kreb’s cycle to produce energy in the form of
adenosine triphosphate (ATP) (Al-Lahham et al., 2010).

Figure 1.3: Schematic diagram showing the biochemical pathways of SCFA production
Monosaccharides are metabolised to form phosphoenolpyruvate (PEP) via two main pathways; the
glycolytic pathway and the pentose-phosphate pathway. PEP is converted into pyruvate and acetylCoA, which are further converted to form the SCFAs. Acetate is produced by the oxidative
decarboxylation of pyruvate and hydrolysis of acetyl-CoA, or by using formate. Butyrate is produced
by the condensation of two molecules of acetyl-CoA. Propionate is formed via carbon dioxide
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fixation forming succinate which is then decarboxylated or through the reduction of acrylate and
lactate. Taken from (Macfarlane and Macfarlane, 2003).
As fermentation of NDC in the colon produces SCFAs, this use of NDC to yield SCFAs needs to be
further explored, as it may be this aspect which is directly relevant to weight loss and preventing
weight regain. Studies in both humans and animals have shown that NDC directly increase levels
of SCFAs in the colon, and this may have implications for weight and energy homeostasis (Le Blay
et al., 1999, Tarini and Wolever, 2010). This concept will be explained further in section 1.5.

1.5 SCFAs
1.5.1 Definition
SCFAs are carboxylic acids with a short aliphatic tail less than 6 carbon atoms in length.

1.5.2 SCFAs in the human colon
Over 80% of SCFAs present in the human colonic lumen are in the form of acetate (C2), propionate
(C3) and butyrate (C4) in the approximate molar ratio 60:25:15 (Cummings et al., 1987). The
chemical structure of the SCFAs can be seen in Figure 1.4.

Figure 1.4: The chemical structures of the SCFAs
Acetic acid (acetate), propionic acid (propionate) and butyric acid (butyrate). (Figure taken from
(Al-Lahham et al., 2010).
1.5.3 SCFA receptors
SCFAs are endogenous ligands for the previously orphaned G-protein coupled receptors GPR41
and GPR43 which are now better known as free fatty acid receptor 3 (FFAR3) and free fatty acid
receptor 2 (FFAR2), respectively (Brown et al., 2003, Le Poul et al., 2003). FFAR2 and FFAR3 are
only 33% homologous in their amino acid identities so are found in different tissue regions, hold
different physiological roles and have different affinities for the different SCFAs. FFAR2 has an
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equal affinity to acetate, butyrate and propionate but FFAR3 has the highest affinity for propionate
≥ butyrate> acetate.

FFAR3 and FFAR2 have different G-protein coupling specificities. Both FFAR3 and FFAR2 activate
Gi/o proteins, but FFAR2 can also activate Gq proteins (Le Poul et al., 2003, Brown et al., 2003).
FFAR3 is coupled to Gi/o, and its activation is linked to gut microbiota-related energy sensing in the
sympathetic nervous system and colon (Samuel et al., 2008). FFAR2 has been found to be only
coupled to Gi/o in the adipose tissue, but activates Gq proteins in the colon (Vijay-Kumar et al., 2010).
The highest expression of FFAR3 is in immune cells but is also found in high levels in the bone
marrow, adipose tissue, pancreas, colon and spleen, whereas, FFAR2 has the highest expression
in adipose tissue but is also found in high levels in some immune cells, the spleen, pancreas, bone
marrow, and lymph nodes (Brown et al., 2003, Le Poul et al., 2003, Nilsson et al., 2003). As FFAR2
is expressed in the colon (Karaki et al., 2006) this is likely important to link SCFA to appetite
regulation. Specifically, FFAR2 is found on the luminal side of L-cells in the human colon (Karaki et
al., 2008). Importantly, activation of FFAR2 in the colon by propionate has been shown to stimulate
the release of the gut hormones GLP-1 and PYY (Psichas et al., 2015), which will be discussed in
further detail in Section 1.6.

1.5.4 SCFA effects on appetite regulation
There is some evidence that SCFAs may directly affect appetite regulation in the brain. In a study
in rats, acetate modulates the signal intensity measured using manganese-enhanced MRI in the
hypothalamus to reduce food intake (Frost et al., 2014). Furthermore, fermentable CHO given to
mice regulates neuronal activity in the appetite centres of the brain. The potential mechanism
behind this could be through increased levels of SCFAs in the gut (Anastasovska et al., 2012).

1.6 Linking SCFA to PYY and GLP-1 and appetite regulation
A clear effect of both the gut hormones and SCFAs on energy homeostasis have been described
in sections 1.3.4 and 1.5.4, respectively. However, it is likely a relationship between SCFAs and gut
hormones which culminate in these effects.

In the gut, the SCFAs and gut hormones are found in similar locations which could enable SCFAs
to exert effects on gut hormone production. This could then subsequently modulate appetite and
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energy intake. As described earlier, the SCFAs are endogenous ligands for FFAR3 and FFAR2
(Brown et al., 2003, Le Poul et al., 2003). There is a high expression of FFAR2 and FFAR3 in the
L-cells which produce GLP-1 (Tolhurst et al., 2012, Kaji et al., 2011) and PYY (Tazoe et al., 2009).
In addition, stimulation of cultured human colonic L-cells causes the production of GLP-1 and PYY,
and their expression is colocalised in these cultures (Habib et al., 2013).

Propionate added to human colonic cultures increases the activity and stimulation of L-cells. In
addition, propionate and acetate significantly increase the production of GLP-1 in these cultures
(Tolhurst et al., 2012). Furthermore, in vivo in rats, propionate significantly increases the release of
GLP-1 and PYY through activation of FFAR2 (Psichas et al., 2015). This effect of SCFAs on the
release of gut hormones is further corroborated in humans where ingestion of propionate
significantly increases the levels of the gut hormones GLP-1 and PYY postprandially (Chambers et
al., 2014).

These studies broadly show the capacity for SCFAs, in particular, propionate, to increase PYY and
GLP-1 and affect orexigenic and anorexigenic signalling to maintain energy homeostasis. However,
this relationship should be explored further to understand the specific mechanisms and its potential
for controlling food intake and appetite in both normal and obese individuals.

1.7 Other potential mechanisms by which SCFAs may affect appetite
regulation: gastric emptying

1.7.1 Definition
Gastric emptying (GE) is defined as the movement of food from the stomach to the small intestine.
The gastrointestinal tract has a number of breaks including the duodenal, jejunal and ileal break
that control the passing of food through the tract. The main role of the ileal break is to control the
speed of food movement and subsequent gastric emptying.

1.7.2 Role of PYY and GLP-1 in gastric emptying
PYY and GLP-1 have been implicated in slowing gastric emptying. In an animal study, PYY
stimulates the ileal break and decreases the speed of gastric emptying (Wisen and Hellstrom,
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1995). In humans, injection of PYY also decreases the rate of gastric emptying (Savage et al.,
1987). It has been shown that PYY binds to neuropeptide receptor 2 on vagal afferents to slow
gastric emptying and suppress appetite (Lenard and Berthoud, 2008). GLP-1 similarly delays
gastric emptying. Infusing GLP-1 slows the rate of GE by 3 times compared to saline in humans
(Hellström et al., 2006). This effect of GLP-1 on GE has also been shown to be dose-dependent
(Little et al., 2006).

1.7.3 SCFA effects on gastric emptying
As described in section 1.7.2; studies have shown that the gut hormones PYY and GLP-1 can inhibit
GE. In addition, levels of GLP-1 and PYY can be increased by SCFAs as described in section 1.6.
There are a few studies in animals suggesting that SCFAs could delay GE. Pigs administered with
a 60:30:10 SCFA mixture of acetate, propionate and butyrate, respectively, show slowed gastric
emptying (Cuche and Malbert, 1999). In a follow up study the authors concluded that SCFA likely
inhibit distal gastric motility by the release of an inhibiting factor, which is likely PYY (Cuche et al.,
2000). The effect of SCFAs on GE are further corroborated in human studies where
supplementation of bread with sodium propionate significantly slowed gastric emptying measured
by plasma levels of paracetamol (Liljeberg and Bjorck, 1996).

There is, however, some uncertainty as to how SCFAs affect GE. One explanation could be that
SCFAs produced in the GI tract may reduce peristaltic activity and trigger tonic activity to slow GE.
Also, when SCFAs are in the terminal ileum there could be an interaction with the colon contents
to cause contraction and slowing of gastric motility. Another plausible explanation could be a
combined neuro-hormonal sensory mechanism whereby SCFAs increase levels of PYY and GLP1 and it is the effect of these hormones rather than the SCFAs alone which slow gastric emptying
(Cherbut, 2003). The link between SCFAs, specifically, propionate, PYY and GLP-1 and gastric
emptying are still not entirely clear so this area requires further research to understand the precise
mechanisms.

1.8 Other potential mechanisms by which SCFAs may affect energy
homeostasis: energy expenditure
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1.8.1 Definition
Overall energy expenditure (EE) is defined as the basal metabolic rate plus the thermic effect of
food plus any energy lost through physical activity. In humans we normally measure this by indirect
calorimetry. This enables us to calculate the respiratory quotient which in turn provides us with an
estimate of the basal metabolic rate based on the amount of CO2 eliminated divided by the amount
of O2 consumed.

1.8.2 Effects of PYY and GLP-1 on EE
Gut hormones may mediate effects on EE, however very few studies on this exist, and the
conclusions are controversial. One study showed PYY infusion in humans significantly increases
fat oxidation and EE (Sloth et al., 2007). However, in an earlier study infusing GLP-1 in humans
actually decreased EE and CHO oxidation (Flint et al., 2000). Therefore, there is currently no clear
consensus on the effects of PYY and GLP-1 on EE and fat oxidation, and future work is needed in
this area.

1.8.3 Effects of SCFAs on EE
The balance between EE and energy intake affects overall appetite and weight gain. Several
studies exist that suggest SCFAs may increase EE. In rodents, propionate increases the rate of
oxygen consumption through increased sympathetic activity and FFAR3 activation (Kimura et al.,
2011). Increased adaptive thermogenesis, fat oxidation and mitochondrial activity are also found
when mice are supplemented with butyrate and this further supports that SCFAs may affect
energy expenditure (Gao et al., 2009).

In parallel with this, our laboratory carried out a small pilot study, where 14 healthy humans were
supplemented with propionate or a control on two consecutive days and EE was measured. No
differences in EE were observed in the fasted state, however a trend for increased EE (p=0.07) in
the propionate group compared to the control group was found. The effects of propionate on EE
in a fed state are unknown and should be explored.

The SCFA receptors FFAR2 and FFAR3 are also likely to be involved in the control mechanisms
of energy expenditure. Mice lacking FFAR3 have a significantly decreased EE compared to their
WT counterparts (Kimura et al., 2011, Bellahcene et al., 2013). Propionate given to WT mice
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significantly increases oxygen consumption, whereas this effect is not seen in mice without FFAR3
(Kimura et al., 2011). In addition, the overexpression of FFAR2 in mice increases overall levels of
EE (Kimura et al., 2013).

The role of SCFA, principally propionate and FFAR2 and FFAR3 in energy expenditure in these
animal studies is interesting. However it remains to be determined whether energy expenditure in
humans can also be affected by the SCFA propionate or fermentable carbohydrates. At present, a
gap in our knowledge here exists as no studies regarding this have yet been conducted.

1.9 Other potential mechanisms by which SCFAs may affect appetite:
pre-colonic effect of propionate
In this introduction I have described how SCFAs, and where relevant, propionate, have been shown
to be involved in regulating appetite. The mechanism is likely through increased production of GLP1 and PYY by enteroendocrine L-cells. However there may actually be an effect of propionate on
appetite regulation before reaching the colon.

Previous work in our laboratory has shown that ~75% of propionate is delivered to the colon, whilst
~25% is released prior to reaching the colon (Chambers et al., 2014). Appetite is also significantly
reduced before the propionate has reached the colon. This indicates that there is probably a precolonic effect of propionate on appetite. To corroborate this, Liljeberg, et al., 1995 also showed that
the addition of 0.5g of propionate to a meal, increased satiety 45 minutes after consumption, and
this is well before the propionate would be able to affect appetite via colonic L-cells. The full
spectrum of short-term effects of propionate are currently unknown and need to be explored.

1.9.1 SCFAs and insulin and glucose regulation
Insulin and glucose are tightly controlled in normal individuals and may also influence appetite
regulation. Due to the relationship between obesity and diabetes; increasing insulin sensitivity and
glucose tolerance is an important direction of anti-obesity therapeutics. Consumption of NDCs and
subsequent SCFA production can increase insulin sensitivity, independently of their effects on
weight and adiposity (Robertson et al., 2003, Robertson et al., 2005). Acetate activation of FFAR2
has been shown to increase insulin secretion in vitro (McNelis et al., 2015). Both FFAR2/3 are found
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in beta cells in the pancreas and can modulate insulin secretion (Priyadarshini and Layden, 2015,
Priyadarshini et al., 2015).

In addition, SCFAs may play a role in glucose regulation. FFAR2 and FFAR3 receptor knockout
mice show impaired glucose tolerance in vivo and an increased body weight (Tolhurst et al., 2012)
Oral sodium propionate (9.9g in white bread) or placebo for 1 week significantly lowered glucose
levels in healthy humans (Todesco et al., 1991). In addition, 20 healthy women given a daily dose
of 7.5g sodium propionate for 7 weeks showed a significantly decreased fasting blood glucose and
increased insulin sensitivity (Venter et al., 1990). Likewise, mice supplemented for 12 weeks with
acetate, butyrate or propionate in their diets, showed an improved insulin sensitivity and glucose
tolerance, likely as a results of improved β-cell function (den Besten et al., 2015).

However, some human studies have also shown an absence of any effect of the SCFAs on glucose
tolerance and insulin sensitivity. In one human study, 6 healthy volunteers were given rectal
infusions with mixed doses of SCFAs. There was no significant effect on glucose and insulin
(Wolever et al., 1989). Similarly, in another human study, 6 healthy volunteers given mixed SCFA
doses over a 3 hour period, showed no effect on glucose or insulin with this acute treatment
(Laurent et al., 1995). Studies showing an effect of SCFAs on insulin sensitivity and glucose are
intriguing, but further work in humans is required in order to confirm these possible benefits.

1.10 Summary
In this introduction I have described the role of SCFAs and gut hormones on energy homeostasis,
which may be relevant for advancing anti-obesity therapeutics. The exact mechanism of SCFAs, in
particular, propionate, on energy homeostasis still remains unclear, therefore, the work presented
in this thesis attempts to address this gap in our knowledge.

1.11 Hypotheses
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My main hypothesis was that increasing colonic propionate would reduce energy intake. To explore
this hypothesis I designed experiments to understand the following objectives and further
hypotheses:


Increasing levels of propionate to the colon would reduce food intake and increase levels
of PYY and GLP-1.



Increasing levels of propionate to the colon would improve glucose tolerance and insulin
sensitivity.



Increasing levels of propionate to the colon would delay gastric emptying.



Increasing levels of propionate to the colon would increase EE and fat oxidation in the
postprandial period.



Increasing levels of propionate to the colon would reduce the BOLD signal in brain areas
implicated in food reward and appetite.



I also hypothesised that propionate would have a pre-colonic effect when delivered to the
small intestine to decrease appetite and increase satiety, whilst improving glucose
tolerance and insulin sensitivity.

1.12 Aims of the thesis
The work presented in this thesis has the following specific aims:
1. To investigate the effect of increasing levels of propionate in the colon on:
a. Plasma levels of GLP-1, PYY, insulin, and glucose
b. Appetite, satiety and nausea
c.

Food intake

d. Energy expenditure and fat oxidation
e. Gastric emptying
f.

The central nervous system

2. To investigate the pre-colonic effects of propionate by delivering propionate to the small
intestine on:
a. Appetite, satiety and nausea
b. Insulin and glucose levels
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Chapter 2 Methods
This chapter describes the methods shared between some of the results chapters used to obtain
the results presented in the following chapters of this thesis. Methods which are specific to individual
chapters are described in the individual chapter.

2.1.1

Production of inulin-propionate ester

The inulin-propionate ester (IPE) was developed by Dr Douglas Morrison from the University of
Glasgow. The IPE is 3g of propionate bound to 7g of inulin via an ester linkage. 10g of IPE delivers
2.36 g of propionate to the colon after 0.49 g of losses in the intestine (Chambers et al., 2014) as
was produced at the University of Glasgow as follows. The IPE was made by reacting inulin with
propionic anhydride (0.8 L/Kg inulin) in water at a pH of 8-8.5 and a reaction temperature of < 20
oC.

The remaining unreacted propionate was removed by filtration through activated carbon

columns twice whilst keeping the reaction mixture at pH 2. Spray drying was used to recover the
product as fine amorphous crystals.

To establish how much free propionate the final product contained, 100 mg of product was
dissolved in 2 mL water containing 10mM butyric acid as the internal standard. To calculate free
propionate, 200 µL of the solution was treated with 100 µL concentrated orthophosphoric acid
followed by immediate ether extraction (1 mL). To calculate the total propionate (free + bound),
200 µL of the solution was treated with a further 100 µL of concentrated orthophosphoric acid for
1 hour at 80°C before extraction with 1 ml ether. Propionate and butyrate in the ether extracts
were quantified by gas chromatography with flame ionisation detection 6. The yield of propionate
was quantified relative to the internal standard and the amount of free propionate calculated by
the ratio (free/total) as a percentage. The degree of esterification was also quantified using this
analysis by using the yield of bound propionate (total – free) per gram of ester to calculate moles
of propionate yielded per mole of inulin-propionate ester.

The inulin propionate ester produced had a degree of esterification of 0.74 ± 0.02, therefore on
average 24.6 ± 0.67% (0.74 out of maximum of 3 per monosaccharide unit) of all hydroxyl groups
were replaced by an ester group. The amount of free propionate was 2.57 ± 0.26 % of the total
propionate highlighting that more than 97% of propionate was bound to the inulin. Solubilisation
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in acid at pH 1-2 (similar to the pH in the stomach) released less than 1% of the bound propionate
and a temperature of >80ºC is necessary to release the bound propionate

2.1.2

Colonic delivery assessment

Delivery of the propionate ester or inulin control to the gut was measured by using a breath
hydrogen test. Breath hydrogen was detected from subjects at several time points during the study
visits after receiving the IPE or inulin with a handheld hydrogen monitor - Gastro+ Gastrolyzer®
(Bedfont Scientific Ltd, Kent, UK). Bacteria in the intestinal lumen of the large or small intestine act
on carbohydrates that enter the gut resulting in the production of hydrogen (H2). This H2 diffuses
into the blood stream and then to the lungs where it can then be detected in expiratory air. H 2 is
accurately measured in parts per million (ppm) in expiratory air revealing breakdown of
carbohydrate in the intestine.

2.1.3

Assessment of gut hormones

GLP-1 in plasma samples was detected using a sensitive and specific radioimmunoassay
developed in house (Kreymann et al., 1987). A rabbit specific antibody to GLP-1 was used in this
assay. 125I-GLP-1 was produced using the iodogen method (Wood et al., 1981) and purified by high
pressure liquid chromatography (HPLC). The assay was performed in 700 µL of 0.06 M phosphate
buffer (pH 7.3) containing 0.3% bovine serum albumin (BSA) and 0.3% TWEEN-20 (Sigma, UK).
GLP-1 standards were diluted in a range from 0.125 fmol/ml to 0.0125 pmol/ml. 100 µl of standards
and samples were assayed for 4 days at 4oC before separation of free and bound GLP-1 using
charcoal absorption. Samples were centrifuged at 2500 rpm at 4 oC for 20 min. Bound GLP-1 in the
supernatant was carefully separated and collected in fresh tubes. Labelled GLP-1 was counted
using a gamma scintillation counter (LB2111 Multi Crystal Gamma Counter, Berthold Technologies,
Germany) for 240 seconds. GLP-1 concentrations in samples were calculated from the standard
curve.

PYY in plasma samples was detected using a sensitive and specific radioimmunoassay developed
in house (Adrian, 1985). A rabbit specific antibody to PYY was used in this assay. 1
25I-PYY

was produced using the iodogen method (Wood et al., 1981) and purified by HPLC. The

assay was performed in 350 µL of 0.06 M phosphate buffer (pH 7.3) containing 0.3% bovine serum
albumin (BSA) and 0.3% TWEEN-20 (Sigma, UK). PYY standards were diluted in a range from 0.5
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fmol/ml to 0.05 pmol/ml. 100 µl of standards and samples were assayed for 3 days at 4 oC before
separation of free and bound PYY by immunoprecipitation using sheep anti-rabbit antibody
(Pharmacia Diagnostics, Sweeden). 100 µl of secondary antibody was incubated for 1 hour at RT.
After incubation with secondary antibody 500 µl of 0.01% triton x-100 (Sigma, UK) and 100 µl of
10% Poly(ethylene glycol) (Sigma, UK) was added and then samples were centrifuged at 2500 rpm
at 4oC for 30 min. Bound PYY in the supernatant was carefully separated and collected in fresh
tubes. Labelled PYY was counted using a gamma scintillation counter for 240 seconds, as
previously described. PYY concentrations in samples were calculated from the standard curve.

2.1.4

Assessment of appetite, satiety and nausea

To investigate effects on appetite, satiety and nausea, 100 mm visual analog scales (VAS) were
used at several time points during the study visit. Subjects completed the VAS before each blood
sample to measure the gut hormones. For example, subjects were asked; “how hungry do you feel
right now?” and “how strong is your desire to eat?”. The distance from the left of the 100 mm line
to where the subject marked was calculated to give a score.

2.1.5

Assessment of insulin

To investigate effects on insulin levels we used a human insulin radioimmunoassay kit (Millipore
U.K.). The assay works on the principle of a fixed concentration of labelled tracer antigen being
incubated with a constant dilution of antiserum such that the concentration of antigen binding sites
on the antibody is limited. Unlabelled antigen on the sample is added to the system allowing
competition between labelled tracer and unlabelled antigen for limited constant binding sites. Bound
tracer will decrease as the concentration of unlabelled antigen in the sample could be measured
after separating antibody-bound from free tracer and counting one or both fractions. A standard
curve enables the amount of antigen in the sample to be calculated from a known concentration of
unlabelled antigen. The protocol was followed according to the manufacturer’s instructions, in brief,
standards were prepared in provided tubes in the concentration range of 0 to 100 µU/mL.
Standards, samples and controls were loaded in duplicate. Radiolabelled

125I-Insulin

was added to

all tubes and human insulin antibody was add to appropriate tubes. These were vortexed and
incubated overnight at room temperature. The precipitation reagent was added to appropriate tubes
and vortexed and incubated for 20 mins in 4oC. Tubes were then centrifuged for 20 mins at 4 oC at
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2000 g(av). Supernatant was decanted and tubes were counted in a gamma counter for 1 min to
calculate the amount of human insulin (µU/mL) in our samples.

2.1.6

Assessment of glucose

To investigate effects on levels of glucose at the time points described in the study design section
above. Glucose amounts were measured directly in blood plasma using an automated clinical
chemistry analyser - the Abbott Architect ci8200 analyser (Abbott Diagnostics, USA).

2.1.7

Statistical analysis

All data were analysed for statistical significance using Graphpad Prism 6.0 software. All data were
checked for normality. Data were analysed using a paired t-test when comparing control to IPE, by
ordinary one-way analysis of variance (ANOVA) when comparing three or more groups defined by
one factor or by using a two-way ANOVA when comparing three or more groups defined by two
factors. Statistical significance was determined when p<0.05.
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Chapter 3 Exploring the effect of increasing colonic propionate
on acute energy intake and its relationship to gut hormones
and glucose homeostasis.
3.1 Background
In recent decades there has been growing evidence that fermentable carbohydrates (FC) and
subsequent SCFA production can modulate appetite regulation. FC are fermented in the colon to
produce SCFAs (Tarini and Wolever, 2010). SCFAs are then able to activate FFAR2 and FFAR3
on intestinal L cells which are able to produce the anorectic gut hormones, PYY and GLP-1, when
stimulated (Tolhurst et al., 2012, Psichas et al., 2015). PYY and GLP-1 also play important roles in
appetite regulation (Bewick, 2012). However, the specific mechanisms of this relationship between
SCFAs and gut hormones in humans, and its utility to alter food intake in both normal and obese
individuals remains unclear.

Despite the known benefits of increasing colonic concentrations of SCFAs reviewed in Chapter 1,
high doses of SCFAs given orally have been associated with causing nausea in humans and have
been described as unpalatable (Frost et al., 2003). We sought to understand whether modification
of propionate by linking it to inulin with an ester linkage solves these side effects of nausea and
unpalatability. To increase colonic propionate I will use IPE, the development of which, was
previously described in the methods chapter.

Previous work by our laboratory has shown that IPE is able to reach the colon.

13C

isotope

methodology and breath hydrogen testing (Bond et al., 1975) were used to determine the time
course of release of the bound propionate from the Inulin-propionate ester in 9 healthy volunteers.
100 mg of the bound propionate was labelled with 13C and following ingestion of 10 g IPE, breath
hydrogen (a marker of colonic fermentation) began to rise after 180 min and peaked at 240 min
post-ingestion. More than 80% of the 13C recovered in breath over 24 hours appeared coincident
with and after breath H2 onset, suggesting delivery of the majority of the tracer to the colon. It was
also estimated that 10 g of IPE delivered 2.36 g propionate to the colon after accounting for small
intestinal losses (0.49 g). The isotopic data showed that propionate released from the IPE appeared
in the blood and was thus available systemically (Chambers et al., 2014).
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The effect of using IPE to increase colonic levels of propionate on energy intake in humans has not
yet been reported, so the work presented in this chapter explores this. In addition, should IPE
reduce energy intake, little is known about this mechanism so we also sought to further understand
the effect of IPE on plasma levels of GLP-1 and PYY, as well as, insulin and glucose in this study.
We were also interested in whether inulin-propionate ester is able to avoid the undesired side
effects of nausea and unpalatability associated with other SCFA studies.

3.2 Hypotheses


I hypothesise that increasing levels of propionate to the colon would reduce food intake
and increase levels of PYY and GLP-1.



I also hypothesise that inulin-propionate ester would reduce subjective appetite and may
alter insulin sensitivity and glucose tolerance.

3.3 Aims and Objectives
In this chapter we sought to investigate the effect of increasing levels of propionate in the colon by
providing subjects with a single dose of 10 g of IPE on:


Food intake



Plasma levels of GLP-1, PYY, insulin, and glucose



Subjective appetite and satiety



Subjective nausea

3.4 Methods
3.4.1 Study Design
This study was carried out in a double–blind, crossover manner, with two visits, a week apart.
Subjects abstained from strenuous exercise and alcohol 24 hours before the study day and
consumed the same meal between 19:00 and 20:00 the evening before. They fasted overnight and
arrived at Hammersmith hospital at 8:30am on each visit. A cannula was inserted into a forearm
vein and baseline blood samples were collected at -10 and 0 min. Following the 0 min sample,
subjects were served a standardised breakfast (398 kcal; 71 g CHO, 8 g fat, 10 g protein) containing
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either 10 g of IPE, or 10 g inulin control. At 180 min a standardised lunch (356 kcal; 34 g CHO, 12
g fat, 28 g protein) was provided, and at 420 min food intake was measured in subjects.
Postprandial blood samples were taken at 15, 30, 60, 90, 120, 180, 240, 300, 360 and 420 min and
collected into heparin-coated tubes containing 0.2 ml of aprotonin (Bayer, UK). Plasma was
separated immediately by centrifugation at 4°C and then stored at -70°C until analysed. Subjective
hunger, satiety, and nausea were monitored with the use of 100 mm VAS. Subjects were asked to
complete the VAS before each blood sample. A schematic diagram of the study design can be seen
in Figure 3.1.

Figure 3.1: Schematic diagram showing the study design for food intake study.
20 healthy volunteers were recruited. At both visits, subjects in a single blind randomised trial
received IPE or inulin (control). Assessment of gut hormones GLP-1 and PYY, glucose and insulin
was made through blood tests and appetite was assessed by VAS. Breath hydrogen was
measured to detect fermentation of inulin in the colon. Food intake was measured by weighing the
amount consumed when given free access to food at 420 mins.

3.4.2 Power Analysis
This is a pilot study in a new area and therefore a power calculation was not possible. However,
similar studies using SCFAs to alter food intake in humans used 16 volunteers in a cross-over
design and showed a 6% reduction in food intake over a 24 h period, so we expect this number in
our study to provide a similar result (Darzi et al., 2014).
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3.4.3 Study participants
Study participants were recruited according to the following criteria. The inclusion criteria were a
body mass index (BMI) of 20 to 35 kg/m 2 and 21 to 65 years of age. The exclusion criteria were
smoking, substance abuse, pregnancy, use of medications, a change in body weight > 5 kg in the
previous 3 months, medical or psychiatric illness, and any abnormalities detected on physical
examination, electrocardiography, or screening blood tests (measurement of complete blood count,
electrolytes, thyroid function and liver function). All subjects provided informed, written consent prior
to starting the study, which was approved by the Hammersmith and Queen Charlotte’s Research
Ethics Committee (08/H0707/99). The study was carried out in accordance with the Declaration of
Helsinki. A flow diagram of recruitment to this study can be seen in Figure 3.2.

Figure 3.2: Schematic diagram showing the recruitment of participants to the food intake
study
The number of telephone screenings, on site screenings, participants and exclusions throughout
can be seen for this study.
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3.4.4 Intervention
The IPE was developed by Dr Douglas Morrison from the University of Glasgow. The IPE is 3g of
propionate bound to 7g of inulin via an ester linkage which aims to increase palatability compared
to propionate alone as described in the methods chapter. 10g of IPE delivers 2.58 g of propionate
to the colon after 0.49 g of losses in the intestine (Chambers et al., 2014). The control in this study
was 10 g of inulin.

3.4.5 Measurement of energy intake
To investigate the effect of IPE or inulin on energy intake (EI), free access to food via a buffet meal
was provided 7 hours after the 10g of IPE or inulin was given. Subjects were told to eat until they
felt comfortably full and the amount of food eaten was calculated by weighing the amount of food
at the start and after the subject had eaten and calculating the difference.

3.4.6 Subjective ratings of appetite, satiety and nausea
To investigate the effect of IPE or inulin on appetite, satiety and nausea, 100 mm VAS were used
at several time points during the study visit as described in the methods chapter.

3.4.7 Radioimmunoassays for GLP-1 and PYY
To investigate the effect of IPE or inulin on the gut hormones GLP-1 and PYY blood samples were
taken at several time points (15, 30, 60, 90, 120, 180, 240, 300, 360 and 420 min) after receiving a
standardised breakfast with inulin control or IPE and collected as described in the methods chapter.
Levels of GLP-1 and PYY were assessed by an in-house radioimmunoassay as described
previously in the methods chapter.

3.4.8 Radioimmunoassay for Insulin
To investigate the effect of IPE or inulin on levels of insulin, blood samples were taken at several
time points (15, 30, 60, 90, 120, 180, 240, 300, 360 and 420 min) after receiving a standardised
breakfast with inulin control or IPE and collected as described in the methods chapter. Levels of
insulin were detected in the plasma by radioimmunoassay as described in methods chapter.
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3.4.9 Measurement of glucose
To investigate the effect of IPE or inulin on levels of glucose were measured using an automated
clinical chemistry analyser - the Abbott Architect ci8200 analyser (Abbott Diagnostics, USA).

3.4.10 Marker for fermentation of inulin
Delivery of the IPE or inulin control to the gut was measured by using a breath hydrogen test as
described in the methods chapter.

3.4.11 Statistical Analysis
Food intake, breath hydrogen, GLP-1, PYY, Insulin and glucose were analysed by paired t-test.
VAS was analysed by two-way ANOVA.

3.5 Results
3.5.1 Study Participants
In this study 20 healthy adult volunteers were recruited. Characteristics of the volunteers are listed
in Table 3.1.

Table 3.1: Characteristics of participants in the effect of propionate ester on food intake study.
Participants’ Characteristics

Mean ± SD

Age (years)

30.8 ± 9.7

Weight (kg)

75.0 ± 13.5

BMI (kg/m2)

25.4 ± 3.6

Gender

15 men and 5 women

3.5.2 Inulin-Propionate ester is fermented in the colon
Figure 3.3 shows the response curve for the production of breath hydrogen. After 240 min breath
hydrogen increased significantly from the baseline value (p<0.05) with both IPE and inulin. This
significant increase in breath H2 is a marker for IPE and inulin being delivered to the colon.
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Figure 3.3: Breath hydrogen over time for subjects given inulin control or IPE.
At 240 min the breath hydrogen response in the IPE (red) and inulin (blue) trials identifies the arrival
of the IPE or inulin at the colon.

3.5.3 Inulin-Propionate ester decreases food intake
Twenty healthy subjects were given 10 g of IPE or inulin control in this double-blind, randomised,
crossover trial. Food intake after the IPE or inulin control was measured by the provision of free
access to an unlimited buffet meal 7 hours after the supplement was given, and told to eat until
comfortably full. We found that consumption of 10 g of Inulin-propionate ester significantly reduced
food intake in subjects by 14% compared to 10 g inulin. The mean food intake with IPE was 1013
± 94 Kcal, whilst food intake with inulin was 1175 ±103Kcal (Figure 3.4, p<0.01). Individual data for
food intake can also be seen in Figure 3.4.
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Figure 3.4: Effect of 10g IPE vs. inulin (control) on food intake in healthy humans.
Bar chart shows food intake in Kcal for subjects receiving Inulin-propionate ester or control (n = 20)
(**p=0.0095) Bars show mean ± SEM. Individual data for food intake with IPE or inulin is also
shown. Plot shows the amount of food intake in Kcal with IPE or inulin control. Points show values
plotted for individuals (n=20).
3.5.4 Inulin-Propionate ester increases GLP-1
Blood samples were taken from the twenty volunteers every hour for 7 hours after 10 g of IPE or
inulin control to detect plasma levels of GLP-1. We found that consumption of 10 g of IPE
significantly increased levels of GLP-1 (Figure 3.5). Breath hydrogen increases at 240 mins
signalling fermentation of the inulin and IPE (section 3.5.2), therefore any changes in GLP-1 were
assessed after this point where the inulin or IPE had reached the colon. Mean GLP-1 levels for
∆AUC240-420min were 3495 min × pmol/L with control compared to 10801 min × pmol/L with the
IPE (P<0.05) between 240-420 min.

Figure 3.5: Effect of 10g IPE vs. inulin (control) on levels of GLP-1 in healthy humans.
(A) Line graph shows plasma levels of GLP-1 (pmol/L) over time (n = 20). Arrows indicate the
timings of the standardised breakfast (0 min) and lunch (180 min). The dashed line is the time that
breath hydrogen starts to increase in both trials, indicating delivery of the IPE to the colon. Red
shows IPE, blue shows inulin control. (B) Bar chart shows mean ∆GLP-1 AUC240-420min for
subjects receiving IPE or control (n = 20) (p=0.0329). Bars show mean ± SEM.
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Figure 3.6: The total Effect of 10g IPE vs. inulin (control) on levels of GLP-1 in healthy
humans.

3.5.5 Inulin-Propionate ester increases PYY
We also sought to understand the effect of IPE on levels of PYY in humans. Again, blood samples
were taken from the twenty volunteers every hour for 7 hours after 10 g of IPE or inulin control to
detect levels of PYY. We found that consumption of 10 g of IPE significantly increased levels of
PYY (Figure 3.7). The mean PYY ∆AUC 240-420min with control was 429 min × pmol/L vs. 3349
min × pmol/L with propionate ester (P<0.05).

Figure 3.7: Effect of 10g IPE vs. inulin (control) on levels of PYY in healthy humans.
(A) Line graph shows plasma levels of PYY (pmol/L) over time (n = 20). Arrows indicate the timings
of the standardised breakfast (0min) and lunch (180min). The dashed line is the time that breath
hydrogen starts to increase in both trials, indicating delivery of the IPE to the colon. Red shows IPE,
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blue shows inulin control. (B) Bar chart shows mean ∆PYY AUC240-420min for subjects receiving
IPE or control (n = 20) (p=0.0410). Bars show mean ± SEM.
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Figure 3.8: The total Effect of 10g IPE vs. inulin (control) on levels of PYY in healthy humans.
3.5.6 Inulin-Propionate ester does not affect insulin levels
We also sought to understand the effect of IPE on levels of insulin in humans. Again, blood samples
were taken from the twenty volunteers every hour for 7 hours after 10 g of IPE or inulin control to
detect levels of insulin. We found that consumption of 10 g of inulin-propionate ester does not
significantly affect levels of insulin, (p>0.05, Figure 3.9). The mean peak insulin level was 161.7 ±
11.1 µU/mL with the control whilst the mean peak insulin level with IPE was 126.2 ± 19.1 µU/mL.
The mean AUC for 0-420 min with inulin was 20043.8 ± 2333 and was 18005.7 ± 1674.6 with IPE.
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Figure 3.9: Inulin-Propionate ester supplementation does not affect insulin levels
(A) Line graph shows plasma levels of insulin (pomol/L) over time (n=20). Arrows indicate the
timings of the standardised breakfast (0 min) and lunch (180 min). 10 g control or 10 g IPE were
provided with breakfast at 0 min. Data show mean ± SEM (p>0.05). (B) Bar chart shown mean ∆
Insulin AUC 0-420 min for subjects receiving IPE or inulin (n=20) (p>0.05) Bars show mean ± SEM.

3.5.7 Inulin-Propionate ester does not affect glucose levels
We also sought to understand the effect of IPE on levels of glucose in the volunteers. Again, blood
samples were taken from the twenty volunteers every hour for 7 hours after 10 g of IPE or inulin
control to detect levels of glucose. We found that consumption of 10 g of IPE does not significantly
affect levels of glucose (p>0.05, Figure 3.10). The mean peak glucose level was 6.93± 0.39 mmol/L
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with control and the mean peak glucose level with IPE was 7.02 ± 0.37 mmol/L. The mean AUC for
0-420 min with inulin was 2167.7 ± 64.7 and was 2146.5 ± 72.0 with IPE.
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Figure 3.10: IPE supplementation does not affect postprandial glucose levels.
(A) Line graph shows plasma levels of glucose (mmol/L) over time (n = 20). Arrows indicate the
timings of the standardised breakfast (0 min) and lunch (180 min). 10 g control or 10 g inulinpropionate ester were provided with breakfast at 0 min. Data show mean ± SEM (p>0.05). (B) Bar
chart shows mean ∆ glucose AUC 0-420 min for subjects receiving IPE or inulin (n=20) (p>0.05)
Bars show mean ± SEM.
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3.5.8 Inulin-Propionate ester does not affect subjective ratings of appetite or satiety
We sought to understand the effect of IPE on satiety and appetite in humans. VAS were used to
measure satiety and appetite. The twenty volunteers completed VAS every hour for 7 hours after
10 g of IPE or inulin control to detect levels of satiety and appetite. We found that consumption of
10 g of IPE does not affect levels of satiety and appetite as measured by responses to the questions
– “How hungry do you feel right now?”, “How Pleasant Would It Be To Eat Right Now?”, “How full
do you feel right now ?” (Figure 3.11).

Figure 3.11: Increasing colonic propionate does not affect subjective ratings of appetite and
satiety.
Graphs show A. Hunger, B. Desire to Eat, C. Fullness. Ratings were made using 100 mm visual
analogue scales (VAS), with ends of the scale signposting extremes (e.g. 0 mm equalling not at all
hungry and 100 mm being extremely hungry). Black arrows indicate standardized meals. 10 g IPE
or 10 g control were provided with breakfast at 0 min. Data points are presented as means ± SEM
(n=20). Blue is control, red is IPE.

3.5.9 Inulin-Propionate ester does not cause nausea
We also sought to understand the effect of IPE on nausea in humans. VAS were used to measure
nausea in the twenty volunteers every hour for 7 hours after 10 g of IPE or inulin control to detect
any sickness associated with IPE. We found that consumption of 10 g of inulin-propionate ester
does not affect levels of nausea in response to the question “Do you feel sick right now?”
(Figure 3.12).

59

Figure 3.12: Increasing colonic propionate does not affect subjective ratings of nausea.
Graph shows subjective ratings of Nausea. Ratings were made using 100 mm VAS with ends of
the scale signposting extremes (e.g. 0 mm equalling not at all nauseous and 100 mm being
extremely nauseous). Black arrows indicate standardized meals. 10 g IPE or 10 g control were
provided with breakfast at 0 min. Data points are presented as means ± SEM (n=20). Blue is control,
red is IPE.

3.6 Summary of results
The results presented in this chapter have shown the effects of acutely supplementing humans with
IPE on food intake, levels of the gut hormones GLP-1 and PYY, nausea and insulin and glucose
levels. We found that:


IPE significantly decreased food intake in healthy humans by 14%.



IPE significantly increased plasma levels of PYY and GLP-1 in healthy humans.



IPE does not affect subjective ratings of appetite despite reducing energy intake.



IPE does not significantly affect subjective ratings of nausea.



IPE does not affect plasma levels of insulin and glucose.
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3.7 Discussion
3.7.1 Inulin-Propionate ester decreased food intake
In this study we demonstrate for the first time in humans that increasing colonic propionate by
providing 10g of IPE with breakfast significantly decreases energy intake when offered free access
to food for lunch on the same day. Specifically, food intake was decreased with consumption of IPE
by 14%. This is the first time colonic delivery of an individual SCFA using an oral method has been
shown to affect appetite. Other studies have reported that increases in SCFAs from fermentable
CHO decrease energy intake. This finding matched our original hypothesis that IPE would decrease
energy intake because SCFAs are known to increase levels of the gut hormones GLP-1 and PYY
(Psichas et al., 2015) which may reduce energy intake. Our findings corroborate those of others in
the field showing the effects of SCFAs on energy intake. For example, energy intake is significantly
reduced in rats given acetate intraperitoneally (Frost et al., 2014). Furthermore, our study is
concordant with the use of NDC to reduce energy intake, likely through fermentation in the colon
raising colonic levels of SCFAs. For example, in a human study looking at the effects of increasing
colonic fibre on energy intake. 33 male subjects visited 3 times, a week apart, and were given a
breakfast containing 0g of inulin, 24g of inulin or 24g of Lupin-kernel fibre with 0g of inulin. After
these breakfasts all energy intake on that day and the following day was measured. EI on the day
of the 24g inulin containing breakfast was reduced by 1521kJ - approximately 14% less compared
to the 0g inulin breakfast (Archer et al., 2004). It is interesting that this study shows a 14% reduction
in energy intake like we found in our study with IPE in a similar number of volunteers also over an
acute period. This suggests that acutely increasing colonic SCFAs can consistently achieve a 14%
energy intake reduction. It would be interesting to know whether this energy intake reduction by
SCFAs would also be sustainable in a more long-term study.

Similarly, energy intake in humans was also significantly reduced by 5% after consumption of 16g
fibre per day over a period of 2 weeks (Cani et al., 2005). In this study 10 volunteers of both sexes
were given 16g of oligofructose (OFS) or 16g dextrin maltose (DM) as a control for 2 weeks with a
2 week break and then 2 weeks of the alternative treatment. The EI was 5% lower with OFS period
compared to DM. This suggests that supplementation with the fibre OFS can subtly decrease EI.
However this modest reduction in EI of 5% may be due to a small sample size of 10 subjects or
that OFS produces lower amounts of colonic SCFAs compared to inulin. In contrast a study using
small doses of propionate with bread had no significant effect on EI compared to control (Darzi et
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al., 2012). This was likely also confounded by the unpalatability of propionate in this study which
we have designed the IPE to avoid.

Our findings that IPE can decrease EI adds to the growing body of evidence that increasing colonic
SCFAs can impact on EI. This warrants further exploration of the use of SCFAs to reduce EI but it
remains to be understood whether this will be a suitable long-term approach, whether this will be
useful to obese individuals and whether increasing concentrations of propionate is the most relevant
SCFA human target.

3.7.2 Inulin-Propionate ester increased PYY and GLP-1.
Here we have shown that 10g of IPE significantly increases plasma levels of GLP-1 and PYY in
humans for the first time. This met our hypothesis that increasing propionate in the colon would
increase the gut hormones GLP-1 and PYY. Some of the rationale for this was based on a study of
12 volunteers given a high dose of high fructose corn syrup (HFCS), a low dose of HFCS or 24g of
inulin with a low dose of HFCS. The inulin group had significant increases in plasma levels of
acetate, propionate and butyrate up to 6 hours after consumption (Tarini and Wolever, 2010). In
addition FC significantly increase levels of PYY (Nilsson et al., 2013).

Our work showing increases in PYY and GLP-1 with IPE extends from a body of work implicating
a link between FCs, SCFAs and the gut hormones GLP-1 and PYY. For example, L-cells from
murine colonic cultures produce GLP-1 when stimulated with propionate (Tolhurst et al., 2012). In
addition, in vivo in rats, propionate significantly increases PYY and GLP-1 via activation of FFAR2
(Psichas et al., 2015). Furthermore, this is important as SCFAs activate FFAR2/3 and levels of
these receptors are also high in the L-cells which produce GLP-1 and PYY (Tolhurst et al., 2012,
Tazoe et al., 2009).

Effects of propionate on food intake in this study may be through these plasma increases in GLP1 and PYY. Several studies show a relationship between GLP-1, PYY and appetite regulation. In
particular, injection of PYY can reduce energy intake by 33% in humans (Degen et al., 2005) and
infusing GLP-1 can also decrease energy intake by 12% in humans (Flint et al., 1998). All these
studies highlight the effect of increasing consumption of FC can increasing SCFA amounts which
can then lead to increased plasma levels of GLP-1 and PYY.
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We believe this decrease in food intake by 14% with IPE observed in this study is likely mediated
by significant increases in the gut hormones GLP-1 and PYY. We hypothesise that the reduced
energy intake may be through GLP-1 and PYY effects on slowing gastric emptying, or affecting the
central nervous system, and this needs to be explored further. Further work in this thesis attempts
to address these outstanding questions.

3.7.3 Inulin-Propionate ester does not affect subjective ratings of appetite or satiety.
Energy intake and satiation measured by free access to food was significantly reduced by 14% with
ingestion of IPE. However, in this study, findings of subjective ratings of appetite and satiety using
VAS were not affected by IPE. There is, however, obviously a physiological effect on satiation by
the IPE as observed by this significant reduction in energy intake. It could be that, appetite and
satiety were unchanged despite increased satiation with IPE, or it could be that VAS to measure
appetite and satiety may not be the most sensitive and reliable measurement of appetite. Similarly
another study showed that satiation was increased when measured by free access to food but
subjective ratings of appetite were unaffected (Van Wymelbeke et al., 2001). This suggests that
increased satiation can occur in the absence of altered appetite or satiety. In contrast, infusion of
GLP-1 or PYY can increase satiety and satiation in humans (Batterham et al., 2003, Verdich et al.,
2001). This suggests from our data that SCFAs may act via alternative mechanisms to increase
satiation, as increases in satiety are not seen alongside increases in satiation.

3.7.4 Inulin-Propionate eater does not cause nausea
We showed that IPE does not cause nausea. This was a welcome finding as sodium propionate
has previously been shown to be unpalatable and likely to nausea (Frost et al., 2003, Liljeberg et
al., 1995). This suggests that creating IPE has overcome these side effects and should be the
preferred method to increase colonic propionate.

3.7.5 Inulin-Propionate ester does not affect glucose or insulin.
In this study, acute supplementation of propionate did not alter plasma levels of glucose and insulin.
This is not surprising as several other acute studies have shown that acute supplementation with
propionate does not affect glucose or insulin. In one human study, 6 healthy volunteers were given
rectal infusions with mixed doses of SCFAs (90mmol acetate + 30 mmol propionate or 180mmol
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acetate + 60 mmol propionate). There was no significant effect on glucose and insulin (Wolever et
al., 1989). Similarly in another human study, 6 healthy volunteers were given 36mmol of acetate or
12mmol of propionate or 36mmol of acetate + 12mmol of propionate or control over a 3 hour period,
again there was no effect on glucose or insulin with this acute treatment (Laurent et al., 1995).

However, this does not rule out that propionate or other SCFAs cannot affect levels of insulin or
glucose. It is likely that a more chronic provision of SCFAs is required to induce these changes.
Oral sodium propionate (9.9g in white bread) or placebo for 1 week significantly lowered glucose
levels (Todesco et al., 1991). In addition, 20 healthy women given 7.5g sodium propionate or
placebo in capsules every day for 7 weeks showed a significantly decreased fasting blood glucose
and increased insulin sensitivity (Venter et al., 1990). In addition, mice supplemented for 12 weeks
with acetate, butyrate or propionate in their diets, showed an improved insulin sensitivity and
glucose tolerance, likely as a results of improved β-cell function (den Besten et al., 2015).

Increasing levels of SCFAs through supplementing with NDC can also affect insulin sensitivity and
glucose tolerance, however this does not identify specific effects of any of the SCFAs. In one human
fibre study, significant effects on insulin and glucose were observed. 10 healthy volunteers given
30g a day of resistant starch or placebo as a control for 4 weeks showed significant improvements
in insulin sensitivity (Robertson et al., 2005). Further, 48 overweight or obese individuals given 21g
a day of oligofructose or placebo as a control for 12 weeks also showed significant decreases in
insulin and glucose levels (Parnell and Reimer, 2009). However in a long-term fibre study in 12
healthy volunteers given increasing doses of 15g, 25g 35g, 45g and 55g of oligofructose per week
no effect on insulin and glucose was found (Pedersen et al., 2013). Similarly in another fibre study
with 22 overweight or obese volunteers given 30g of oilgofructose or 30g of cellulose as a control
for 6 weeks, no effects on glucose or insulin were found either (Daud et al., 2014).

The difference between chronic and acute supplementation of SCFAs on insulin and glucose may
be dependent on long term changes in several parameters. These also may differ dependent on
whether an individual is obese or of a normal weight. Furthermore, SCFAs may alter glucose and
insulin function through altered gluconeogenesis and lipogenesis in the liver (Canfora et al., 2015).
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Our findings show no significant effect of IPE on glucose and insulin. However, this adds to a body
of conflicting evidence of whether SCFAs do indeed alter glucose and insulin homeostasis. Due to
these conflicts, further exploration of the use of SCFAs to regulate glucose and insulin is warranted.
In particular, the effect of SCFAs on glucose tolerance and insulin sensitivity need to be understood
both in short-term and long-term use of SCFAs.

3.7.6 Limitations of this work
The assessment of food intake by a buffet meal with free access to food has been shown to be a
reproducible and reliable method (Allirot et al., 2012). The findings from this study are encouraging,
but we must remember that this was only an acute intervention and it will be important to look at
chronic effects on food intake. In addition, it will be important to investigate the effects on food
intake in non-healthy individuals and larger sample sizes.
3.7.7 Conclusions
In this study we have shown for the first time in humans the effect of raising colonic propionate
using 10 g of IPE on food intake and gut hormone levels. We have shown that 10 g of IPE
significantly increases the gut hormones PYY and GLP-1 and significantly decreases food intake
by an average of 14%. The exact mechanisms of these effects of increased colonic propionate on
gut hormones and energy intake need to be elucidated, and further work in this thesis aims to
address this.

65

Chapter 4 Exploring the effect of increasing colonic propionate
on gastric emptying
4.1 Introduction
Gastric emptying is the process by which food is moved from the stomach to the small intestine
through the gastrointestinal tract. The gastrointestinal tract has a number of breaks including the
ileal, jejunal and duodenal break which control the movement of food from the stomach to the small
intestine. The main role of the ileal break is to control the rate of food movement and subsequent
rate of GE. Chemosensors and mechanoreceptors through the GI tract are stimulated as food
passes through and can activate neural pathways to appetite centres. Slower gastric emptying
results in greater activity of these receptors in the gut and activity in the brain thereby reducing
appetite and increasing satiety (Yamada and Alpers, 2009).

The rate of GE can be increased or decreased depending on several variables. In particular, GE
can be altered by the food content (Calbet and MacLean, 1997), the host’s microbiota (Quigley,
2011), as well as, other parameters. In addition, the gut hormones PYY and GLP-1 have been
associated with slowing GE in humans (Savage et al., 1987, Hellström et al., 2006). PYY activates
the ileal break and slows the speed of GE in vivo in dogs (Wen et al., 1995). Similarly, PYY infusion
in healthy humans decreases the rate of GE (Savage et al., 1987). PYY acts to slow gastric empting
and reduce appetite by activating neuropeptide receptor 2 on vagal afferents (Lenard and Berthoud,
2008). Similar to PYY, GLP-1 can also affect gastric emptying. Infusing GLP-1 to healthy humans
reduced the rate of GE three-fold compared to control (Hellström et al., 2006). This is likely as an
effect of stimulation of the vagal nerve via GLP-1 (I˙meryüz et al., 1997). Importantly, these effects
of PYY and GLP-1 on GE have been shown to be dose-dependent (Little et al., 2006).

Evidence also exists to suggest that SCFAs can increase levels of PYY and GLP-1 (Chambers et
al., 2014) and chapter 3, and alongside this, evidence also exists that suggests that SCFAs can
delay GE (Liljeberg and Bjorck, 1996). Infusing a mixture of the SCFAs; acetate, propionate and
butyrate, in a ratio of 60:30:10, respectively, delayed GE in pigs (Cuche and Malbert, 1999). In a
further study from the same group they found that PYY and GLP-1 also increased with the SCFA
mixture which may have been the mechanism behind the delayed GE (Cuche et al., 2000). In
addition, in a human study, volunteers fed bread containing sodium propionate showed a
66

significantly delayed GE measured by plasma levels of paracetamol (Liljeberg and Bjorck, 1996).
The mechanism by which SCFAs may slow GE is not entirely clear. It could be that SCFAs
produced in the GI tract may decrease peristaltic activity and trigger tonic activity to reduce GE.
Alternatively, SCFAs may interact in the terminal ileum with colon content to cause contrition and
reduce gastric motility (Cherbut, 2003). Finally, an explanation could be that it is a combined neurohormonal effect through SCFAs increasing levels of PYY and it is the effect of these hormones
rather than the SCFAs alone that can delay GE (Cherbut, 2003). The relationship between SCFAs,
in particular propionate, PYY and GLP-1 and GE are still not clear so this area needs further
research.

The effect of using IPE to increase colonic levels of propionate on GE in humans has not yet been
reported, so the work presented in this chapter explores this. In chapter 3, an acute does of IPE
significantly decreased food intake, and in this chapter we will determine whether reduced energy
intake was caused by a slowing of gastric emptying. In addition, in chapter 3, the gut hormones
PYY and GLP-1 were significantly increased by 10g IPE, taken together with the evidence above,
it is plausible that increased PYY and GLP-1 may cause a slowing of gastric emptying to reduce
food intake. We were also interested in whether IPE is able to affect appetite and satiety, as no
effects were identified in chapter 3.

4.2 Hypothesis
I hypothesise that increasing levels of propionate to the colon would slow GE to reduce appetite
and satiety.

4.3 Aims and Objectives
In this chapter we sought to investigate the effect of increasing levels of propionate in the colon by
providing subjects with a single dose of 10 g of IPE on:
•

Gastric emptying

•

Subjective appetite and satiety
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4.4 Methods
4.4.1 Study Design
This study was carried out in a single–blind, crossover manner, in two visits, at least a week apart.
Subjects had not had strenuous exercise and alcohol 24 hours before the two study days and had
consumed the same meal between 19:00 and 20:00 the evening before. They fasted overnight and
arrived at Hammersmith hospital at 8:30am on each visit. Following the 0 min sample, subjects
were served a standardised breakfast (398 kcal; 71 g CHO, 8 g fat, 10 g protein) containing either
10 g of IPE, or 10 g inulin control. At 300 min when the propionate is fermented in the colon
(Chambers et al., 2014) and as described in chapter 3 when PYY and GLP-1 are significantly
increased, participants were served a standard lunch (354 kcal; 47 g CHO, 12 g fat, 12 g protein)
with 100 mg 13C-octanoic acid to be used to measure gastric emptying (Ghoos et al., 1993). Breath
CO2 was collected every 15 min from baseline before the standard lunch until 4 hours later by
exhaling alveolar breath through a straw into Exetainers (Labco, Buckinghamshire, UK).

13CO

2

enrichment was determined by isotope ratio mass spectrometry (IRMS). The time to 50% AUC
excretion of

13C

in breath (T1/2) was calculated as a proxy for gastric emptying rate (Ghoos et al.,

1993). Breath hydrogen was measured at -10, 30, 60, 90, 120, 150, 210, 240, 270, 300, 330, 360,
390, 420, 450, 480, 510, 540 mins to determine arrival of IPE or inulin to the colon. A schematic
diagram showing the study design for this investigation can be seen in Figure 4.1.
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Figure 4.1: Schematic diagram showing the study design for the gastric emptying study.
14 healthy volunteers were recruited in this study. Volunteers would then visit on 2 occasions for
test day 1 and then one week later for test day 2 randomly where they would receive a dose of
inulin or inulin-propionate ester. The timeline shows the times when VAS were completed and the
times when breath hydrogen was measured. As the gut hormones were released after 240 minutes
in the previous investigation, a lunch containing 13C Octanoic acid was provided to the volunteers
after 300 minutes. This is used to measure gastric emptying because during metabolism levels of
13CO can be measured in the breath. If there is delayed gastric emptying the time for the production
2
of 13CO2 will also be delayed.

4.4.2 Study participants
In this study 14 healthy adult volunteers were recruited. The inclusion criteria were a BMI of 20 to
35 kg/m2 and 21 to 65 years of age. The exclusion criteria were smoking, substance abuse,
pregnancy, use of medications, a change in body weight > 5 kg in the previous 3 months, medical
or psychiatric illness, and any abnormalities detected on physical examination, electrocardiography,
or screening blood tests (measurement of complete blood count, electrolytes, thyroid function and
liver function). All subjects provided informed, written consent prior to starting the study, which was
approved by the Hammersmith and Queen Charlotte’s Research Ethics Committee (08/H0707/99).
The study was carried out in accordance with the Declaration of Helsinki.
recruitment to this study can be seen in Figure 4.2.
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A flow diagram of

Figure 4.2: Schematic diagram showing the recruitment of participants to the Gastric
emptying study.
The number of telephone screenings, on site screenings, participants and exclusions throughout
can be seen for this study.
4.4.3 Power analysis
This is a pilot study in a new area and therefore a power calculation was not possible. However,
similar studies using PYY to assess gastric emptying in humans used 7 volunteers and showed
PYY slowed gastric emptying but this was measured by breath hydrogen technique. We expect
recruiting a similar number of volunteers in our study to provide a similar result (Savage et al.,
1987).

4.4.4 Intervention
The IPE was developed by Dr Douglas Morrison from the University of Glasgow. The IPE is 3g of
propionate bound to 7g of inulin via an ester linkage which aims to increase palatability compared
to propionate alone as described in the methods chapter. 10g of IPE delivers 2.36 g of propionate
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to the colon after 0.49 g of losses in the intestine (Chambers et al., 2014). The control in this study
was 10 g of inulin.

4.4.5 Measurement of gastric emptying
The 13C-octanoic acid breath test was used to measure the time taken for gastric emptying in this
study. The 13C-octanoic acid breath test is a non-invasive, reproducible, stable isotope method for
measuring gastric emptying (Ghoos et al., 1993). 13C-octanoic acid is a radio labelled medium chain
fatty acid which is retained in the solid phase of the meal in the stomach and is then metabolised
normally in the body as an intermediate in the Krebs cycle where CO 2 with a 13C label is produced
as a by-product and taken to the lungs and breathed out and is measured in breath samples by a
radioisotope count (Verbeke, 2009). By measuring the level of

13C-octanoic

acid that appears in

breath samples we can calculate the time taken for the stomach to empty after eating. This is
calculated by the Seigel curve fit to measure the half-life of recovery of 13C. The half-life is the time
taken to recover half of the original dose of

13C. 13C-octanoic

acid was added to egg yolks and

served in a sandwich at lunch 300 mins after supplementation with IPE or inulin was given. Breath
samples were taken at several time points for approximately 17 hours after this to ensure complete
metabolism of the 13C. This method was chosen to measure gastric emptying in this study because
it has been found to be more accurate with solids than using the paracetamol method to measure
gastric emptying (Ghoos et al., 1993).

4.4.6 Assessment of appetite and satiety
To investigate the effect of IPE or inulin on appetite and satiety, 100 mm VAS were used at several
time points during the study visit as described in the methods chapter.

4.4.7 Statistical Analysis
Breath hydrogen, mean data for gastric emptying and VAS were analysed by paired t-test. A
pearson correlation coefficient was used to correlate times for gastric emptying with control and
IPE.

4.5 Results
4.5.1 Study Participants
14 healthy volunteers which fit the inclusion criteria stated in the methods above were recruited to
this study. Characteristics of the volunteers can be found in Table 4.1.
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Table 4.1: Characteristics of participants in the effect of IPE on gastric emptying study.
Participants’ Characteristics

Mean ± SD

Age (years)

32.1 ± 3.7

Weight (kg)

69.4 ± 3.5

BMI (kg/m2)

24.0 ± 0.9

Gender

8 men and 6 women

4.5.2 Inulin-Propionate ester significantly increases breath hydrogen
Figure 4.3 shows the response curve for the production of breath hydrogen to detect the
fermentation of IPE and inulin in the colon. After 240 min breath hydrogen increased significantly
from the baseline value (p<0.05) with both Inulin-propionate ester and inulin. This significant
increase in breath H2 is a marker for Inulin-propionate ester and inulin being delivered to the colon
and fermented.
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Figure 4.3: Inulin-Propionate ester significantly increases breath hydrogen.
The dashed line shows the time (240 min) at which the breath hydrogen response in the Inulinpropionate ester (red) (p= 0.00227) and inulin (blue) (p= 0.000137) trials significantly differs from
baseline (0 min) identifying the arrival of the propionate or inulin at the colon (n=14).
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4.5.3 Inulin-Propionate ester does not affect gastric emptying
10g of IPE did not significantly affect the time taken for gastric emptying (P>0.05). The mean time
for gastric emptying with IPE was 185 ± 8 min whereas the mean time for gastric emptying with
inulin was 180 ± 8 min (Figure 4.4). In addition, the individual data is shown in Figure 4.5, and there
is no significant difference between the gastric emptying rate for inulin and IPE. The individual data
is also shown as the majority of subjects (8 subjects) actually had increased gastric emptying in the
IPE trial. To further corroborate these findings, correlating individual data for the time taken for
gastric emptying with IPE with the time taken for gastric emptying with inulin show a similar time for
gastric emptying on both trials, so if someone had delayed gastric emptying with IPE he/she would
also have delayed gastric emptying with control (Figure 4.6).
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Figure 4.4: 10g of IPE does not significantly affect gastric emptying.
Group data for time taken for gastric emptying with IPE or inulin. Bar chart shows the time taken in
minutes for gastric emptying with IPE or inulin control as measured by the half-life of the recovery
of 13C. (n=14) Bars show mean ± SEM (p=0.5082).
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Figure 4.5: 10g of IPE does not significantly affect gastric emptying.
Individual data for time taken for gastric emptying with IPE or inulin. Plot shows the time taken in
minutes for gastric emptying with Inulin-propionate ester or inulin control as measured by the halflife of the recovery of 13C. (n=14) Points show values plotted for individuals.

Figure 4.6: Time taken for gastric emptying does not differ between inulin and IPE.
Correlation of individual data for the time taken for gastric emptying with IPE with the time taken for
gastric emptying with inulin. Scatter plot shows the time taken for gastric emptying with inulin plotted
against the time taken for gastric emptying with IPE as measured by the half-life of the recovery of
13C (n=14). P= 0.0153.

4.5.4 Inulin-propionate ester significantly increases satiety
Figure 4.7 shows the response curve for feelings of satiety in the two trials as well as mean group
data for satiety. Subjects receiving IPE reported significantly (p<0.05) higher feelings of 'fullness'
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compared to inulin. The mean AUC with inulin-propionate ester was 27572.7±1898 mm, whilst with
inulin the mean AUC was 24295.7 ± 2554 mm.

Figure 4.7: Inulin-propionate ester significantly increases satiety.
A) Bar chart shows mean AUC from 0 to 540 mins for VAS “How full do you feel right now?” for all
subjects given IPE or inulin. Error bars show SEM. (n=14) (p= 0.044525). B) Fullness response
curves for the two different trials as measured by VAS. Arrows show breakfast and lunch.

4.5.5 Inulin-propionate ester significantly decreases appetite
Figure 4.8 shows the response curve for the participants’ desire to eat (appetite) and mean group
data for appetite in the two trials. Participants’ given Inulin-propionate ester showed a significantly
(p<0.05) decreased 'desire to eat' compared to the control ‘inulin’ group. The AUC with Inulinpropionate ester was 17403.7 ± 2881 mm, while the AUC with inulin was 20043.7 ± 2873 mm.

Figure 4.8: Inulin-propionate ester significantly decreases appetite.
A) Bar chart shows mean AUC from 0 to 540 mins for VAS “How strong is your desire to eat?” for
all subjects given inulin-propionate ester or inulin. Error bars show SEM. (n=14) (p= 0.040168). B)
Appetite response curves for the two different trials as measured by VAS. Arrows show breakfast
and lunch.
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4.6 Summary of results
In this chapter we have shown the effects of acutely supplementing humans with IPE on gastric
emptying, appetite and satiety we found that:
•

IPE significantly decreased appetite

•

IPE significantly increased satiety

•

IPE does not affect gastric emptying

76

4.7 Discussion
4.7.1 Inulin-propionate ester does not affect gastric emptying
We sought to understand the effect of IPE on gastric emptying in humans. We hypothesised that
IPE would delay gastric emptying in this study because increasing colonic propionate should
increase levels of the gut hormones GLP-1 and PYY as we found and described in chapter 3 and
may reduce the time taken for gastric emptying. Delayed gastric emptying would cause the
activation of the chemoreceptor and mechanoreceptors of the GI tract which would then stimulate
central changes to reduce appetite and reduce food intake (Yamada and Alpers, 2009). However,
in this study we actually found a 10g dose of IPE to raise colonic levels of propionate did not delay
gastric emptying.

In our study, IPE or inulin were given with breakfast and then coincident with the peak in GLP-1
and PYY as described in chapter 3, 13C-octanoic acid was provided with lunch to measure the time
taken for gastric emptying. However, there was no significant differences between IPE and control
on the time taken for gastric emptying in this study.

Our findings were in disagreement with several previous studies looking at the effect of SCFAs or
the gut hormones on gastric emptying. Specifically, in a human study, volunteers fed bread
containing sodium propionate showed a significantly delayed gastric emptying measured by plasma
levels of paracetamol (Liljeberg and Bjorck, 1996). Approximately 50 mmol of propionate was given
orally in this study whereas in our study approximately 103.5 mmol was delivered to the colon
suggesting the method of administration of propionate is crucial to any effect on gastric emptying.
However, some evidence suggests that increasing SCFAs in the colon will slow gastric emptying.
Pigs given an ileal infusion of mixed SCFAs showed a dose-dependent inhibition of GI motility
(Cuche and Malbert, 1999). In a follow up study they found that SCFAs slow gastric emptying and
at the same time PYY was increased suggesting the delaying of gastric emptying was caused by
increased PYY rather than SCFAs alone (Cuche et al., 2000). It is important to note that this effect
on gastric emptying was a mixture of SCFAs, so acetate and butyrate may affect gastric emptying
independently of propionate.

If gut hormones increased in this study as in chapter 3, we would have also predicted delayed
gastric emptying with IPE. In a study conducted in humans, different doses of PYY were given by
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infusion and they found PYY delayed gastric emptying compared to control (Savage et al., 1987).
Savage had 7 volunteers who were given high PYY, low PYY or a Saline infusion. The average
time to empty the stomach was delayed in subjects who had received high PYY. In the chapter 3,
the PYY plasma levels with IPE were 53.3 pmol/L, which is lower than in this study where the peak
was 86 pmol/L. In addition, in a further study in 9 healthy humans, doses of GLP-1 given by infusion,
also dose-dependently delayed the time taken for gastric emptying (Nauck et al., 1997). The
different doses in this study achieved GLP-1 plasma levels between 20 to 60 pmol/L, similar to the
increases in GLP-1 with IPE in chapter 3, suggesting this physiologically relevant dose should have
had an effect on gastric emptying.

4.7.2 Inulin-Propionate ester significantly increases subjective ratings of appetite and
decreases satiety.
In this study, we have shown that increasing colonic propionate by using 10 g of IPE significantly
decreases appetite and increases satiety for the first time in humans. Appetite for a meal was
significantly reduced from 0 to 540 mins after consuming IPE compared to control. In addition, there
was significant increases in satiety with IPE compared to control. Together, these data suggest that
increasing colonic propionate with 10 g of IPE can reduce appetite and increase satiety before
reaching the colon as well as after reaching the colon.

A small amount of evidence for the effect of SCFAs on appetite exists, but the majority of this has
been conducted in animals. In a study in mice, activation of areas involved in the brain regulation
of appetite was significantly increased with fermentable CHO over a long term period. These effects
on brain activity involved in appetite were accompanied by increased levels of SCFAs suggesting
a direct effect of SCFAs on appetite (Anastasovska et al., 2012). Additionally, mice given acetate
show a reduced activation in central brain areas involved in appetite regulation (Frost et al., 2014).
Furthermore, FCs have been linked to increasing SCFA levels, and in a human study where
subjects received oligofructose over a period of 8 weeks subjective appetite was reduced
significantly compared with control (Daud et al., 2014). Similarly, in another study, subjects received
oligofructose over a period of two weeks and showed an increased satiety compared to control
(Cani et al., 2005).
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We anticipated IPE to increase levels of the gut hormones GLP-1 and PYY as we found and
described in chapter 3. Both PYY and GLP-1 have been linked to an increased satiety and reduced
appetite. Human infusion of GLP-1 significantly increases satiety (Flint et al., 1998).

4.7.3 Limitations of this work
We used the 13C-octanoic acid breath test to measure gastric emptying which has been identified
as the most suitable, safest method to measure the gastric emptying of solid food (Delbende et al.,
2000).In this study we found that using 10g of IPE to raise colonic levels of propionate significantly
increased satiety and decreased appetite. However, this was not accompanied by delayed gastric
emptying. It is important to note that the time of measuring gastric emptying is always an estimation,
as the start of gastric emptying varies between individuals. To conclusively rule out an effect of IPE
on gastric emptying it will be important to give IPE chronically, to non-healthy individuals and in
larger sample sizes to confirm IPE does not affect gastric emptying.

4.7.4 Final conclusions
In this study we found that using 10g of IPE to raise the colonic levels of propionate significantly
increased satiety and decreased appetite. However, this was not accompanied by delayed gastric
emptying. As a delay in gastric emptying does not explain the decreased appetite and reduced
energy intake (chapter 3), the next chapter will explore whether 10g of IPE can affect appetite
through modulating energy expenditure and fat oxidation, as SCFA receptor activation has been
implied in these mechanisms (Inoue et al., 2014).
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Chapter 5 Exploring the effect of increasing colonic propionate
on central regulation of appetite

5.1 Background
The central regulation of appetite was described in chapter 1. In addition, the relationship between
SCFAs and the gut hormones PYY and GLP-1, and evidence of their involvement in appetite and
energy regulation through modulation of the central nervous system from several studies was also
described.

Appetite and energy homeostasis are strictly controlled in healthy individuals by a complex
relationship between the gastrointestinal tract and the central nervous system. This is more
commonly known as the gut-brain axis (Dockray, 1988). This complex relationship between the
brain and the gut is bidirectional, with the gastrointestinal tract influencing brain control of satiety
and vice versa. This constant bidirectional communication allows strict control of energy
homeostasis in the brain, predominantly in the hypothalamus, brainstem and vagus nerve.

We are interested to understand the mechanism of increasing colonic propionate in central
anticipatory food behaviour. In a long-term study over 6 months where participants received IPE
every day, individuals in the IPE group showed reduced weight and adipose gain compared to the
control group. However, no changes in the levels of the gut hormones GLP-1 and PYY were
detected (Chambers et al., 2014). However, in chapter 3, acute supplementation of propionate
significantly increased the plasma levels of the gut hormones GLP-1 and PYY whilst significantly
reducing food intake. Taken together, this suggests differential effect of acute and long term
supplementation on the gut hormones. It is clear that propionate has beneficial short and long term
effects on food intake and weight modulation and this lead us to speculate that propionate may alter
food intake through modulating brain control of appetite reward.

In order to understand activity in the brain and changes in appetite, the non-invasive technique of
fMRI is used to measure activity in relevant brain areas under specific conditions. Levels in neural
activity in response to treatments and in reaction to different tasks can be detected by the BOLD
signal which detects blood flow, volume and oxygen consumption, with more activity in a brain
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region showing a higher BOLD signal. When studying central regulation of appetite, BOLD signal
in the hypothalamus, brainstem and other areas involved in appetite regulation can be mapped in
response to non-food images or smells and to food images or smells. In addition, changes in regions
of the brain implicated in response to food reward can also be analysed, for example, the striatum,
amygdala and prefrontal cortex (Table 5.1). fMRI has been used to find out the areas in the brain
that change in activation when food has been used as stimuli, it is likely the activation of these
areas is important in controlling food intake (Van Vugt, 2010). These brain regions implicated in
control of food intake and reward can be seen in Table 5.1. Several studies have used pictures of
food as a stimulus to study these areas in the brain by using fMRI (Killgore et al., 2003, Beaver et
al., 2006). By using control pictures and food pictures the food-induced BOLD activation can be
calculated. Many factors have been shown to affect the BOLD response upon presentation of food
pictures. Reward- responsiveness of food can determine the level of BOLD activation, for example,
high calorie and palatable food is deemed more rewarding than low calorie and bland foods (Killgore
et al., 2003, Beaver et al., 2006). In addition, chronic and acute nutritional state can affect BOLD
activation; volunteers in the fasted state have higher activation than those in the fed state (Führer
et al., 2008, Goldstone et al., 2009, LaBar et al., 2001, Siep et al., 2009). Differences in BOLD
activation of appetite response areas of the brain are also found between obese and lean individuals
(Rothemund et al., 2007, Stoeckel et al., 2008).
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Table 5.1: Regions of the brain implicated in the non-homeostatic control of food intake and their identified roles.
Adapted from (Berthoud, 2006, Neary and Batterham, 2010).

Brain region
Amygdala
Ventral striatum/

Abbreviation
AMY
VS/NAc

Nucleus Accumbens

Role

Projections to

Active in response to visual food stimuli or test food stimuli, also involved in memory,

OFC, VS, DS, ACC, VTA,

learning and emotion.

NAc, LH

Roles in opioid and endocannabinoid signalling in reward. Activation increases with

VP, VTA

fasting and increased motivation.

Orbitofrontal cortex

OFC

Associated with the taste and smell of food. Also involved in learning and behaviour.

AMY, INS, HIP

Ventral pallidum

VP

Roles in food pleasure and motivation.

OFC, PFC

Ventral Tegmental

VTA

Associated with motivation and behaviour. Lots of dopaminergic neurons present in this

NAc, PFC, AMY, HIP

area
Anterior cingulate

area.
ACC

Responds to stimuli involved in changing behaviour. This usually occurs

AMY, NAc, Hypothalamus,

simultaneously with OFC.

INS, OFC

DS

Associated with the motivation to eat.

DLPFC, PFC INS

Hippocampus

HIP

Associated with recall memories. Damage in this area can increase food intake.

NAc, AMY

Insula Cortex

INS

Associated with food reward and craving. Damage in this area reduces addiction

ACC, OFC, NAc, AMY

Pre frontal cortex

PFC

Associated with the control of feeding behaviours control and hedonism.

NAc, AMY, ACC

Dorsolateral prefrontal

DLPFC

Cognitively modulates feeding behaviours

NAc, AMY, ACC

cortex
Dorsal Striatum
(Caudate, Putamen)

cortex.
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The traditional view of appetite regulation highlights the importance of balanced anorexigenic and
orexigenic signalling to maintain homeostasis. Any disruption in these signalling systems can lead
to obesity by causing increased energy intake and weight gain. The gut hormones GLP-1 and PYY
can modulate appetite by affecting anorexigenic and orexigenic signalling in the central nervous
system. PYY and GLP-1 can reduce food intake by enhancing activity of POMC and CART neurons
and reducing activity of NPY and AgRP neurons (Bewick, 2012). Furthermore, several studies in
humans have shown that infusion of PYY and GLP-1 can reduce the BOLD signal in brain areas
involved in food reward and energy homeostasis (De Silva et al., 2011). Modulating the brain
response to food reward may be an effective target to reduce weight gain and appetite. In addition,
the enteroendocrine L-cells can release PYY and GLP-1 (Tolhurst et al., 2012) which can influence
activity in the brainstem, ARC and vagus nerve to also modulate energy homeostasis (De Silva et
al., 2011).

As well as direct effects of GLP-1 and PYY on the central nervous system, SCFAs may have a
direct effect on appetite regulation by affecting the central appetite response. In a study in rats given
acetate, food intake was reduced, as well as, the signal intensity in the hypothalamus (Frost et al.,
2014), however this study used manganese-enhanced MRI rather than fMRI. In addition, FC given
to mice can regulate neuronal activity in appetite centres of the brain, likely through increasing
levels of SCFAs in the colon (Anastasovska et al., 2012).

It is highly likely that there is a link between SCFAs and the gut hormones in order to affect central
nervous system regulation of appetite, however little is known about the precise mechanisms
underlying this. As demonstrated earlier, SCFAs can increase levels of the gut hormones PYY and
GLP-1 and together these may modulate orexigenic and anorexigenic signalling to control energy
intake. However, further research is required to understand the potential mechanisms behind this.
In particular, the effect of increasing propionate to the colon using inulin-propionate ester on the
human central nervous system needs to be understood.
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5.2 Aims and Objectives
In this chapter we aim to investigate the effect of increasing levels of propionate to the human colon
by using 10 g of inulin-propionate ester on:
•
•

The BOLD signal in the Caudate, Nacc, OFC, Amygdala and Insula.
Plasma levels of GLP-1, PYY, insulin, and glucose

•

Subjective ratings of appetite, satiety and nausea



Food intake

5.3 Hypotheses
I hypothesise that increasing amounts of propionate to the colon will:


reduce the BOLD signal in the following brain areas implicated in food reward: Caudate,
Nacc, OFC, Amygdala and Insula



and reduce appetite and energy intake



by increasing the gut hormones GLP-1 and PYY.

5.4 Methods
5.4.1 Study Design
This study was carried out in a single–blind, crossover manner, in two study visits, approximately a
week apart. This study was conducted to compare 10g inulin-propionate ester to 10g inulin on brain
responses to food stimuli. Subjects did not partake in strenuous exercise nor drink alcohol 24 hours
before the study day and were asked to consume the same meal between 19:00 and 20:00 the
evening before each study visit. They fasted overnight and arrived at Hammersmith hospital at
8:30am on each visit. Subjects were given chocolate milkshake and biscuits (574.5 kcal; 86.4g
carbohydrate, 18.8g fat, 14.7g protein, 3.2g fibre) and inulin-propionate ester (10 g) in a
standardised breakfast at the start of the study visit. A cannula was inserted into a forearm vein and
baseline blood samples were collected at baseline and during the 300 min postprandial period (30,
60, 90, 120, 180, 240 and 300 min) to assess plasma concentrations of substrates and hormones.
At 180 mins a snack was served to subjects – a cheese sandwich and biscuits (558 kcal; 62.3g
carbohydrate, 24.9g fat, 21.7g protein, 2.8g fibre) After 300 min, volunteers had an fMRI
assessment for 60 minutes. The fMRI was performed at 300 minutes because this coincided with
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the peak in plasma levels of PYY and GLP-1 and also the time at which propionate was delivered
to the colon (chapter 3). After the fMRI assessment, free access to a buffet meal was provided to
volunteers to measure the food intake. Appetite and satiety was assessed by VAS every 60 min
during the study visit and breath hydrogen concentration was measured at the same time. A
schematic diagram showing the study design of the fMRI study can be seen in Figure 5.1.

Figure 5.1: Schematic diagram showing the study design for the fMRI study.
In this study 20 healthy adult volunteers were recruited. This is a single blind randomised trial with
2 visits, a week apart. Subjects receive inulin-propionate ester or inulin with breakfast and then 3
hours later they receive lunch. Assessment of the gut hormones GLP-1 and PYY was made through
blood tests and appetite was assessed by VAS as in previous investigations. 5h after breakfast
volunteers have an fMRI scan to measure the level of Blood oxygen in appetite centres of the brain
to identify if propionate reduces the signal compared to the control. After the fMRI scan, food intake
is measured by giving them free access to food as in the first investigation.
5.4.2 Power Analysis
This is a pilot study in a new area and therefore a power calculation was not possible. However,
similar studies using PYY and GLP-1 to investigate the appetite response in humans used 16
volunteers in a cross-over design (De Silva et al., 2011).

5.4.3 Study Participants
In this study 20 healthy male adult volunteers were recruited. Study participants were recruited via
a public advertisement and volunteer database and selected

according to the following criteria.

The inclusion criteria were a body mass index (BMI) of 20 to 35 kg/m 2 and 18 to 65 years of age.
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The exclusion criteria were: all men were right-handed, smoking, substance abuse, use of
medications, a change in body weight > 3 kg in the previous 3 months, medical or psychiatric illness,
female, gluten/lactose intolerance, vegan or vegetarianism, depression as assessed by Beck
Depression Inventory II score >10 and any abnormalities detected on physical examination,
electrocardiography, or screening blood tests (measurement of complete blood count, electrolytes,
thyroid function and liver function). All subjects provided informed, written consent prior to starting
the study, which was approved by the Hammersmith and Queen Charlotte’s Research Ethics
Committee (08/H0707/99). The study was carried out in accordance with the Declaration of
Helsinki. A flow diagram of recruitment to this study can be seen in Figure 5.2.

Figure 5.2: Schematic diagram showing the recruitment of participants to the central
response study.
The number of telephone screenings, on site screenings, participants and exclusions throughout
can be seen for this study.
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5.4.4 Measurement of central appetite response using fMRI
fMRI scans were performed on the Philips 3.0 Tesla MRI scanner in the Clinical Imaging Facility at
Hammersmith hospital. The fMRI scans identified any local changes in the ratio of oxygenated to
deoxygenated haemoglobin which due to their varying paramagnetic properties alter the local
BOLD signal in specific regions of brain activation implicated in food reward including the amygdala,
caudate, insula, nucleus accumbens, orbitofrontal cortex and putamen which can be detected by
magnetic resonance. In addition, anatomical T1-, T2- and DTI-weighted brain scans were collected
to provide structural data on which to overlay the functional data. In the 1 hour scan subjects were
asked to rest whilst doing no specific task, view a variety of different pictures (e.g. food, household
objects, animals, blurred pictures as a baseline), and as a control undertake simple tests (e.g.
viewing a 4Hz flashing checkerboard or fixation cross, pressing a button, reading, listening,
speaking, recalling, thinking about words or numbers). Whilst viewing pictures subjects were asked
to rate how 'appealing' the pictures were using a keypad held in their hands.

fMRI scanning protocol
All volunteers underwent an MRI scan as described before in these studies (Goldstone et al., 2014a,
Scholtz et al., 2014) between 300 and 360 minutes of their study visit. First, pictures of animals
were used for an initial practice followed by a resting state fMRI scan for 10 mins. At 320 mins
subjects underwent a food picture paradigm followed by an auditory-motor-visual control (AMV)
fMRI task at 350 mins. After this structural MRI brain scans including high-resolution T1-weighted
scans for image registration and Whole-brain fMRI data with T2* weighted gradient-echo
echoplanar imaging were collected.

Food evaluation fMRI paradigm
During the food evaluation fMRI paradigm at 320 min. Subjects were presented with four types of
colour photographs showed in a block design (all images displayed for 2500 ms and 6 pictures per
block). The blocks were divided across 2 runs: (1) 60 high energy foods (e.g. chocolate and cakes),
(2) 60 low energy foods (e.g. fish and vegetables), (3) 60 non-food related household objects (e.g.
clothing and household items) and (4) 180 blurred images of the other pictures (as a low-level
baseline) in blocks after every food or non-food block (Goldstone et al., 2014a, Scholtz et al., 2014).
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As the images were presented in the scanner, volunteers were asked to rate how ‘appealing’ each
picture was using a 5 button hand-held keypad (1=not at all appealing, 5=very appealing).
Auditory-Motor-Visual Control fMRI Paradigm.
The auditory-motor-visual task was used as a control to dismiss non-specific changes between
visits in BOLD signal, as described before (Goldstone et al., 2014a, Scholtz et al., 2014). In this
task, volunteers completed two of the following tasks at the same time: (1) listening to a story, (2)
using their right index finger to tap every second, or (3) looking at a 4Hz colour blinking
checkerboard.
Image Processing.
fMRI data was processed by using FEAT v6.00, part of FSL (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl), including field map-based EPI unwarping, temporal derivative and motion
parameters as co-variates in the general linear model, boundary based registration of EPI to high
resolution structural space, and non-linear registration to standard space. Higher level analysis
used a fixed effect model to combine the 2 runs to determine activation for the following
comparisons: HE food to object and LE food to object. Similar analysis was performed for the single
run AMV paradigm including the onsets of each task (auditory, motor and visual) to compare
activation during performance of each task to when it was not being performed.
Whole Brain Analysis.
FEAT v6.00 was also used to analyse the whole brain data separately for the HE and LE food
comparisons. A paired t-test to find out the specific regions with significant differences in BOLD
signal between IPE and inulin control by using both cluster-wise correction family wise error (FWE)
Z>2.3, P<0.05 and voxel-wise correction false discovery rate (FDR) P<0.05.
fMRI Regions of Interest.
In a previous separate cohort of 21 healthy human volunteers, functional ROIs were selected
(Goldstone et al., 2014a). For HE or LE food compared to object: caudate, OFC, insula (anterior),
amygdala and nucleus accumbens. For the control AMV task, the functional ROIs were the lingual
gyrus for primary visual cortex (VIS); precentral gyrus for primary motor cortex (MOT); and superior
temporal gyrus posterior division for secondary auditory cortex (AUD).
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Comparison of fMRI Activation between Groups.
Within each region of interest (ROI) the average bilateral BOLD signal was determined for each
individual volunteers for high energy (HE) and low energy (LE) comparisons at each visit in order
to measure differences between IPE and inulin control. Similar analysis was carried out to compare
activation in the related fROI between IPE and inulin in the AMV task.

Figure 5.3: Schematic diagram of the fMRI scanning protocol.
The scan was performed from 300 to 360 mins. Subjects were first shown pictures of animals during
a test run to acclimatise to the speed of the picture presentation and to use the 5 button hand-held
keypad (1=not at all, 5=a lot). At 310 mins a resting fMRI scan was performed. At 320 mins subjects
were presented with the food evaluation fMRI paradigm over two runs. The auditory-motor-visual
fMRI task was performed at 350 mins and the scan was finished with a final T1 anatomical MRI
scan

5.4.5 Measurement of energy intake
To investigate the effect of IPE or inulin on energy intake, free access to food via a buffet meal was
provided 7 hours after the 10g of IPE or inulin was given. Subjects were told to eat until they felt
comfortably full and the amount of food eaten was calculated by weighing the amount of food at the
start and after the subject had eaten and calculating the difference.
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5.4.6 Intervention
The IPE was developed by Dr Douglas Morrison from the University of Glasgow. The IPE is 3g of
propionate bound to 7g of inulin via an ester linkage and delivers 2.36g of propionate directly to the
colon (Chambers et al., 2014), as described in the methods chapter. The control in this study is 10g
of inulin.

5.4.7 Subjective ratings of appetite, satiety and nausea
To investigate the effect of IPE or inulin on appetite, satiety and nausea, 100 mm VAS were used
at several time points during the study visit as described in the methods chapter.

5.4.8 Radioimmunoassays for GLP-1 and PYY
To investigate the effect of IPE or inulin on the gut hormones GLP-1 and PYY blood samples were
taken at several time points (-30,0, 30, 60, 90, 120, 180, 240, 300 and 360 min) after receiving a
standardised breakfast with inulin control or IPE and collected as described in the methods chapter.
Levels of GLP-1 and PYY were assessed by an in-house radioimmunoassay as described
previously in the methods chapter.

5.4.9 Radioimmunoassay for Insulin
To investigate the effect of IPE or inulin on levels of insulin, blood samples were taken at several
time points (-30, 0, 30, 60, 90, 120, 180, 240, 300 and 360 min) after receiving a standardised
breakfast with inulin control or IPE and collected as described in the methods chapter. Levels of
insulin in 50 µL serum were detected in the plasma by radioimmunoassay as described in methods
chapter.

5.4.10 Measurement of Glucose
To investigate the effect of IPE or inulin on levels of glucose were measured using an automated
clinical chemistry analyser - the Abbott Architect ci8200 analyser (Abbott Diagnostics, USA).

5.4.11 Marker for fermentation of inulin
Delivery of the IPE or inulin control to the gut was measured by using a breath hydrogen test as
described in the methods chapter.
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5.4.12 Statistical Analysis
fMRI data, food appeal and reaction times were analysed in a two-way repeated measures
ANCOVA, including energy density of food pictures and treatment as within subject factors and visit
order as a covariate. Breath hydrogen and food intake was analysed by paired t-test. Insulin,
glucose, GLP-1, PYY, VAS were analysed by two-way ANOVA.
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5.5 Results
5.5.1 Study Participants
In this study 20 healthy adult male volunteers were recruited. Characteristics of the volunteers are
listed in Table 5.2.

Table 5.2: Characteristics of participants in the effect of inulin-propionate ester on central response
study.
Participants’ Characteristics

Mean ± SD

Age (years)

45.6 ± 2.6

Weight (kg)

78.9 ± 6.6

BMI (kg/m2)

25.2 ± 2.2

Gender

20 men

5.5.2 Demonstration of the time fermentation begins
Figure 5.4 shows the response curve for the production of breath hydrogen. After 240 min breath
hydrogen increased significantly from the baseline value (p<0.05) with both inulin-propionate ester
and inulin. This significant increase in breath H2 is a marker for inulin-propionate ester and inulin
being delivered to the colon and fermented.
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Figure 5.4: Breath hydrogen over time for subjects given inulin control or inulin-propionate
ester.
At 240 min (dotted line) the breath hydrogen response in the propionate ester (red) and inulin (blue)
trials identifies the arrival of the propionate or inulin at the colon. Breath hydrogen concentrations
following inulin-control (†) or inulin-propionate ester (*) compared to baseline concentrations using
paired samples t-tests (Calculations performed on normalised data): */† P<0.05, ***/††† P=0.005,
n=20.

5.5.3 Inulin-Propionate ester significantly reduces the BOLD signal in the caudate and in the
Nucleus Accumbens
20 healthy subjects were given 10 g of IPE or inulin control in this double-blind, randomised,
crossover trial. BOLD signal after the IPE or inulin control was measured by fMRI 5 hours after the
supplement was given. For the fMRI analysis, 2 subjects were removed due to severe motion in the
scanner preventing an accurate analysis, leaving 18 subjects in the fMRI analysis. In a two-way
repeated measures ANCOVA, including energy density (ED) of food pictures and treatment as
within subject factors and visit order as a covariate, there was a significant ED x treatment
interaction for BOLD signal in the caudate (F(1,16)=8.86, P=0.009, Bonferroni correction P=0.045
for multiple ROIs) and nucleus accumbens (F(1,16)=10.81, P=0.005, Bonferroni correction
P=0.040) favouring HE foods, but not in the amygdala (F(1,16)=1.65, P=0.22), anterior insula
(F(1,16)=2.65, P=0.12) or OFC (F(1,16)=0.76, P=0.40). We found that consumption of 10 g of inulinpropionate ester significantly reduced BOLD signal in the caudate in response to HE foods (effect
size mean ± SEM [95% CI] -0.078 ± 0.032 [-0.147, -0.009], P=0.029), but not to LE foods (effect
size -0.057 ± 0.037 [-0.134, 0.021], P=0.14) (Figure 5.5., p<0.05). When healthy volunteers were
given IPE the BOLD signal (%) was significantly lower (mean ± SD: 0.030 ± 0.121, P = 0.07)
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compared to volunteers given the inulin control (0.118 ± 0.148) (Figure 5.6, p<0.01**). Effect of
treatment (p=0.43), effect of energy density (p=0.17), effect of treatment x ED p=0.005**.
In this ANCOVA analysis with visit order as a covariate, F indicates the test statistic, P indicates the
significance value and the Bonferroni correction was used due to multiple testing of several brain
regions to avoid false positives.
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Figure 5.5: Effect of 10g Inulin-propionate ester vs. inulin (control) on the BOLD signal in the
caudate.
Bar chart shows BOLD signal for subjects receiving inulin-propionate ester or control in response
to pictures of High Energy or Low Energy foods (n = 18) (p= 0.045) Bars show mean ± SEM.
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Figure 5.6: Effect of 10g inulin-propionate ester vs. inulin (control) on the BOLD signal in the
Nucleus Accumbens (NAcc).
Bar chart shows BOLD signal for subjects receiving inulin-propionate ester or control in response
to pictures of High Energy or Low Energy foods control (n = 18) (p= 0.04) Bars show mean ± SEM.
5.5.4 Inulin-Propionate ester does not affect the BOLD signal in the amygdala, insula or OFC.
No significant effects of inulin-propionate ester on BOLD signal were found in the amygdala
(F(1,16)=1.65, P=0.22), anterior insula (F(1,16)=2.65, P=0.12) or OFC (F(1,16)=0.76, P=0.40).
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Figure 5.7: Inulin-Propionate ester does not affect the BOLD signal in the Insula.
Bar chart shows BOLD signal for subjects receiving inulin-propionate ester or control in response
to pictures of High Energy or Low Energy foods control (n = 18) Bars show mean ± SEM. p= 0.12.
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Figure 5.8: Inulin-Propionate ester does not affect the BOLD signal in the Amygdala.
Bar chart shows BOLD signal for subjects receiving inulin-propionate ester or control in response
to pictures of High Energy or Low Energy foods control (n = 18) Bars show mean ± SEM. p= 0.22.
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Figure 5.9: Inulin-Propionate ester does not affect the BOLD signal in the Orbitofrontal
cortex.
Bar chart shows BOLD signal for subjects receiving inulin-propionate ester or control in response
to pictures of High Energy or Low Energy foods control (n = 18) Bars show mean ± SEM. p= 0.40.
5.5.5 The effect of inulin-propionate ester on food appeal rating and reaction time.
There was a significant energy density x treatment interaction for food appeal ratings. This effect
was larger for HE foods (F(1,16)=5.50, P=0.032, Figure 5.10). After receiving IPE, foods were rated
significantly less appealing compared to control (F(1,16)=4.69, P=0.046, Figure 5.10).
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Figure 5.10: Inulin-Propionate ester significantly reduces the food appeal rating of food
pictures.
Bar chart shows the appeal score rating for subjects receiving Inulin-propionate ester or inulin as
control. (n = 16) Bars show mean ± SEM.
Independent of energy density of food pictures, IPE treatment significantly increased the reaction
time to food pictures compared to control (F(1,16)=13.82, P=0.002, Figure 5.11). Additionally, the
reaction time for HE food pictures was significantly increased after receiving IPE (F(1,16)=14.54,
P=0.002, Figure 5.11).
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Figure 5.11: Inulin-Propionate ester significantly increases the reaction time to food
pictures.
Bar chart shows the reaction time for subjects receiving Inulin-propionate ester or inulin as control.
(n = 16) Bars show mean ± SEM.
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5.5.6 Inulin-Propionate ester significantly reduces food intake
For the analysis of the food intake data, five volunteers were excluded because they ate all of the
food provided to them in either one or both of the trials. Food intake after the IPE or inulin control
was measured by the provision of free access to an unlimited buffet meal 5 hours after the
supplement was given, and told to eat until comfortably full. Inulin-Propionate ester significantly
reduced energy intake by 9.5 ± 5.3 % (mean ± SEM). The mean food intake with Inulin-propionate
ester was 711.1 ± 79.9 Kcal, whilst food intake with inulin was 810.4 ± 83.4 Kcal.
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Figure 5.12: Inulin-Propionate ester significantly reduces food intake.
Bar chart shows food intake in Kcal for subjects receiving Inulin-propionate ester or control (n = 15)
(p= 0.0302). Bars show mean ± SEM. Individual data is also shown for Inulin-control and inulinpropionate ester.
5.5.7 Inulin-Propionate ester does not affect insulin levels
We also sought to understand the effect of IPE on levels of insulin in humans. Blood samples were
taken from the twenty volunteers every hour for 5 hours after 10 g of IPE or inulin control to detect
levels of insulin. We found that consumption of 10 g of inulin-propionate ester does not affect levels
of insulin. There was no significant difference in the mean ± SEM AUC

0-360 min

for serum insulin,

control was 11507 ± 1084 min x µU/L and with IPE was 11333 ± 879 min x µU/L (Figure 5.13).

99

In s u lin (p m o l/L )

500

fM R I

In u lin - p r o p io n a te e s te r
In u lin -C o n tro l

400
300
200
100
0
0

60

120

180

240

300

360

T im e (m in s )

In s u lin (  U /m L )

80

fM R I

In u lin - p r o p io n a te e s te r
In u lin -C o n tro l

60

40

20

0
0

60

120

180

240

300

360

T im e (m in s )

Figure 5.13: Inulin-Propionate ester does not affect insulin levels.
Line graph shows plasma levels of insulin (µU/mL) over time (n = 20) (p= 0.786). Arrows indicate
the timings of the standardised breakfast (0 min) and snack (180 min). 10 g control or 10 g inulinpropionate ester were provided with breakfast at 0 min. Data show mean ± SEM (p>0.05). The
dotted line shows when IPE and inulin were fermented in the colon demonstrated by increases in
breath hydrogen. From 300 min until 360 min the fMRI scan was conducted.

5.5.8 Inulin-Propionate ester does not affect glucose levels
We also sought to understand the effect of IPE on plasma glucose levels in the volunteers. Again,
blood samples were taken from the twenty volunteers every hour for 5 hours after 10 g of IPE or
inulin control to detect levels of glucose. We found that consumption of 10 g of inulin-propionate
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ester does not significantly affect levels of glucose. There was no significant difference in the mean
± SEM AUC

0-360 min

for plasma glucose, control was 1955 ± 58 min x mmol/L and with IPE was

1971 ± 48 min x mmol/L (Figure 5.14).

G lu c o s e (m m o l/L )

8

fM R I

In u lin - p r o p io n a te e s te r
In u lin -C o n tro l

7

6

5

4
0

60

120

180

240

300

360

T im e (m in s )

Figure 5.14: Inulin-Propionate ester does not affect glucose levels.
Line graph shows plasma levels of glucose (mmol/L) over time (n = 20). Arrows indicate the timings
of the standardised breakfast (0 min) and snack (180 min). 10 g control or 10 g inulin-propionate
ester were provided with breakfast at 0 min. Data show mean ± SD (p= 0.2576). The dotted line
shows when IPE and inulin were fermented in the colon demonstrated by increases in breath
hydrogen. From 300 min until 360 min the fMRI scan was conducted.

5.5.9 Inulin-propionate ester does not affect GLP-1 and PYY levels
We found that consumption of 10 g of propionate ester does not affect plasma levels of GLP-1 and
PYY. Mean GLP-1 levels ± SEM for ∆AUC180-360min were 14588.0 ± 1011.2 min × pmol/L with
control compared to 14428.5 ± 1135.4 min × pmol/L with the inulin-propionate ester (P>0.05)
between 180-360 min and the AUC from 0-360 min was also not significant between treatments
(Figure 5.15). Mean PYY levels ± SEM for ∆AUC180-360min were 9833.2± 610.2 min × pmol/L
with control compared to 9683.7 ± 683.0 min × pmol/L with the inulin-propionate ester (P>0.05)
between 180-360 min and the AUC from 0-360 min was also not significant between treatments
(Figure 5.16).

101

G L P -1 ( p m o l/L )

100

fM R I

In u lin - p r o p io n a te e s te r
In u lin -C o n tro l

80

60

40
0

60

120

180

240

300

360

T im e (m in s )

Figure 5.15: Effect of 10g IPE vs. inulin (control) on levels of GLP-1 in healthy humans.
Line graph shows plasma levels of GLP-1 (pmol/L) over time (n = 20). Arrows indicate the timings
of the standardised breakfast (0 min) and Snack (180 min). Red shows IPE, blue shows inulin
control. (n = 20) (p= 0.1884). Bars show mean ± SEM. The dotted line shows when IPE and inulin
were fermented in the colon demonstrated by increases in breath hydrogen. From 300 min until
360 min the fMRI scan was conducted.
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Figure 5.16: Effect of 10g IPE vs. inulin (control) on levels of PYY in healthy humans.
Line graph shows plasma levels of PYY (pmol/L) over time (n = 20). Arrows indicate the timings of
the standardised breakfast (0min) and snack (180min). Red shows IPE, blue shows inulin control.
(n = 20) (p= 0.2264). Bars show mean ± SEM

5.5.10 Inulin-Propionate ester does not affect subjective ratings of appetite or satiety
We found that consumption of 10 g of inulin-propionate ester does not affect levels of satiety and
appetite as measured by responses to the questions – “How hungry do you feel right now?”, “Do
you have a desire to eat?”, “How full Do You feel right now?”.
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Figure 5.17: Increasing colonic propionate does not affect subjective ratings of appetite and
satiety.
Graph shows hunger ratings made using 100 mm VAS with ends of the scale signposting extremes
(e.g. 0 mm equalling not at all hungry and 100 mm being extremely hungry). Black arrows indicate
standardized meals. 10 g inulin-propionate ester or 10 g control were provided with breakfast at 0
min. Data points are presented as mean ± SEM (n=20). Blue is control, red is inulin-propionate
ester (p=0.1909).
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Figure 5.18: Increasing colonic propionate does not affect subjective ratings of appetite and
satiety.
Graphs show responses to “How strong is your desire to eat?”. Ratings were made using 100 mm
visual analogue scales (VAS), with ends of the scale signposting extremes (e.g. 0 mm equalling not
at all full and 100 mm being extremely hungry). Black arrows indicate standardized meals. 10 g
inulin-propionate ester or 10 g control were provided with breakfast at 0 min. Data points are
presented as means ± SEM (n=20). Blue is control, red is inulin-propionate ester (p= 0.2522).

5.5.11 Inulin-Propionate ester does not cause nausea
We also sought to understand the effect of IPE on nausea in humans. VAS were used to measure
nausea in the twenty volunteers every hour for 5 hours after 10 g of IPE or inulin control to detect
any sickness associated with IPE. We found that consumption of 10 g of inulin-propionate ester
does not affect levels of nausea in response to the question “do you feel sick?”
P= 0.8751
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Figure 5.19: Increasing colonic propionate does not affect subjective nausea.
Graphs show responses to “How sick do you feel right now?”. Ratings were made using 100 mm
visual analogue scales (VAS), with ends of the scale signposting extremes (e.g. 0 mm equalling not
at all full and 100 mm being extremely sick). Black arrows indicate standardized meals. 10 g inulinpropionate ester or 10 g control were provided with breakfast at 0 min. Data points are presented
as means ± SEM (n=20). Blue is control, red is inulin-propionate ester

5.6 Summary of Results
In this results chapter we have shown the effects of acutely supplementing humans with inulinpropionate ester on BOLD signal in food reward centres of the brain, food intake, levels of the gut
hormones GLP-1 and PYY, nausea and insulin and glucose levels. We found that:
•

Inulin-Propionate ester significantly decreased BOLD signal in the caudate and Nucleus
Accumbens of the brain.

•
•

Inulin-Propionate ester did not affect BOLD signal in the OFC, Amygdala and Insula.
Inulin-Propionate ester does not affect plasma levels of PYY and GLP-1 in healthy humans
in this study
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•

Inulin-Propionate ester does not affect subjective ratings of appetite or satiety in this study

•

Inulin-Propionate ester significantly reduces energy intake.

•

Inulin-Propionate ester does not significantly affect subjective ratings of nausea.

•

Inulin-Propionate ester does not affect plasma levels of insulin and glucose.

106

5.7 Discussion
5.7.1 Inulin-Propionate ester decreases the BOLD signal in the caudate and Nucleus
Accumbens
In this study we demonstrate for the first time in humans that increasing propionate in the colon by
providing 10g of inulin-propionate ester with breakfast significantly decreases BOLD signal in the
Caudate and Nucleus Accumbens, demonstrating for the first time that IPE can affect anticipatory
food behaviour. This finding matched our original hypothesis that IPE would decrease the BOLD
signal in regions of the brain involved in energy homeostasis, predominantly those involved in food
reward.

Our findings extend from those of others in the field showing some of the effects of SCFAs on the
central regulation of appetite and brain response to food reward. Rats given the SCFA - acetate
showed reduced neuronal activity in the hypothalamus measured using manganese-enhanced MRI
and reduced food intake (Frost et al., 2014). Furthermore, in a study in mice given a control or high
fat diet with oligofructose or corn starch for 9 weeks, neuronal activity in the arcuate nucleus was
significantly increased in the oligofructose-enriched diet compared to the group who received a corn
starch diet (Anastasovska et al., 2012). In addition, this increased colonic propionate production
suggests a reduced appeal of HE food pictures suggesting reduced wanting of food (Goldstone et
al., 2014a, Finlayson et al., 2008). Originally, we postulated these alterations in brain appetite
response to SCFAs may be a direct effect of the SCFAs or as a result of increases in the gut
hormones GLP-1 and PYY. Indeed, we have shown that IPE increases GLP-1 and PYY in chapter
3 and several other studies have shown FC and SCFAs can increase the anorectic gut hormones
PYY and GLP-1 (Cani et al., 2005, Delmée et al., 2006, Reimer et al., 2012, Cani et al., 2004,
Tolhurst et al., 2012, Lin et al., 2012, Cherbut et al., 1998, Delzenne et al., 2002, Zhou et al., 2008,
Keenan et al., 2006). However in this study, no changes in the gut hormones GLP-1 and PYY were
observed, and the effects on the caudate and nucleus accumbens must be via other mechanisms.

Several studies have demonstrated that an increased intake of NDCs and increased production or
delivery of SCFAs in the colon can reduce energy intake and alter body composition without altering
levels of the gut hormones (Anastasovska et al., 2012a, So et al., 2007, Frost et al., 2014a).
Therefore this opens the possibility that IPE acts by a different mechanism to alter the central
response for appetite through altered BOLD levels in the caudate and nucleus accumbens as well
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as the reduction in energy intake observed in this study. One way in which IPE may alter appetite
could be through the hepatic portal vein. It is known that increasing propionate in the hepatic portal
vein can decrease energy intake, so propionate may act here to alter anticipatory food behaviour
(Anil and Forbes, 1980, Anil and Forbes, 1988). A second way in which increasing propionate
colonic may alter neural activity in response to food reward is via vagal afferents. Particularly,
stimulation of FFAR3 in the portal vein or in the gut may drive these changes in neural activity,
without affecting GLP-1 and PYY (De Vadder et al., 2014, Lal et al., 2001, Kentish and Page, 2015).
Finally, propionate may mediate these changes in the activity of the nucleus accumbens and the
caudate through altering leptin signalling. Propionate can activate FFAR2 and FFAR3 in adipose
tissue and stimulate the release of leptin (Xiong et al., 2004, Zaibi et al., 2010). Leptin can cross
the blood brain barrier and increase anorexigenic signalling and decreased orexigenic signalling
resulting in reduced appetite and reduced neural activity in response to food (Sahu, 2003). It is
known that acetate can cross the blood brain barrier to directly affect the brain (Chambers et al.,
2015) and there is also evidence that propionate can pass over the blood brain barrier (Conn et al.,
1983) and it is highly likely that propionate may act by this or one of the mechanisms explained
above to alter anticipatory food behaviour.

5.7.2 Inulin-Propionate ester does not affect levels of PYY or GLP-1
Unlike in chapter 3, PYY and GLP-1 levels were not altered in this study, despite inulin-propionate
ester being given at the same time, and levels of PYY and GLP-1 being assessed over the same
time period. However, a positive effect on energy intake and BOLD signal in appetite centres of the
brain was observed suggesting that propionate acts via several mechanisms to alter energy
homeostasis. In particular, evidence exists that an increased intake of NDCs and SCFAs in the
colon can reduce energy intake and change the body composition without changing GLP-1 and
PYY (Anastasovska et al., 2012a, So et al., 2007, Frost et al., 2014a). Further, as mentioned
previously, effects of propionate on energy homeostasis may be mediated through altered hepatic
portal vein activity (Anil and Forbes, 1980, Anil and Forbes, 1988) or through altering vagal
innervation through stimulating FFAR3 in the portal vein or gut (De Vadder et al., 2014, Lal et al.,
2001, Kentish and Page, 2015) or leptin signalling (Sahu, 2003). Despite PYY and GLP-1
increasing in the study presented in chapter 3, levels of PYY and GLP-1 were not significantly
different between IPE and control in this study. It is plausible that the gut hormones did not increase
because of stress levels associated with being in the fMRI scanner. To avoid this a dummy visit
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should have been included prior to the study in order to familiarise the volunteers with the fMRI
scanner and environment.

5.7.3 Inulin-Propionate ester significantly reduces energy intake
As we demonstrated in chapter 3, food intake is significantly reduced by increasing colonic
propionate using IPE. This further corroborates our findings from this chapter, about the capacity
of IPE to reduce energy intake. It is likely that these reductions in energy intake are mediated
through the reported changes in brain activity in the caudate and nucleus accumbens, and not
through effects on GLP-1 and PYY as postulated in chapter 3.

5.7.4 Inulin-Propionate ester does not affect subjective ratings of appetite or satiety
As we discussed in chapter 3 where you can be satiated but show no changes in subjective ratings
of satiety or appetite, the same was observed in this study. There is, however, obviously a
physiological effect on satiation by the IPE as observed by this significant reduction in energy intake
and changes in BOLD activity. It could be that, appetite and satiety were unchanged despite
increased satiation with IPE, or it could be that VAS to measure appetite and satiety may not be
the most sensitive and reliable measurement of appetite.

5.7.5 Inulin-Propionate ester does not induce nausea
As in all previous chapters, we again show that acute doses of IPE do not cause nausea. Sodium
propionate alone has previously been shown to be unpalatable and likely to nausea (Frost et al.,
2003, Liljeberg et al., 1995). This suggests IPE overcomes these side effects and should be the
preferred method to increase colonic propionate.

5.7.6 Inulin-Propionate ester does not affect insulin or glucose levels
In this study, acute supplementation of inulin-propionate ester did not alter plasma levels of glucose
and insulin. As discussed in detail in chapter 3, this is further evidence which adds to a body of
conflicting evidence of whether SCFAs do indeed alter glucose and insulin homeostasis. It is likely
differences are dependent on whether propionate is given over a short or long period. The fact that
acute propionate in this study does not affect glucose or insulin corroborates several other acute
studies where propionate does not affect glucose or insulin (Wolever et al., 1989) (Laurent et al.,
1995).
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5.7.7 Limitations of this work.
It is important to discuss slight limitations associated with this study. Firstly, fMRI scanning has
been reported to be often uncomfortable for scanning periods of 30 to 60 minutes or longer for
several reasons (Szameitat et al., 2009). To overcome this, a familiarisation visit in the scanner
would potentially have improved the study. In addition, sex differences in central processing of
appetite have been reported (Del Parigi et al., 2002). In our study the effect of IPE on central
anticipatory food behaviour was explored only in males so it is important to repeat this study in
females to assess whether IPE has similar effects.

5.7.8 Conclusions
These results show for the first time in humans that increasing colonic propionate in the significantly
decreases BOLD signal in the Caudate and Nucleus Accumbens, demonstrating for the first time
the effects of propionate in humans on anticipatory food behaviour. In addition, increasing colonic
propionate reduces food intake and does not induce nausea. No changes in levels of the gut
hormones GLP-1 and PYY were detected, suggesting that propionate acts by alternative
mechanisms to change neural activity involved in food reward. Further studies with propionate in
humans should elucidate these mechanisms.

Chapter 6 Exploring the effect of increasing colonic propionate
on Energy Expenditure

6.1 Introduction
We are interested in exploring the effects of increasing colonic levels of propionate on EE, following
on from the findings of one long-term human study, where 10g of IPE was given daily for 24 weeks
(Chambers et al., 2014). The IPE group were prevented from gaining weight compared to those
given inulin but this was not associated with any changes in levels of the gut hormones, GLP-1 and
PYY, and it could be that this prevention of weight gain was through altered energy expenditure, as
SCFAs and EE have been linked in several previous studies (Gao et al., 2009, den Besten et al.,
2015). EE is defined as the sum of the basal metabolic rate plus diet-induced thermogenesis and
physical activity. EE can be calculated by formulae which use the respiratory quotient to provide an
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estimate of the basal metabolic rate based on the quantity of the CO 2 eliminated divided by the
quantity of O2 consumed (Poehlman, 1989).

As described earlier, in one long-term human study, 10g of IPE was given daily for 24 weeks. The
IPE group were prevented from gaining weight compared to those given inulin (Chambers et al.,
2014). In addition, obese volunteers given acetate daily for 12 weeks showed a significantly
decreased total body fat and visceral fat percentage at the end of the study (Kondo et al., 2009).
These studies in humans identify that SCFAs beneficially prevent weight gain and can also promote
fat loss. These studies did not look at the effects of SCFAs on EE but it is plausible that this longterm reduction in energy balance is through a chronic increase in energy expenditure, particularly
due to previous findings in animal studies. Indeed, mice supplemented with propionate every day
in their diet for 12 weeks, show a reduction in body weight alongside an increased oxygen
consumption and energy expenditure (den Besten et al., 2015). In addition, recent evidence for this
was found in a recent study in FFAR3 KO mice by Kimura et al., 2011. FFAR3 is highly expressed
in sympathetic ganglia of the sympathetic nervous system, both in vitro and in vivo mice studies
have shown that propionate can activate FFAR3 in the sympathetic nervous system (Kimura et al.,
2011) and the activation of the sympathetic nervous system can increase energy expenditure
(Messina et al., 2013). The activation of FFAR3 is also involved in increasing oxygen consumption
in both a fed state and a starved state. WT mice show a significantly increased VO 2 in the fed state
compared to a starved state. Additionally, WT mice show a significantly higher VO 2 in a fed state
compared to FFAR3 KO mice in a fed state (Kimura et al., 2011). Furthermore, mice supplemented
with propionate daily in their diet over a 12 week period, showed an increased oxygen consumption
and energy expenditure (den Besten et al., 2015), suggesting a direct effect of propionate on EE.
In addition to this, mice which lack FFAR3 have a lower energy expenditure and increased body fat
content, further demonstrating a role for FFAR3 in regulating energy expenditure and fat oxidation,
(Bellahcene et al., 2013), likely through increased sympathetic activation.

FFAR2 is also implicated in the control mechanisms of EE. FFAR2 knockout mice show decreased
fat oxidation, and EE can be increased with the overexpression of FFAR2 in mice (Kimura et al.,
2013). Further, obese mice given butyrate as a supplement showed increased adaptive
thermogenesis, mitochondrial activity and fat oxidation, which further supports a role for SCFAs
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affecting EE (Gao et al., 2009). Taken together this suggests a link between SCFAs, their receptors
and EE.

To our knowledge, no studies have explored the effects of SCFAs directly on EE, however some
evidence for the effects of fermentable carbohydrates on EE have has been demonstrated.
Fermentable carbohydrates increase the rate of thermogenesis in humans; 10 healthy men given
30g of isomalt, of which, 7.3g was found to be fermented, show increased thermogenesis (Livesey,
2002). This is relevant as fermentable carbohydrates have been shown to increase levels of SCFAs
in humans (Tarini and Wolever, 2010). It is likely that SCFAs released by increased fermentable
carbohydrates may drive increases in EE and drive associated weight loss.

To explore the effects of SCFA on EE, a small pilot study in our own laboratory was conducted. 14
healthy volunteers were given 10g of IPE or control twice; the day before the test visit with a
standard evening meal and 12 hours later with a standardised breakfast. EE was measured 12
hours later in a fasted state after the first dose of IPE but no significant effect on EE was found.
However, 60 mins later after the second dose of IPE with a standardised breakfast a significantly
increased EE in the IPE group compared to the control group was found (Figure 6.1, p<0.05).
Therefore, the effect of one dose of IPE to increase colonic propionate on EE in a fed state needs
to be explored.

Figure 6.1: IPE significantly increases energy expenditure.
Bar chart shows EE (Kcal/min) for 14 volunteers who received two doses of 10g of IPE or Cellulose
as control 12 hours apart. 0 mins shows fasted state 12 hours after 1 dose of IPE or control, 60
mins shows EE after second dose of IPE or inulin. *P<0.05, Mean ± SEM.
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As well as SCFAs and SCFA receptors potentially having a role in EE, the gut hormones may also
play a role. A few studies have been conducted which show that the gut hormones GLP-1 and PYY
may affect EE. In humans, infusion of PYY1-36 and PYY3-36 increased EE, but this only approached
significance (p=0.056). In this study, the plasma levels of PYY peaked after 60 min, and reached
214 ± 48 pmol/l for PYY1-36 and 190 ± 27 pmol/l for PYY3-36. These peak plasma PYY levels are 10
times those what we found in chapter 3 where IPE was used to increase colonic propionate,
suggesting these findings may be not physiologically relevant. Effects of PYY on EE are likely to be
through increased sympathetic activity (Sloth et al., 2007). Acute infusion of GLP-1 in healthy
volunteers resulted in increased EE and plasma GLP-1 levels peaked at ~100pmol/L (Tan et al.,
2013). However, in another human study, infusion of GLP-1 decreased EE and CHO oxidation. In
this study the GLP-1 infusion increased plasma GLP-1 levels to between 40 and 100 pmol/L. These
plasma GLP-1 levels are similar to what we found in chapter 3 using IPE to increase colonic
propionate, suggesting these findings to be more physiologically relevant (Flint et al., 2000).
Similarly, in another study where humans were infused with more physiological levels of PYY, GLP1 or PYY and GLP-1, no effects on EE were found (Schmidt et al., 2014). Therefore, the known
effects of GLP-1 and PYY on EE and fat oxidation are still inconsistent and future studies need to
address this.

The effect of using IPE to increase colonic levels of propionate on EE and fat oxidation in humans
has not yet been reported, so the work in this chapter explores this. In addition, should IPE increase
EE and fat oxidation, further work should be conducted to understand the mechanisms of this.

6.2 Hypotheses
I hypothesized that using IPE to increase levels of propionate in the colon would increase EE and
fat oxidation in the postprandial period and reduce subjective appetite.

6.3 Aims and Objectives
In this chapter we sought to investigate the effect of increasing levels of propionate in the colon by
providing subjects with a single dose of 10 g of Inulin-propionate ester with breakfast after being
fasted overnight on:
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•

Energy expenditure, fat oxidation and carbohydrate oxidation

•

Subjective appetite and satiety

6.4 Methods
6.4.1 Study Design
This study was carried out in a single–blind, crossover manner, with participants attending two study
visits, a week apart. Subjects did not take part in any strenuous exercise or drink alcohol 24 hours
before the study day and were asked to consume the same meal between 19:00 and 20:00 the
evening before each study visit. Subjects fasted overnight and arrived at Hammersmith hospital at
8:30am on each visit. At 0 min, subjects were served a standardized breakfast (398 kcal; 71 g CHO,
8 g fat, 10 g protein) containing either 10 g of inulin-propionate ester, or 10 g cellulose control. At
180 min a standardised lunch (575 kcal; 86 g CHO, 19 g fat, 15 g protein and 3.2 g fibre) was
provided. Indirect calorimetry was used to establish a baseline measure of O2 consumption and
CO2 production (to be used to calculate EE, CHO and fat oxidation) and subsequently measured
at 60, 120, 180, 240, and 300 mins. Subjective hunger, satiety, and nausea were monitored with
the use of 100 mm VAS at 0, 30, 60, 120, 180, 210, 240, 270 and 300 mins. A schematic diagram
of the EE study design can be seen in Figure 6.2.

Figure 6.2: Schematic diagram showing the study design for EE study.
This study was conducted in 15 healthy volunteers. This was a single blind randomised trial with 2
visits, a week apart. Subjects received Inulin-propionate ester or cellulose with breakfast and then
3 hours later they received lunch. EE was measured using indirect calorimetry every 60 min for 5
hours to include the postprandial period after lunch at 3h. Appetite was assessed by visual analogue
scales as in previous investigations.
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6.4.2 Power analysis
This is a pilot study in a new area and therefore a power calculation was not possible. However,
previous studies have reported altered substrate oxidation rates following dietary interventions of
different glycaemic index profiles with 16 volunteers (Scazzina et al., 2011).

6.4.3 Study participants
In this study 15 healthy adult volunteers were recruited. The inclusion criteria were a BMI of 20 to
35 kg/m2 and 21 to 65 years of age. The exclusion criteria were smoking, substance abuse,
pregnancy, use of medications, a change in body weight > 5 kg in the previous 3 months, medical
or psychiatric illness, and any abnormalities detected on physical examination, electrocardiography,
or screening blood tests (measurement of complete blood count, electrolytes, thyroid function and
liver function). All subjects provided informed, written consent prior to starting the study, which was
approved by the Hammersmith and Queen Charlotte’s Research Ethics Committee (08/H0707/99).
The study was carried out in accordance with the Declaration of Helsinki. A flow diagram of
recruitment to this study can be seen in Figure 6.3.
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Figure 6.3: Schematic diagram showing the recruitment of participants to the energy
expenditure study.
The number of telephone screenings, on site screenings, participants and exclusions throughout
can be seen for this study.
6.4.4 Intervention
The IPE was developed by Dr Douglas Morrison from the University of Glasgow. The IPE is 3g of
propionate bound to 7g of inulin via an ester linkage which aims to increase palatability compared
to propionate alone as described in the methods chapter. 10g of IPE delivers 2.36 g of propionate
to the colon after 0.49 g of losses in the intestine (Chambers et al., 2014). The control in this study
was 10 g of cellulose.

6.4.5 Assessment of appetite, satiety and nausea
To investigate the effect of IPE or cellulose on appetite, satiety and nausea, 100 mm VAS were
used at several time points during the study visit as described in the methods chapter.
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6.4.6 Indirect calorimetry
This study looked at the effect of IPE on EE, CHO and fat oxidation using open loop indirect
calorimetry (Gas Exchange Monitor; GEM Nutrition, Daresbury, U.K.) to measure O 2 consumption
and CO2 production to derive the respiratory quotient (RQ), EE, fat and CHO oxidation. Each
participant was asked to lie in a semi-recumbent position under the comfortable, ventilated hood
and canopy of the indirect calorimeter, and air flow through the hood is variable from 20 to 80 L/min
for comfort. The open loop indirect calorimeter measures gas exchange volumes, respiratory
quotient and energy expenditure by alternatively measuring O2 and CO 2 concentrations of inspired
and expired air. Flow rate is continually measured to determine the dilution factor. Additionally, a
standard disposable heat and moisture exchange filter in the air line removes particulates and
prevents cross contamination. The calorimeter was calibrated before the start of each visit after
allowing the machine to warm up for 20 min. Standard gas calibration of 1% CO 2 and 20% O2 was
used and the flow rate was manually set up at approximately 20 L/min. Resting O 2 consumption
and CO2 production were measured at baseline and at 60, 120, 180, 240, 300 mins. Once the CO 2
content of the air entering the chamber stabilised, measurements were taken for 20 min every 1
hour during the study for a duration of 5 hours.

6.4.7 Analysis of indirect calorimetry data
The indirect calorimeter provided direct readings of O 2 consumption (L/min) and CO2 production
(L/min) at each of the time points assessed in this study. These readings were then used to
calculate the EE, fat and CHO oxidation and RQ. The resting energy expenditure (REE) at each
time point was calculated using a formula which accounted for body weight and levels of O 2
consumption and CO2 production and expressed in kilocalories burnt per minute per kg of body
weight. REE was calculated using the Weir equation: REE = [3.9 (VO2) + 1.1 (VCO2)] 1.44 (Weir,
1949). RQ was calculated by (VO2)/(VCO2). Urea was collected to measure the protein oxidation.
The fat and CHO oxidation at each time point was calculated using a formula based on levels of O 2
consumption and CO2 production and urea and results were expressed for fat and CHO oxidation
measured in grams of fat or carbohydrate burnt per minute, respectively. The formula to calculate
CHO oxidation (g/min) was (4.55*VCO2) - (3.21*VO2) - (2.87*N) and to calculate fat oxidation
(g/min) was. 1.67*(VO2-VCO2)-(1.92*N). All data were also calculated as a change from baseline.
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The limits of detection for each study with indirect calorimetry were as follows; for RQ ~ 2.40%, EE
~9.45%, CHO oxidation ~14.55% and fat oxidation ~24.36%.

6.4.8 Colonic delivery assessment
As breath hydrogen was significantly increased from ~180 min in chapter 3 and chapter 4 marking
the fermentation of the IPE it was also assumed that fermentation would occur at this time point in
this study.

6.4.9 Statistical Analysis
Energy Expenditure, fat oxidation, CHO oxidation, RQ and area under the curve for VAS was
analysed by paired t-test. Raw VAS data was analysed by two-way ANOVA.
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6.5 Results

6.5.1 Study participants
Fifteen healthy volunteers were recruited to this study. The characteristics of the study participants
can be seen in Table 6.1.

Table 6.1: Characteristics of participants in the effect of Inulin-propionate ester on energy
expenditure and fat oxidation.
Participants’ Characteristics

Mean ± SD

Age (years)

29.2 ± 2.6

Weight (kg)

63.5 ± 2.5

BMI (kg/m2)

22.3 ± 0.6

Gender

6 men and 9 women

6.5.2 10g of inulin-propionate ester does not affect EE in the postprandial period
EE after IPE or cellulose control was measured every hour for 5 hours. Changes in EE at each time
point were calculated as change (Kcal/kg/min) from baseline (0 mins), after an initial 30 minute
equilibrium period with the calorimeter before the baseline value was recorded, mean EE values
are also shown for reference. We found no significant difference between the control and IPE group
in EE at any of the time points (Figure 6.4, p>0.05). In addition, changes over time measured by
AUC (0 to 180 min) were also not significant with IPE compared to control (p>0.05). Mean ± SEM
EE for ∆AUC0-180min was 0.517 ± 0.15 min × Kcal/kg/min with control compared to 0.420 ± 0.107
min × Kcal/kg/min with IPE (Figure 6.4, p>0.05). As breath hydrogen was significantly increased
from ~180 min in chapter 3 and chapter 4 marking the fermentation of the IPE, EE was also
assessed from 180 min. Mean ± SEM EE for ∆AUC180-300min was 0.502 ± 0.098 min ×
Kcal/kg/min with control compared to 0.445 ± 0.101 min × Kcal/kg/min with IPE (Figure 6.4, p>0.05).
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Figure 6.4: Effect of 10g Inulin-propionate ester vs. cellulose (control) on EE in healthy
humans.
Line graphs show the mean EE (kCal/kg/min) over time for the control group and inulin-propionate
ester group as (A) raw EE values and (B) as change from baseline every hour after the initial 10g
supplement. Arrows mark 0 min where breakfast and supplement was served and at 180min when
lunch was served, dashed line shows fermentation of IPE. Bar charts show (C) AUC 0-180 min (p=
0.1674) and (D) AUC 180-300 min (p= 0.2918) for EE for control and IPE.
6.5.3 10g of inulin-propionate ester does not affect fat oxidation in the postprandial period
Fat oxidation after IPE or cellulose control was measured every hour for 5 hours. Changes in fat
oxidation at each time point were calculated as change (g/kg/min) from baseline (0 mins), after an
initial 30 minute equilibrium period with the calorimeter before the baseline value was recorded. We
found no significant difference (Figure 6.5, p>0.05) between the control and inulin-propionate ester
group in fat oxidation at any of the time points. In addition, changes over time measured by AUC
(0 to 180 min and 180 to 300 min) were also not significant with IPE compared to control (Figure 6.5,
p>0.05). Mean ± SEM fat oxidation for ∆AUC0-180min was -2.248 ± 1.22 min × g/kg/min with
control compared to -1.807 ± 0.844 min × g/kg/min with IPE (Figure 6.5, p>0.05). Mean ± SEM fat
oxidation for ∆AUC180-300min was -1.559 ± 0.701 min × g/kg/min with control compared to -0.915
± 0.776 min × g/kg/min with IPE (Figure 6.5, p>0.05).
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Figure 6.5: Effect of 10g Inulin-propionate ester vs. cellulose (control) on fat oxidation in
healthy humans.
(A) Line graph shows the mean fat oxidation (g/kg/min) over time as change from baseline for the
control group and inulin-propionate ester group every hour after the initial 10g supplement. Arrows
mark 0 min where breakfast and supplement was served and at 180min when lunch was served.
Dashed line marks fermentation of the IPE in the colon. Bar charts show (B) AUC 0-180 mins (p=
0.506) and (C) AUC 180- 300 mins (p= 0.172) for fat oxidation for control and IPE group. N=15,
p>0.05.
6.5.4 10g of inulin-propionate ester does not affect CHO oxidation in the postprandial period
CHO oxidation after IPE or cellulose control was measured every hour for 5 hours. Changes in
CHO oxidation at each time point were calculated as change (g/min) from baseline (0 mins), after
an initial 30 minute equilibrium period with the calorimeter before the baseline value was recorded.
We found no significant difference between the control and inulin-propionate ester group in CHO at
any of the time points (Figure 6.6, p>0.05). In addition, changes over time measured by AUC (0 to
180 min and 180 to 300 min) were also not significant with IPE compared to control (Figure 6.6,
p>0.05). Mean ± SEM CHO oxidation for ∆AUC0-180min was 14.32 ± 4.04 min × g/min with control
compared to 11.50 ± 2.06 min × g/min with IPE (Figure 6.6, p>0.05). Mean ± SEM CHO oxidation
for ∆AUC180-300min was 12.21 ± 2.69 min × g/min with control compared to 9.77 ± 1.93 min ×
g/min with IPE (Figure 6.6, p>0.05).
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Figure 6.6 : Effect of 10g Inulin-propionate ester vs. cellulose (control) on CHO oxidation in
healthy humans.
(A) Line graph shows the mean CHO oxidation (g/min) over time as change from baseline for the
control group and inulin-propionate ester group every hour after the initial 10g supplement. Arrows
mark 0 min where breakfast and supplement was served and at 180min when lunch was served.
Dashed line marks fermentation of the IPE in the colon. Bar charts show (B) AUC 0-180 mins (p=
0.2583) and (C) AUC 180- 300 mins (p= 0.1398) for CHO oxidation for control and IPE group. N=15.
6.5.5 10g of inulin-propionate ester does not affect RQ in the postprandial period
RQ after IPE or cellulose control was measured every hour for 5 hours. Changes in RQ at each
time point were calculated as change from baseline (0 mins), after an initial 30 minute equilibrium
period with the calorimeter before the baseline value was recorded. We found no significant
difference between the control and inulin-propionate ester group in RQ at any of the time points
(Figure 6.7, p>0.05).In addition, changes over time measured by AUC (0 to 180 min and 180 to 300
min) were also not significant with IPE compared to control (Figure 6.7, p>0.05). Mean ± SEM RQ
for ∆AUC0-180min was 9.89 ± 3.23 x min with control compared to 7.66 ± 2.33 x min with IPE
(Figure 6.7, p>0.05). Mean ± SEM RQ for ∆AUC180-300min was 7.52 ± 1.97 x min with control
compared to 5.05 ± 2.09 x min with IPE (Figure 6.7, p>0.05).
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Figure 6.7: Effect of 10g Inulin-propionate ester vs. cellulose (control) on RQ in healthy
humans.
(A) Line graph shows the mean RQ over time as change from baseline for the control group and
inulin-propionate ester group every hour after the initial 10g supplement. Arrows mark 0 min where
breakfast and supplement was served and at 180min when lunch was served. Dashed line marks
fermentation of the IPE in the colon. Bar charts show (B) AUC 0-180 mins (p= 0.2839) and (C) AUC
180- 300 mins (p= 0.1033) for RQ for control and IPE group. N=15.

6.5.6 10g of inulin-propionate ester significantly reduces appetite and increases satiety
We sought to understand the effect of IPE on appetite in humans. VAS were used to measure
satiety and appetite. We found that consumption of 10 g of inulin-propionate ester significantly
reduced early levels of appetite as measured by responses to the questions – “How strong is your
appetite for something sweet?” (p<0.05, Figure 6.8).
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Figure 6.8: Increasing colonic propionate with 10g IPE reduces subjective ratings of
appetite.
Figure shows appetite ratings were made using 100 mm VAS with ends of the scale signposting
extremes (e.g. 0 mm equalling not at all hungry and 100 mm being extremely hungry). Black arrows
indicate standardized meals. 10 g inulin-propionate ester or 10 g control were provided with
breakfast at 0 min. Data points are presented as mean ± SEM (n=15, p= 0.0001).

In addition, consumption of 10 g of inulin-propionate ester significantly reduced appetite as
measured by responses to the question – “How strong is your appetite for a meal?”. (p<0.01,
Figure 6.9).
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Figure 6.9: Inulin propionate ester significantly decreases appetite.
A) Bar chart shows mean iAUC0-300 mins for VAS “How strong is your appetite for a meal?” for all
subjects given inulin-propionate ester or cellulose. Error bars show SEM. (n=15), p= 0.0092. B)
Fullness response curves for the two different trials as measured by VAS. Black arrows indicate
standardized meals. 10 g inulin-propionate ester or 10 g control were provided with breakfast at 0
min. Data points are presented as means ± SEM (n=15).
However, consumption of 10 g of inulin-propionate ester did not affect responses to the question –
“How hungry do you feel right now?”. (p>0.05, Figure 6.10).
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Figure 6.10: Inulin propionate ester does not affect appetite.
A) Fullness response curves for the two different trials as measured by VAS. Black arrows indicate
standardized meals. 10 g inulin-propionate ester or 10 g control were provided with breakfast at 0
min. Data points are presented as mean ± SEM (n=15)
B) Bar chart shows mean iAUC0-300 mins for VAS “How hungry do you feel right now?” for all
subjects given inulin-propionate ester or cellulose. Error bars show SEM. (n=15), (p=0.0792)

In addition, effects of IPE on satiety were measured by responses to the question – “How strong is
your desire to eat?”. IPE significantly increased satiety when iAUC 0-300 min was measured
(p<0.05, Figure 6.11).
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Figure 6.11: Inulin propionate ester significantly increases satiety.
A) Bar chart shows mean iAUC0-300 mins for VAS “How strong is your desire to eat?” for all
subjects given inulin-propionate ester or cellulose. Error bars show SEM. (n=15), p= 0.0310. B)
Satiety response curves for the two different trials as measured by VAS. Black arrows indicate
standardized meals. 10 g inulin-propionate ester or 10 g control were provided with breakfast at 0
min. Data points are presented as means ± SEM (n=15).
Effects of IPE on satiety measured by responses to the question – “How full do you feel right now?”
did not show any significant changes. IPE did not affect satiety when iAUC 0-300 min was measured
(p>0.05, Figure 6.12).

127

Figure 6.12: Inulin propionate ester does not affect satiety.
A) Satiety response curves for the two different trials as measured by VAS. Black arrows indicate
standardized meals. 10 g inulin-propionate ester or 10 g control were provided with breakfast at 0
min. Data points are presented as mean ± SEM (n=15). B) Bar chart shows mean iAUC0-300 mins
for VAS “How full do you feel right now?” for all subjects given inulin-propionate ester or cellulose.
Error bars show SEM. (n=15), p=0.3111
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6.6 Summary of Results
In this results chapter we have shown the effects of acutely supplementing humans with inulinpropionate ester to increase colonic levels of propionate on EE, fat and CHO oxidation and
subjective appetite.

We found that:
•

10g of IPE does not affect EE in the postprandial period.

•

10g of IPE does not affect fat or CHO oxidation in the postprandial period.



10g of IPE does not affect oxygen consumption or carbon dioxide production (RQ).

•

10g of IPE significantly decreases subjective ratings of appetite and increases ratings of
satiety.
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6.7 Discussion
6.7.1 10g of inulin-propionate ester does not affect EE in the postprandial period.
This is the first study in humans looking at the effect of acute supplementation of IPE to raise colonic
propionate levels on EE and fat and CHO oxidation. In this chapter we found no significant effect
of one 10g dose of IPE on EE in the 5 hours after IPE supplementation after fermentation in the
colon.

In a previous long-term study in our lab where volunteers consumed 10g of IPE every day for 24
weeks, significant effects on body weight were found which we speculated could be through
changes in EE. Only one out of 25 volunteers (4%) from IPE group gained ≥3% of their baseline
body weight and none gained ≥5% of their baseline body weight. This was compared to 6 out of 24
control volunteers (25%) who gained ≥3% of their baseline body weight and 4 (17%) who gained
≥5% of their baseline body weight (Chambers et al., 2014). In addition, in another previous study in
our lab, in 14 healthy volunteers, where volunteers received 10g of IPE on day 1, and a further dose
of 10g of IPE on day 2, effects on EE were found. In the fasted state there was no difference in
energy expenditure, however, 60 min after consuming a standard breakfast, containing the second
10 g dose of inulin-propionate ester or cellulose, energy expenditure was 5% greater with IPE
supplementation, when measured from 13 to 18 hours after the first IPE dose (Figure 6.1). Similarly
in mice supplemented with propionate every day in their diet for 12 weeks, an increased oxygen
consumption and energy expenditure was found (den Besten et al., 2015). Together, these data
suggest that IPE and increasing colonic propionate may have beneficial effects on EE, however
these are likely only mediated greater than 5 hours after increasing colonic propionate or with more
than one dose of inulin-propionate ester.

Evidence exists in animal studies suggesting a role for how propionate increases EE. A role for
propionate activation of FFAR3 and increased EE has also been shown. WT mice have a
significantly higher EE compared to FFAR3 KO mice in a fed state (Kimura et al., 2011). In addition,
in another study in mice, supplementation with the SCFA butyrate every day significantly increases
EE after 1 week in obese mice (Gao et al., 2009).

Together, our findings and those of others do not rule out a role of propionate in increasing EE to
promote beneficial effects on body weight and energy homeostasis, however, it is likely that these
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changes may be specific to obese individuals, long-term SCFA supplementation, or a more
sustained and later response to SCFA supplementation on EE.

6.7.2 10g of inulin-propionate ester does not affect fat oxidation in the postprandial period.
This study is the first study in humans looking at the effect of acutely increasing propionate in the
colon with IPE on fat oxidation. In this acute study we observed no changes in the levels of fat
oxidation, 5 hours after supplementation with IPE after fermentation in the colon.

Previous studies have shown evidence for a role of SCFAs in fat oxidation (Kondo et al., 2009, Gao
et al., 2009). However these effects may be specific to long-term supplementation or to individuals
with obesity. Indeed obese patients supplemented every day for 12 weeks with acetate show
significantly decreased total body fat and visceral fat percentage (Kondo et al., 2009) suggesting
an increased fat oxidation with long term supplementation of SCFAs in obese individuals. Similarly,
in an animal study, where obese mice were supplemented with butyrate in their diet, these show a
significantly increased fat oxidation after 1 week in to the study obese mice (Gao et al., 2009).

Effects of propionate and other SCFAs on fat oxidation are likely mediated through changes in the
activity of adipose tissue. The SCFA, acetate can activate FFAR2 in adipose tissue to reduce fat
accumulation (Kimura et al., 2013). In addition, FFAR2 KO mice are obese suggesting that FFAR2
may mediate effects on fat oxidation and storage (Kimura et al., 2013). However, in humans the
existence of FFAR2 and 3 in human adipose tissue are unclear. Le Poul et al, show expression of
both FFAR2 and FFAR3 in human adipose tissue (Le Poul et al., 2003) whereas Hong et al., show
that FFAR2 and 3 are not expressed in human adipose tissue (Hong et al., 2005).

Together, our findings and those of others do not rule out a role of propionate in increasing fat
oxidation and changing adipose tissue activity to promote beneficial effects in body weight and
energy homeostasis, however, it is likely that these changes may be specific to obese individuals,
long-term SCFA supplementation, or a more sustained and later response to SCFA
supplementation.
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6.7.3 10g of inulin-propionate ester does not affect CHO oxidation in the postprandial period.
To our knowledge no previous studies in humans or animals have shown evidence for a role of
SCFAs in CHO oxidation. We demonstrate for the first time in this study that in the 5 hour period
after consumption of IPE and after fermentation in the colon, there is no effect on CHO oxidation
compared to control in 15 healthy humans. This does not, however, rule out any long-term effects
of propionate supplementation on CHO oxidation, changes in CHO oxidation after the 5 hour period
which we measured CHO oxidation or to non-healthy individuals.

6.7.4 Inulin-Propionate ester significantly reduces subjective ratings of appetite.
In this study, we have shown that increasing colonic propionate by using 10 g of IPE significantly
decreases appetite as demonstrated in chapter 4. Appetite for a meal was significantly reduced
from 0 to 300 mins after consuming IPE and appetite for something sweet was significantly
decreased at 30 min and 60 min with IPE compared to control. Together, these data suggest that
increasing propionate with 10 g of IPE can reduce appetite before reaching the colon as well as
after reaching the colon.

However, previously in this thesis, we have presented data with the same dose of IPE and
measured appetite and satiety over the same time period and found no differences in subjective
ratings of appetite, but did see increased satiation measured by a reduced food intake (chapter 3).
These conflicting results we have across the several studies suggest very variable individual
responses to IPE as well as how individuals complete the VAS to measure appetite.

A small amount of evidence for the effect of SCFAs on appetite exists, but to our knowledge there
are no previous reports of the effect of propionate on appetite in humans. In a study in mice,
activation of the ARC of the hypothalamus which is involved in the brain regulation of appetite was
significantly increased with fermentable CHO over a long term period. These effects on brain activity
involved in appetite were accompanied by increased levels of SCFAs suggesting a direct effect of
SCFAs on appetite (Anastasovska et al., 2012). Similarly, mice given acetate show a reduced
activation in central brain areas involved in appetite regulation (Frost et al., 2014). Additionally, FCs
have been linked to increasing SCFA levels, and in a human study where subjects received
oligofructose over a period of 8 weeks subjective appetite was reduced significantly compared with
control (Daud et al., 2014).
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6.7.5 Limitations of this work
In this study, we calculated a poor limit of detection for the indirect calorimeter between visits. The
limit of detection for each study were as follows; for RQ ~ 2.40%, EE ~9.45%, CHO oxidation
~14.55% and fat oxidation ~24.36%. Therefore, with these poor limits of detection, any subtle small
changes in EE, CHO, fat oxidation and RQ would not be identified. In order to detect any subtle but
significant changes with IPE a large number of volunteers (approximately 200 to 300 volunteers
with the above limits of detection) would be required to increase the power of this study or another
method with a better limit of detection should be sought, for example, whole room calorimetry (Seale
et al., 1991).

In addition, in hindsight, it could be possible that the study could have been designed better to
measure EE, fat and CHO oxidation and RQ for a longer period of time after fermentation of IPE in
the colon at around 240 mins. In this study, these were only measured up to 300 mins (only 60 mins
after fermentation), and it is plausible that these effects could occur beyond this time point.
Specifically in a pilot study in our own group, effects on EE were observed approximately 8 hours
after the first dose of IPE was fermented in a fed state (Figure 6.1).

6.7.6 Final conclusions
In this study there were no significant effects of raising colonic propionate by using a single dose of
10 g of IPE on EE, fat oxidation, CHO oxidation and RQ. This does not eliminate the possibility that
EE, fat and CHO oxidation and RQ cannot be modulated by propionate but it is likely that these
effects would occur with more than one dose of IPE, over a period of greater than 5 hours after the
dose of IPE or are specific to non-healthy individuals. We did, however, show a significant effect of
IPE on reducing appetite. Interestingly, this effect of IPE on appetite was detected before reaching
the colon as well as after reaching the colon, suggesting an early effect of propionate on appetite
and this will be explored further in a following chapter by using capsules which enable the release
of propionate before the colon.
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Chapter 7 Exploring the effect of the delivery of small intestinal
propionate on appetite regulation

7.1 Introduction
Data presented already in this thesis has demonstrated an early effect of IPE on appetite and satiety
well before the fermentation of IPE in the colon, leading us to explore the pre-colonic effect of
propionate. Two previous studies have led us to explore the pre-colonic effect of propionate on
appetite and satiety. Firstly, work using the

13C

isotope to explore how much of the bound

propionate within 10g of IPE actually arrives to the colon alongside the rise in breath hydrogen to
measure the colonic fermentation suggests ~25% is released before fermentation the colon. This
means that ~75% of the bound propionate would have been released in the colon, so this ~25%
released before the colon may be able to affect appetite and satiety. Precisely, 0.49g of the bound
propionate in 10g of IPE is released before reaching the colon (Chambers et al., 2014). Additionally,
results presented in chapter 4 (figure 4.6) demonstrate a significant increase in satiety with IPE in
the first two hours after receiving the supplement. Subjective ratings of fullness were significantly
increased between 0 and 120 min following ingestion of the IPE (p<0.05), suggesting that satiety
may be affected by the bound propionate within this time. The AUC with IPE was 7264.29 ±
414.11mm, whilst the inulin AUC was 6122.14 ± 586.97mm (figure 4.7). The findings of both of
these investigations combined leads us to speculate that the propionate released from the IPE
before the colon, possibly in the stomach or small intestine, may be released in the bloodstream
and able to affect appetite before even reaching the colon. Indeed, SCFAs receptors FFAR2/3 are
found in the small intestine (Kaemmerer et al., 2010, Tazoe et al., 2009) and SCFAs are absorbed
in the small intestine (Schmitt et al., 1976). Furthermore, in another study, healthy humans, that
were fed 0.5g of propionate with a meal showed increased satiety 45 minutes after the meal, well
before the propionate would be able to affect appetite through colonic L-cells (Liljeberg et al., 1995).
It is possible that this early effect on appetite may be caused by the direct release of propionate to
the bloodstream affecting upon the sympathetic nervous system before the colon (Kimura et al.,
2011). Increased sympathetic activity has been suggested to increase satiety (Harthoorn and
Dransfield, 2008). Alternatively, increasing propionate levels in the hepatic portal vein can decrease
food intake and propionate may act here to affect appetite (Anil and Forbes, 1980, Anil and Forbes,
1988) or may act by targeting vagal afferents (Lal et al., 2001). Indeed, stimulation of the FFAR3 in
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vagal afferents of the gut or in the hepatic portal vein may modulate appetite (Kentish and Page,
2015).

Previous evidence suggesting an effect of SCFAs on glucose tolerance in humans is unclear.
Several studies show that FFAR2/3 are found in the beta cells of the pancreas, suggesting that
SCFAs binding to these receptors could modulate insulin secretion (Priyadarshini and Layden,
2015, Priyadarshini et al., 2015). Additionally, acetate applied to beta cells stimulates insulin release
in vitro (Priyadarshini et al., 2015). Data from humans is somewhat unclear. Acute infusion of
mixtures of SCFAs show no effect on glucose or insulin levels in one study in humans (Wolever et
al., 1989). Similarly, in another acute human study, infusions of acetate or propionate alone, or
together, show no effect on fasting glucose or insulin levels (Laurent et al., 1995). However, in
conflict with this, some studies in humans show that SCFAs may have an effect on glucose and
insulin. For example, supplementation with propionate has been shown to significantly lower
glucose levels in humans (Todesco et al., 1991). In addition, another human study shows significant
reductions in fasting glucose levels with propionate (Venter et al., 1990). Any effects of propionate
or other SCFAs on glucose and insulin, may be mediated through improved beta-cell function, which
has been demonstrated previously in mice (den Besten et al., 2015, Lin et al., 2012) and rats (Khan
and Jena, 2014). In addition, increasing levels of fermentable carbohydrates can affect insulin
sensitivity and glucose tolerance (Robertson et al., 2005, Parnell and Reimer, 2009) and this may
be due to increases in levels of SCFAs (Tarini and Wolever, 2010). Specifically, humans given 30g
of resistant starch every day for 4 weeks showed increased insulin sensitivity compared to placebo
(Robertson et al., 2005). In addition, in obese subjects 21g of oligofructose per day over 12 weeks
significantly decreased insulin and glucose levels compared to control (Parnell and Reimer, 2009).
However, in another long-term study where increasing doses of 15g, 25g, 35g, 45g and 55g of
oligofructose were given weekly, no effect on insulin or glucose levels was found (Pedersen et al.,
2013). Similarly, in obese subjects given 30g of oligofructose over 6 weeks showed no effect on
insulin or glucose levels compared to control (Daud et al., 2014). In addition, the role of FFAR2 in
obesity mediated insulin resistance has been demonstrated in mice (McNelis et al., 2015).

Whether propionate can affect appetite and satiety and glucose and insulin levels before reaching
the colon are currently not understood and need to be explored. The work presented in this chapter
aims to address this question. In this chapter, the effects of propionate on appetite will be explored
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using the pharmacological supplementation of encapsulated sodium propionate which will enable
the effects of propionate before reaching the colon to be explored, specifically these capsules
breakdown in the small intestine, allowing any effects of propionate in the small intestine to be
investigated.

7.2 Hypotheses
We hypothesised that providing subjects with different doses of encapsulated sodium propionate
(1g, 2g, 3g and 5g) which enables absorption of propionate from the gut before the colon;
specifically in the small intestine, would dose-dependently reduce subjective appetite and increase
subjective satiety and may alter glucose tolerance and insulin sensitivity after consumption.

7.3 Aims and Objectives
In this chapter we sought to investigate the effect of delivery of propionate to the small intestine on:
•

Subjective appetite, satiety, and nausea

•

Plasma levels of insulin, and glucose

by providing subjects with capsules containing ~0.5g sodium chloride (placebo) or 1g, 2g, 3g and
5g sodium propionate.

7.4 Methods
7.4.1 Intervention: design of enteric coated capsules for the delivery of propionate to the
small intestine
The supplementation of propionate in this study is provided in a hydroxypropylmethyl cellulose
capsule. This is prevented from gastric digestion and delivered directly to the small intestine
because of its specific enteric polymer coat - Eudragit® L100-55 which was used as it dissolves in
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the small intestine after 60 minutes (personal communication, Quay Pharma, UK). The control in
this study was ~0.5g encapsulated sodium chloride (placebo).

7.4.2 Study Design
This study was carried out in a single–blind, crossover manner, in five study visits, each a minimum
of a week apart. This study was to compare ~0.5g encapsulated sodium chloride (placebo) to 1, 2,
3 and 5g of encapsulated sodium propionate on appetite and satiety, and glucose and insulin levels.
Subjects did not partake in strenuous exercise nor drink alcohol 24 hours before the study day and
were asked to consume the same meal between 19:00 and 20:00 the evening before each study
visit. They fasted overnight and arrived at Hammersmith hospital at 8:30am on each visit. A cannula
was inserted into a forearm vein and baseline -30 and -15 min blood samples were collected before
participants swallowed capsules containing either sodium chloride (placebo control) or 1, 2, 3 or 5g
of sodium propionate. This was immediately followed by consumption of a 250 ml drink containing
75g of glucose together with the capsules of propionate. Postprandial blood samples were taken at
0, 10, 20, 30, 60, 90, 120, 180 mins to assess plasma concentrations of insulin and glucose.
Appetite and satiety were assessed by VAS every 30 min during the study visit. A schematic
diagram showing the study design for the small intestinal propionate study can be seen in
Figure 7.1.

Figure 7.1: Schematic diagram showing the study design for the small intestinal propionate
study.
This study was conducted in 28 healthy volunteers. This was a single blind randomised trial with 5
visits, a week apart. Subjects received 1g, 2g, 3g, 0g and 5g of propionate. Assessment of glucose
and insulin was made through blood tests and appetite and satiety were assessed by VAS as in
previous investigations.
137

7.4.3 Power analysis
This is a pilot study in a new area and therefore a power calculation was not possible. However, in
chapter 4 using IPE to raise colonic propionate and explore its effects on appetite and satiety, 14
volunteers were studied in a cross-over design and showed significant decreases in appetite and
increases in satiety well before the propionate was delivered to the colon.

7.4.4 Study participants
In this study 28 healthy adult volunteers were recruited. The inclusion criteria were a BMI of 20 to
25 kg/m2 and 18 to 70 years of age with normal fasting blood glucose (below 5.5 mmol/l and HbA1C
less than 5.7%). The exclusion criteria were type I or type II diabetes, smoking, substance abuse,
pregnancy, use of medications, a change in body weight > 5 kg in the previous 3 months, medical
or psychiatric illness, and any abnormalities detected on physical examination, electrocardiography,
or screening blood tests (measurement of complete blood count, electrolytes, thyroid function and
liver function). All subjects provided informed, written consent prior to starting the study, which was
approved by the West London Research Ethics Committee (12/LO/1769). The study was carried
out in accordance with the Declaration of Helsinki. A flow diagram of recruitment to this study can
be seen in Figure 7.2.
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Figure 7.2: Schematic diagram showing the recruitment of participants to the encapsulated
propionate study.
The number of telephone screenings, on site screenings, participants and exclusions throughout
can be seen for this study.
7.4.5 Subjective Ratings of Appetite, Satiety and Nausea
To investigate the effect of encapsulated sodium propionate 1g, 2g, 3g and 5g compared to ~0.5g
sodium chloride (placebo) on appetite, satiety and nausea, 100 mm VAS were used at several time
points during the study visit as described in the methods chapter.

7.4.6 Measurement of glucose and insulin
Levels of insulin were assessed by radioimmunoassay and levels of glucose were measured by an
automated clinical chemistry analyser as described previously in chapter 2.

7.4.7 Statistical Analysis
Insulin, glucose and VAS were analysed by repeated measures one-way ANOVA.
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7.5 Results
7.5.1 Study Participants
28 healthy volunteers were recruited to this study. The characteristics of the study participants can
be seen in Table 7.1.

Table 7.1: Characteristics of participants in the pre-colonic effect of propionate study
Participants’ Characteristics

Mean ± SD

Age (years)

48.6 ± 17.8

Weight (kg)

66.7 ± 9.9

BMI (kg/m2)

23.0 ± 1.2

Gender

13 men and 15 woman
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7.5.2 Encapsulated sodium propionate does not affect appetite.
2, 3 and 5 g of encapsulated propionate do not significantly affect appetite after consumption of the
capsule compared to control (~ 0.5g sodium chloride). This can be seen in Figure 7.3 and
Figure 7.4, p>0.05. We were unable to measure the effects of 1g of sodium propionate on appetite
and appetite was only assessed in 11 volunteers because of missing data.
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Figure 7.3: 2, 3 and 5 g of sodium propionate do not affect appetite compared to control.
Line graph shows response to VAS “how hungry do you feel right now?“ over 0 to 180 mins (n =
11). Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM (p= 0.0604).
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Figure 7.4: 2, 3 and 5 g of sodium propionate do not affect appetite compared to control.
Bar graph shows AUC 0-180 mins in response to VAS “how hungry do you feel right now?“ (n =
11). Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM (p= 0.9239).
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7.5.3 Encapsulated sodium propionate does not affect satiety.
2, 3 and 5 g of encapsulated sodium propionate do not significantly affect satiety after consumption
of the capsule compared to control (~0.5g sodium chloride). This can be seen in Figure 7.5 and
Figure 7.6, p>0.05. We were unable to measure the effects of 1g of sodium propionate on satiety
and satiety was only assessed in 11 volunteers because of missing data.
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Figure 7.5: 2, 3 and 5 g of sodium propionate do not affect satiety compared to control.
Line graph shows response to VAS “how full do you feel right now?“ over 0 to 180 mins (n = 11).
Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM (p= 0.0822).
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Figure 7.6: 2, 3 and 5 g of sodium propionate do not affect satiety compared to control.
Bar graph shows AUC 0-180mins in response to VAS “how full do you feel right now?“ (n = 11).
Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM (p= 0.1184).
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7.5.4 Encapsulated sodium propionate does not affect insulin levels
1, 2, 3 and 5 g of encapsulated sodium propionate do not significantly affect insulin levels between
0 and 180 minutes after consumption of the capsule compared to control (~0.5 g sodium chloride).
This can be seen in Figure 7.7; dose effect (sphericity assumed), p>0.05, dose x time effect
(sphericity assumed), p>0.05. The mean AUC for insulin from 0 to 30 mins and for 0 to 180 mins
was also not significant with any of the doses of sodium propionate compared to control (~0.5g
sodium chloride) (Figure 7.8, p>0.05).
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Figure 7.7: 1, 2, 3 and 5 g of sodium propionate do not affect insulin levels compared to
control. Line graph shows plasma levels of insulin (pomol/L) over time (n = 28). Subjects were
provided with 1, 2, 3 and 5 g of encapsulated propionate or ~0.5g sodium chloride (placebo) control
at 0 mins. Data show mean ± SEM (p>0.05).
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Figure 7.8: 1, 2, 3 and 5 g of sodium propionate do not affect insulin levels compared to
control.
Bar charts show mean ∆ Insulin AUC 0-30min and mean ∆ Insulin AUC 0-180min for subjects
receiving 1, 2, 3 and 5 g of encapsulated propionate or ~0.5g sodium chloride (placebo) control at
0 mins (n = 28) (p>0.05). Bars show mean ± SEM. P=0.5636. 0-30AUC p=0.3781

7.5.5 Encapsulated sodium propionate does not affect glucose levels
1, 2, 3 and 5 g of encapsulated sodium propionate do not significantly affect glucose levels between
0 and 180 minutes after consumption of the capsule compared to control (~0.5g sodium chloride).
This can be seen in Figure 7.9, dose effect (sphericity assumed), p>0.05, dose x time effect
(sphericity assumed), p>0.05. The mean AUC for glucose from 0 to 30 min and for 0 to 180 mins
were also not significant with any of the doses of sodium propionate compared to control (~0.5g
sodium chloride) Figure 7.10, p>0.05).
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Figure 7.9: 1, 2, 3 and 5 g of sodium propionate do not affect glucose levels compared to
control.
Line graph shows plasma levels of glucose (mmol/L) over time (n = 28). Subjects were provided
with 1, 2, 3 and 5 g of encapsulated propionate or ~0.5g sodium chloride (placebo) control at 0
mins. Data show mean ± SEM (p= 0.3913).
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Figure 7.10: 1, 2, 3 and 5 g of sodium propionate do not affect glucose levels compared to
control.
Bar charts show mean ∆ glucose AUC 0-30min and mean ∆ glucose AUC 0-180min for subjects
receiving 1, 2, 3 and 5 g of encapsulated propionate or ~0.5g sodium chloride (placebo) control at
0 mins (n = 28) (p>0.05). Bars show mean ± SEM.
0-30 RM ANOVA p=0.0271, post-hoc analysis p>0.05. 0-180 p=0.4813
7.5.6 Encapsulated sodium propionate causes nausea
Statistical analysis by repeated-measures ANOVA suggests a dose-dependent significant effect of
sodium propionate on nausea (p<0.05), and post-hoc linear trend analysis confirms that sodium
propionate dose-dependently increases nausea (p<0.05). This can be seen in Figure 7.11 and
Figure 7.12, p<0.05. We were unable to measure the effects of 1g of sodium propionate on nausea
and nausea was only assessed in 11 volunteers because of missing data.
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Figure 7.11: 2, 3 and 5 g of sodium propionate cause nausea compared to control.
Line graph shows response to VAS “how sick do you feel right now?“ over 0 to 180 mins (n = 11).
Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM.
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Figure 7.12: 2, 3 and 5 g of sodium propionate do not affect nausea compared to control.
Bar graph shows AUC 0-180mins in response to VAS “how sick do you feel right now?“ (n = 11).
Subjects were provided with 2, 3 and 5 g of encapsulated sodium propionate or ~0.5g sodium
chloride (placebo) control at 0 mins. Data show mean ± SEM (p=0.0391).

7.6 Summary of Results
In this final results chapter we have shown the effects of acutely supplementing humans with
encapsulated sodium propionate to deliver propionate to the small intestine on appetite, satiety,
and plasma insulin and glucose levels. We found that a single dose of 1, 2, 3 and 5g of encapsulated
sodium propionate delivered to the small intestine:
•

does not significantly affect subjective ratings of appetite and satiety

•

does not significantly affect insulin levels

•

does not significantly affect glucose levels

•

but significantly increases subjective ratings of nausea.

147

7.7 Discussion
7.7.1 Sodium propionate delivered to the small intestine does not affect appetite and satiety
Two previous studies conducted in our laboratory lead us to investigate the pre-colonic effect of
propionate on satiety and appetite. However in this study, we have shown that propionate released
in the small intestine does not affect appetite and satiety, and it is likely that the early effects of
propionate on satiety and appetite observed in previous studies occur elsewhere in the GI tract.
The first study demonstrated that approximately ~25% of IPE has been released before the colon.
This 25% of IPE may have an effect on appetite and satiety, as approximately 0.49g of propionate
has been released before arriving to the colon (Chambers et al., 2014). In addition, in chapter 4,
we found that IPE significantly increased satiety and decreased appetite within 2 hours after
receiving the single dose of 10g of IPE compared to the inulin control. This suggests that satiety
and appetite may be affected by the ~25% (0.49g) of propionate released before the colon. These
two findings lead us to hypothesise that the 25% of IPE released before colon, maybe in the
stomach or small intestine, may be released to the bloodstream and have an effect on satiety and
appetite before reaching the colon. To corroborate this, in another human study, volunteers given
0.5g of sodium propionate showed significantly increased satiety within 45 min before the
propionate arrived to the colon (Liljeberg et al., 1995). It is likely this effect may be caused by a
direct effect of propionate when released to the bloodstream able to affect upon the sympathetic
nervous system before arriving to the colon (Kimura et al., 2011, Harthoorn and Dransfield, 2008).
Propionate may also affect appetite before the colon but not in the small intestine via the hepatic
portal vein (Anil and Forbes, 1980, Anil and Forbes, 1988) or by via vagal afferents (Lal et al., 2001).
Propionate stimulating FFAR3 before the small intestine or in the hepatic portal vein may modulate
appetite (Kentish and Page, 2015).

7.7.2 Sodium propionate delivered to the small intestine causes nausea
In this study, encapsulated propionate to enable delivery to the small intestine significantly
increases subjective ratings of nausea. This confirms previous findings of when sodium propionate
has previously been shown to be unpalatable and likely to cause nausea when delivered orally
(Frost et al., 2003, Liljeberg et al., 1995). Therefore delivering propionate to the colon using IPE is
likely to be a better delivery method as this does not induce nausea.
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7.7.3 Sodium propionate delivered to the small intestine does not affect plasma levels of
insulin and glucose
In this study none of the doses of encapsulated propionate affected plasma levels of insulin and
glucose. These findings are in agreement with other acute studies where no effects on insulin or
glucose are observed with SCFAs. In 6 healthy volunteers, given infusions of mixed doses of
SCFAs (90mmol acetate + 30 mmol propionate or 180mmol acetate + 60 mmol propionate), no
significant effect on either insulin or glucose levels was found (Wolever et al., 1989). In addition, in
another study, 6 healthy volunteers were given 36mmol of acetate or 12mmol of propionate or
36mmol of acetate + 12mmol of propionate or control over a 3 h period, and again no significant
effect on fasting glucose or insulin was detected (Laurent et al., 1995). In another acute study,
obese subjects were given one dose of acetate and again, this did not affect glucose or insulin
levels in a fed state (Freeland and Wolever, 2010). The significant increase in nausea observed
with encapsulated propionate may have confounded seeing any effect on glucose tolerance or
insulin sensitivity in this study. Venter, 1990 found increased glucose tolerance and insulin
sensitivity using encapsulated sodium propionate with long-term supplementation of 7.5g sodium
propionate, a higher dose than what was used in this study. The authors, however, did not assess
nausea in this investigation.

However, this does not mean that propionate or the other SCFAs do not affect insulin or glucose
tolerance. It is more likely that a long term supplementation of SCFAs is required to induce the
change in the plasma levels of glucose and insulin. In one human study, oral sodium propionate
(9.9g in white bread) or control was given for 1 week and resulted in significantly reduced glucose
levels (Todesco et al., 1991). In addition, in another human study, 7.5g sodium propionate or
placebo in capsules were given every day for 7 weeks to 20 women, a significantly reduced effect
on insulin sensitivity and fasting blood glucose was demonstrated (Venter et al., 1990). Similarly, in
a study in mice, where they were given acetate, butyrate or propionate in their diets for 12 weeks,
they showed an increased glucose tolerance and insulin sensitivity, likely attributed to an improved
β-cell function (den Besten et al., 2015). Similarly, a single dose of butyrate or propionate
(400mg/kg) given to WT mice fasted overnight significantly improved beta-cell function (Lin et al.,
2012). Furthermore, diabetic rats given butyrate (500 mg/kg/day) for 3 weeks showed increased
beta cell function and proliferation and reduced beta cell apoptosis (Khan and Jena, 2014).
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Increasing consumption of NDCs has also been shown to increase levels of SCFAs (Tarini and
Wolever, 2010) and can also affect glucose tolerance and insulin sensitivity. In one chronic human
study, 10 healthy volunteers were given 30g of resistant starch or control each day for 4 weeks.
After receiving resistant starch a significant improvement in insulin sensitivity was detected
(Robertson et al., 2005). In addition, in another human study, 48 overweight or obese individuals
were given 21g of oligofructose or control every day for 12 weeks. This chronic supplementation of
NDCs significantly reduced insulin and glucose levels (Parnell and Reimer, 2009). However,
healthy human volunteers, in a long term study over 12 weeks were given increasing doses of 15g,
25g, 35g, 45g and 55g of oligofructose every week. They found no significant differences in the
plasma levels of glucose and insulin compared to control (Pedersen et al., 2013). Finally, in another
human study, 22 overweight or obese individuals were given 30g of oilgofructose or 30g of cellulose
(control) for 6 weeks, and no significant effect on insulin and glucose levels was observed (Daud et
al., 2014).

The conflicting results between the chronic and acute supplementation of SCFAs on glucose and
insulin may be dependent on long-term physiological changes with chronic supplementation. In
addition, the effects of SCFAs on insulin and glucose may be dependent on whether an individual
is of a normal or obese weight. SCFAs may encourage long-term insulin sensitivity via enhanced
adipose tissue function via improved adipogenesis and decreased intracellular lipolysis.
Furthermore, SCFAs may alter insulin and glucose function via long-term modulation of lipogenesis
and gluconeogenesis in the liver (Canfora et al., 2015).

Our study has shown that encapsulated sodium propionate delivered to the small intestine does
not have an effect on insulin and glucose levels. However, ours and findings of others contribute to
a body of conflicting results of whether SCFAs do have an effect on insulin and glucose
homeostasis, and whether these are dependent on body mass or chronic supplementation. In
addition, we have shown that encapsulated propionate which enables delivery to the small intestine
does not affect satiety, appetite but does cause nausea. It is clear more research needs to be
conducted to explore the use of SCFAs to regulate insulin and glucose and in particular short and
long term SCFA effects on glucose tolerance and insulin sensitivity need to be understood.
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7.7.4 Limitations of this work.
To our knowledge there are no limitations to this study. However, VAS data for 17 subjects for
control, 2g, 3g and 5g of encapsulated sodium propionate was lost and all VAS data for 1g of
encapsulated sodium propionate was lost, which is not acceptable when performing human
research. The data for 1g of encapsulated propionate delivered to the small intestine would have
been the most comparable to the 0.64g of propionate lost before the colon when using IPE
(Chambers et al., 2014) which had previously reduced subjective appetite (chapter 4). However,
as there was no effect of higher doses of encapsulated sodium propionate on appetite this could
be extrapolated to suggest the missing data for 1g of encapsulated sodium propionate would have
also not been significant.

7.7.5 Final conclusions
In this study, early effects on appetite and satiety observed with 10g of IPE in previous chapters
are not seen when sodium propionate is delivered to the small intestine suggesting that these
observed early effects of propionate on satiety and appetite occur before reaching the small
intestine. In addition, different acute doses of encapsulated sodium propionate delivered to the
small intestine do not affect glucose and insulin levels but do induce nausea indicating IPE is the
preferred delivery method of propionate.
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Chapter 8 Discussion
The results from all experimental chapters are discussed in detail at the end of each chapter. In this
final discussion the results are brought together to explore the original hypothesis that increasing
colonic propionate would reduce food intake in healthy humans and other questions which we have
answered whilst exploring this original hypothesis.

8.1 Effect of increasing colonic propionate on satiation
For the first time in humans we have shown that acutely increasing colonic propionate by delivering
10 g of IPE significantly decreased food intake. This is the first time individual delivery of propionate
to the human colon using oral methods has been shown to affect satiation.

Our results corroborate those of others in the same field which have shown that SCFAs have an
effect on energy intake. In vivo in rats, acetate given intraperitoneally significantly reduced food
intake (Frost et al., 2014). Furthermore, NDCs have been shown to affect energy intake, and
increased levels of SCFA production are associated with increased NDC consumption (Tarini and
Wolever, 2010). Long-term consumption of NDCs leads to a significantly reduced food intake (Cani
et al., 2005), likely through NDCs driving increases in SCFAs (Tarini and Wolever, 2010).

Our results which found that 10g of IPE to raise colonic propionate can decrease food intake adds
to growing evidence that increasing the levels of SCFAs (and more specifically propionate) in the
colon may be beneficial to modulate energy intake. However, it still needs to be understood if this
will work as a long-term approach, and also whether this will be useful for individuals with obesity.

The mechanism by which propionate reduces energy intake was explored in this thesis. We
previously speculated that it could be through increases in PYY and GLP-1 (Psichas et al., 2015),
and found increases in PYY and GLP-1 whilst using IPE to raise colonic propionate, and this was
concomitant with the reduced energy intake. Instead, we found reductions in brain activity in the
nucleus accumbens and caudate - areas involved in anticipatory food behaviour alongside reduced
food appeal ratings and reaction times to food, suggesting propionate reduces food anticipatory
behaviour. It is likely that this reduced food anticipatory behaviour driven by propionate reduces
overall energy intake.
152

8.2 Effect of increasing levels of propionate in the colon and small
intestine on appetite and satiety
We found that 10g of IPE to increase colonic propionate significantly decreased appetite and
increased satiety in our group of healthy volunteers. These increases in satiety and reductions in
appetite occurred when propionate had been delivered to the colon, but also before reaching the
colon, suggesting that IPE can modulate appetite and satiety before and after reaching the colon.

Our findings corroborate a small amount of previous evidence exists showing that SCFAs or
increasing SCFAs using NDCs has an effect on appetite. NDC have been linked to increases in
SCFAs in the colon, alongside significant reductions in appetite in humans (Daud et al., 2014) and
significant increases in satiety (Cani et al., 2005). In addition, findings exploring NDCs in animals
have linked SCFAs to reducing appetite. Mice given a fermentable CHO over a chronic period
showed reductions in brain activity in areas of the brain involved in appetite regulation. These
effects on brain activity were shown alongside significantly increased levels of SCFAs, which
suggest a direct effect of SCFAs on appetite (Anastasovska et al., 2012). Furthermore, in mice
given acetate a reduction in the activation of brain areas involved in appetite regulation was
observed (Frost et al., 2014).

However, we also showed that using IPE to raise colonic propionate sometimes does not affect
appetite or satiety over the same period of time despite finding an increased satiation measured by
a reduced food intake. These conflicting results highlight there may be a very variable individual
response to IPE in the colon on appetite and satiety and also variability in how individuals answer
the VAS questions to measure subjective appetite and satiety.

As we observed early pre-colonic effects of IPE on satiety and appetite and know that ~25% of
bound propionate is released from the IPE before reaching the colon, alongside preventing weight
gain but not concomitant with changes in GLP-1 and PYY (Chambers et al., 2014), we also explored
pre-colonic effects of propionate on appetite and satiety. Specifically, the sodium propionate was
targeted to the small intestine using capsules which breakdown only in the small intestine. In this
study, we found that encapsulated sodium propionate targeted to the small intestine does not affect
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subjective ratings of appetite and satiety, suggesting that propionate does not exert effects on
appetite through the small intestine.

Overall, we found that propionate released in the colon can modulate subjective appetite and satiety
responses, albeit not consistently. Propionate delivered to the small intestine, even in high doses,
cannot modulate appetite and satiety responses. It must be noted that subjective ratings using VAS
vary considerably between individuals and further work is required to establish the mechanisms of
how propionate can affect appetite and satiety in the colon and upstream in the GI tract.

8.3 Effect of increasing colonic propionate on GLP-1 and PYY levels
For the first time in humans we have demonstrated that 10g of IPE, designed to raise colonic
propionate levels, significantly increases the plasma levels of PYY and GLP-1 between 4 and 8
hours after ingesting the supplement. We had hypothesised that increasing colonic propionate
would significantly increase levels of GLP-1 and PYY, as adding propionate to colonic cell cultures
has previously been shown to increase GLP-1 (Tolhurst et al., 2012) and propionate can
significantly increase PYY and GLP-1 in vivo in rats through activation of FFAR2 (Psichas et al.,
2015).

Similarly, effects of propionate on GLP-1 and PYY levels were also predicted because of the
relationship between FCs and SCFAs (Tarini and Wolever, 2010). Humans acutely consuming high
doses of FCs show significant increases in PYY and propionate (Nilsson et al., 2013). Others have
also observed these significant increases in PYY with FCs (Pedersen et al., 2013). Increased levels
of PYY are also observed with long-term consumption of FCs in obese individuals (Parnell and
Reimer, 2009) and in type II diabetics (Freeland et al., 2010).

However, we have also demonstrated that using IPE to raise colonic levels of propionate sometimes
does not affect levels of GLP-1 and PYY. This suggests that one acute dose to increase colonic
propionate does not consistently affect the levels of the gut hormones, GLP-1 and PYY, and also
may be highly dependent on an individual volunteer's diet, gut microbiota and normal levels of PYY
and GLP-1. Others have shown that FCs do not significantly affect levels of GLP-1 and PYY. FCs
given acutely, do raise PYY, but not GLP-1 (Nilsson et al., 2013, Pedersen et al., 2013). Chronic
provision of FCs significantly increases levels of acetate but does not change levels of PYY or GLP154

1 (Daud et al., 2014). In hyperinsulinaemic subjects, increases in GLP-1 alongside increases in
acetate and butyrate were observed after 12 months, but no changes in levels of propionate were
observed, therefore suggesting that other SCFAs may be required for significant effects on the gut
hormones PYY and GLP-1 (Freeland et al., 2010). Alternatively, effects of SCFAs on increasing
levels of PYY and GLP-1 may be due to long-term modulation of the gut microbiota which is not
seen with acute supplementation with propionate (David et al., 2014, Cani et al., 2009). It is also
possible that we did not see consistent increases in PYY and GLP-1 due to the possible stress
associated with being in the fMRI scanner in this particular study. Stress has been linked to
suppressed gut hormone levels and could be the reason why increases were not seen in this
particular study, despite being observed in the food intake study (chapter 3). We could have
controlled for this by offering a dummy visit prior to the study visit in order to familiarise the
volunteers with the fMRI scanner and hopefully reduce any stress which could confound the gut
hormone results (Muehlhan et al., 2011, Kiessl and Laessle, 2016)

The acute supplementation of propionate and its effects on GLP-1 and PYY still remain unclear.
Evidence presented in this thesis demonstrates that using IPE to increase colonic propionate can
significantly increase GLP-1 and PYY, but on other occasions no effects are seen on these gut
hormones. Taking this, and evidence from others together, suggests that the effects of increasing
colonic propionate on GLP-1 and PYY may be dependent on BMI, the state of the gut microbiota,
individual variability in levels of FFAR2/3 and differences between acute and chronic
supplementation.

8.4 Effect of increasing colonic propionate and small intestinal
propionate on nausea
Previous studies have shown that sodium propionate is unpalatable and likely to cause nausea
(Liljeberg et al., 1995, Frost et al., 2003). We have shown in all our studies with IPE that acutely
increasing colonic propionate using 10g of IPE does not cause nausea. However, when using
encapsulated sodium propionate to deliver to the small intestine, nausea was significantly
increased. This suggests that using IPE to deliver propionate overcomes these side effects and
should be a good method for increasing propionate in the colon.
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8.5 Effect of increasing levels of propionate in the colon and small
intestine on glucose and insulin
In this thesis, the effects of 10g of IPE to raise colonic propionate on plasma levels of insulin and
glucose were explored, but no effects were observed. In addition, encapsulated sodium propionate
to deliver propionate to the small intestine did not have an effect on glucose or insulin levels. These
findings corroborate other similar studies which have shown that acute propionate or SCFA
supplementation do not alter glucose or insulin levels compared to controls in healthy individuals
(Wolever et al., 1989, Laurent et al., 1995) and obese individuals (Freeland and Wolever, 2010).
Taken together, these findings suggest that acute supplementation of both healthy and obese
individuals with SCFAs does not affect glucose and insulin levels.

However, others have shown a role for SCFAs, and specifically propionate in affecting glucose
tolerance or insulin sensitivity, but it seems that a more chronic provision of SCFAs is needed to
encourage these effects. For example, chronic oral provision of propionate significantly lowered
glucose levels in healthy individuals (Todesco et al., 1991) and similarly decreased blood glucose
levels and increased insulin sensitivity in another group of healthy individuals (Venter et al., 1990).
Furthermore, mechanisms for these improvements in glucose tolerance and insulin sensitivity with
SCFAs have been demonstrated in mice. Mice given chronic supplementation of acetate, butyrate
or propionate showed improvements in glucose tolerance and insulin sensitivity, which is likely
through improvements in β-cell function (den Besten et al., 2015).

Overall, our findings and those of others do not allow clear conclusions to be made about whether
SCFAs can affect plasma levels of glucose and insulin. It is likely that any SCFA effects on glucose
and insulin are dependent on chronic and sustained supplementation which enable β-cell function
to improve (den Besten et al., 2015). Additionally, the method of SCFA administration or body mass
may be critical to their effects. SCFAs may enhance insulin sensitivity through long-term changes
in adipose tissue function via increased adipogenesis and reduced intracellular lipolysis. Lastly,
SCFAs may affect glucose and insulin function through sustained modulation of lipogenesis and
gluconeogenesis in the liver (Canfora et al., 2015). It is clear that further work is required to establish
the effects of SCFAs on glucose tolerance and insulin sensitivity in humans.
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8.6 Effect of increasing colonic propionate on gastric emptying
We also explored the effect of increasing colonic levels of propionate by using IPE on gastric
emptying, and this could be a plausible mechanism by which energy intake is reduced and appetite
is reduced. We hypothesised that IPE would delay gastric emptying because increasing propionate
in the colon would increase the gut hormones GLP-1, and these hormones have been previously
shown to delay gastric emptying (Wisen and Hellstrom, 1995, Savage et al., 1987, Hellström et al.,
2006, Little et al., 2006). However, we found that raising colonic propionate does not affect the time
taken for gastric emptying.

Our findings contrast with other previous studies looking at the effect of SCFAs on gastric emptying.
Healthy humans given acute oral propionate showed a significant delay in gastric emptying
measured by plasma levels of paracetamol (Liljeberg and Bjorck, 1996). However, in this study
approximately 50 mmol of propionate was provided orally whereas in our study approximately 103.5
mmol of propionate was delivered directly to the colon. This suggests the method of administration
of propionate is critical to its effect on gastric emptying. However, previous evidence also exists
that suggests that increasing SCFAs levels in the colon can slow gastric emptying. Pigs were
infused with a mixture of SCFAs acetate, propionate and butyrate and this caused a significant
dose-dependent inhibition of gastrointestinal motility (Cuche and Malbert, 1999), but this was later
shown alongside increases in PYY suggesting the main reason for delayed gastric emptying with
SCFAs is the increased levels of PYY rather than a direct effect of SCFAs (Cuche et al., 2000).
Additionally, in these studies in pigs, the effects on gastric emptying were through a colonic infusion
of a mixture of SCFAs, and it could be that butyrate and acetate may affect gastric emptying
independently of propionate.

In our study, levels of PYY and GLP-1 were not measured but would have been predicted to
increase as we have shown that raising colonic propionate can increase PYY and GLP-1 in humans.
It is likely any effects of propionate on gastric emptying are likely mediated by changes in levels of
gut hormones but may also occur through other mechanisms. High dose PYY infusion in humans
delays gastric emptying (Savage et al., 1987) and caused plasma PYY levels to peak at 86 pmol/L,
whereas we found raising colonic propionate produces peak plasma levels of PYY of 53.3 pmol/L,
which is lower than infusing PYY. In addition, infusion of GLP-1 in humans also delayed gastric
emptying (Nauck et al., 1997) driving peak plasma levels of GLP-1 of 20 to 60 pmol/L, which is
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similar to what we found when raising colonic propionate with IPE. We speculate that if IPE had
significantly increased GLP-1 in this study, this physiologically relevant dose should have had an
effect on gastric emptying.

We found no effect of raising colonic propionate on gastric emptying, and effects on food intake
and appetite through raised colonic propionate are likely not through changes in gastric emptying.
Effects on gastric emptying with SCFAs are likely administration-dependent, e.g. orally or direct to
the colon, a specific effect of acetate or butyrate on gastric emptying but not propionate or it could
be the effect of SCFAs on gastric emptying are mediated through significant increases in GLP-1
and PYY, which may not have occurred in this study, or an alternative mechanism.

8.7 Effect of increasing colonic propionate on energy expenditure and
fat and CHO oxidation
We also explored whether reduced energy intake with colonic propionate were mediated by
changes in EE or fat and CHO oxidation. This is the first time, to our knowledge, that the effect of
acutely increasing propionate in the colon by using IPE on energy expenditure and fat and CHO
oxidation has been explored. However, we found no significant on EE or fat or CHO oxidation after
10g of IPE in the 5 hour period afterwards in which they were measured.

In a long-term study over a period of 24 weeks conducted in our laboratory a significant effect on
body weight was found which we speculated may be through increases in EE. Subjects receiving
IPE to raise colonic propionate showed a significantly reduced weight gain compared to those
receiving control but this was not through changes in PYY and GLP-1 (Chambers et al., 2014). Our
findings that increasing colonic propionate does not affect EE are in disagreement with others. Mice
given long-term propionate supplementation show an increased energy expenditure and oxygen
consumption (den Besten et al., 2015). In humans, fermentable carbohydrates have been shown
to increase thermogenesis, (Livesey, 2002) likely as a result of increased SCFAs (Tarini and
Wolever, 2010).

Raising colonic propionate did not affect fat oxidation in our study. This is again, in disagreement
with other studies in mice and man which have shown that SCFAs can affect fat oxidation (Kondo
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et al., 2009, Gao et al., 2009). However, these effects may be specific to obese individuals or as a
result of long-term supplementation. For example, obese individuals given chronic provision of
acetate showed significantly decreased total adiposity and visceral adiposity (Kondo et al., 2009).
Similarly, obese mice given butyrate showed a reduced adiposity after 1 week of supplementation
(Gao et al., 2009). The effects of raising colonic propionate on fat oxidation are likely to be
dependent on long-term supplementation. When IPE to raise colonic propionate was given longterm and it prevented body weight gain, a reduced intra-abdominal adipose tissue gain, internal
adipose tissue gain was observed and the ratio of internal adipose tissue to subcutaneous adipose
tissue was also reduced (Chambers et al., 2014).

Evidence from others suggest that propionate likely affects EE and fat oxidation by activating
FFAR3 and FFAR2 and through activation of the sympathetic nervous system (Kimura et al., 2011,
Bellahcene et al., 2013, Kimura et al., 2013). However, in humans whether activation of FFAR2/3
can modulate fat accumulation is unclear as FFAR2/3 has been shown to be not expressed in
human adipose tissue (Hong et al., 2005), whilst others have shown that FFAR2/3 are present in
adipose tissue in humans (Le Poul et al., 2003)

Our findings do not rule out an effect of propionate to improve energy expenditure, fat oxidation and
body weight, however, these effects may be highly dependent on one or several other variables.
For example, an individual being obese, more doses of SCFAs being required (chronic
supplementation), individual variability in FFAR2/3 expression, an effect which occurs more than 5
hours after the supplement or an effect of the other SCFAs acetate and butyrate having a more
important role in mediating EE and fat oxidation than propionate.

8.8 Effect of increasing colonic propionate on brain control of
anticipatory food behaviour
We have shown for the first time, to our knowledge, in humans that increasing propionate in the
colon by feeding 10g of inulin-propionate ester significantly reduced BOLD signal in the caudate
and nucleus accumbens, whilst also reducing food appeal scores and reaction times suggesting
raising colonic propionate significantly reduces anticipatory food behaviour (Goldstone et al.,
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2014b, Finlayson et al., 2008). This reduction in anticipatory food behaviour likely drives the
reductions in energy intake observed when colonic propionate is raised.

Our findings support others in the field that have shown the effects of SCFAs on areas of the brain
involved in food reward. In rats given the SCFA acetate, significantly reduced neuronal activity in
the hypothalamus alongside a reduced food intake was found (Frost et al., 2014). Mice given longterm FCs show significantly increased neuronal activity in the arcuate nucleus (Anastasovska et
al., 2012).

The effect of inulin-propionate ester on BOLD levels in the caudate and nucleus accumbens as well
as in food intake was not as an effect of changes in PYY and GLP-1. One of the possible ways how
inulin-propionate ester affects appetite may be via the hepatic portal vein. Indeed, when propionate
is increased in the hepatic portal vein energy intake is also reduced (Anil and Forbes, 1980, Anil
and Forbes, 1988). IPE may also change neural activity in food reward areas via vagal afferents
through SCFA activation of FFAR3 in the portal vein or in the gut may act and effect the in neural
activity without changing the levels of PYY and GLP-1 (De Vadder et al., 2014, Lal et al., 2001,
Kentish and Page, 2015). Furthermore, propionate may act by changing activity of the nucleus
accumbens and the caudate via leptin signalling. Indeed, propionate can activate the SCFAs
FFAR3 and FFAR2 in adipose tissue and release leptin (Xiong et al., 2004, Zaibi et al., 2010).
Leptin may increase anorexigenic signalling and decreased orexigenic signalling which can reduce
the appetite and affect neural activity in response to food (Sahu, 2003). There is also evidence that
acetate - another SCFA - can access the brain directly via crossing the blood brain barrier
(Chambers et al., 2015). There is also evidence that propionate can pass over the blood brain
barrier (Conn et al., 1983) and it is highly likely that propionate may act by this or one of the
mechanisms explained above.

Demonstrating that raising colonic propionate significantly reduces anticipatory food behaviour
furthers our understanding of how IPE can be used to raise colonic propionate and reduce food
intake and possibly drive weight loss to improve overall human health.
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8.9 Future directions
The work presented in this thesis acts as a foundation of the capability of supplementing man with
IPE on energy homeostasis. As with all findings, further work will increase our knowledge of the
effects of this treatment as well its efficacy in disease. The following suggestions provide reasonable
investigations which would further our knowledge of the effects of increasing colonic levels of
propionate.

8.9.1 Providing IPE in solid foods rather than as a supplement
In this thesis, we have shown that providing an acute dose of 10g of IPE to raise colonic levels of
propionate can significantly reduce acute food intake and increase subjective ratings of satiety and
reduce subjective ratings of appetite. In addition, 10g of IPE can significantly increase levels of the
anorectic gut hormones, PYY and GLP-1 and also reduce anticipatory food behaviour as measured
by fMRI, food appeal ratings and reaction times. The 10g of IPE in these studies was provided as
a powder mixed into a milkshake, however, in order to make the IPE more appealing and
marketable it would be desirable to provide IPE already in a solid food rather than as a
supplementary powder for greater convenience. For example, mixed in a ready-to-go juice or
milkshake, or in a cereal bar or muffin. Firstly, we need to explore whether providing IPE in a more
convenient manner rather than as a supplement is possible and remains palatable without inducing
nausea. In addition, we need to ensure that providing IPE in solid food will show similar effects on
food intake, the gut hormones; PYY and GLP-1, and on satiety and appetite.

8.9.2 Increase the amount of propionate that can be delivered to the colon by IPE
In the studies presented in this thesis, 10g of IPE delivers amounts of propionate to the colon that
are approximately 2.5 fold higher than normal (Chambers et al., 2014). It would be interesting to
ascertain whether we can increase the amount of propionate bound to inulin, and whether we can
increase the amounts of IPE delivered to the colon. For example; deliver 20g of IPE in one dose to
increase colonic levels of propionate to 5 times higher than normal. It would be important to
establish whether these much higher colonic levels of propionate can reduce food intake even more
and also increase satiety further. In addition, it is possible that these higher increases in colonic
propionate would increase levels of the gut hormones; PYY and GLP-1 to greater amounts than
which we found in our studies which may then be high enough to modulate gastric emptying and
also reduce food intake further. The highest plasma levels of PYY in this thesis were detected in
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chapter 3, where PYY levels peaked at approximately 50 pmol/L. Infusions of PYY which effectively
raise plasma levels of PYY to 87 pmol/L can delay gastric emptying in humans (Savage et al.,
1987). In addition, infusion of PYY can acutely decrease food intake by 33% when plasma levels
of PYY reach 43.5 pmol/L (Batterham et al., 2002). If greater amounts of propionate can be bound
to inulin via esterification it would be interesting to see whether this can make acute doses of IPE
more effective by increasing GLP-1 and PYY to these higher than physiological levels which may
improve energy intake, satiety and delay gastric emptying.

8.9.3 Investigate the effects of IPE in obese individuals
After determining whether IPE is effective in solid foods and whether we can increase the amounts
of propionate to the colon, it would then be important to determine its effect in obese individuals. A
long-term study should be conducted in obese individuals with IPE provided in these new forms
every day. In a long-term study in normal individuals given 10g of IPE over a 6 month period were
prevented from gaining weight (Chambers et al., 2014), so it could be predicted that long-term
provision of IPE may induce weight loss in obese individuals. Furthermore, obese people are at a
high risk of developing type II diabetes and showing a reduced insulin sensitivity (Klein et al., 2004).
SCFAs can improve insulin sensitivity in obese mice (Gao et al., 2009). In addition, fermentable
carbohydrates can increase levels of SCFAs in humans (Tarini and Wolever, 2010) and can
improve insulin sensitivity and glucose tolerance after chronic provision in obese individuals (Parnell
and Reimer, 2009), suggesting these effects may be seen in obese individuals provided with IPE
in a long-term study. Finally, in chapter 6, 10g of IPE reduces anticipatory food behaviour in normal
individuals, as detected by fMRI, food appeal ratings and reaction times. Importantly, several
studies have shown an increased anticipatory food behaviour in obese compared to lean individuals
(Stice et al., 2009). It is highly likely providing IPE in a long term study of obese individuals could
significantly reduce anticipatory food behaviour and may prove to be an effective therapy for weight
loss.

8.10 Final conclusions
In the data presented in this thesis we have shown for the first time in humans that one dose of 10g
of IPE to acutely increase colonic levels of propionate significantly decreases energy intake,
increases PYY and GLP-1 levels, increases subjective satiety, and decreases subjective appetite.
In addition, we have demonstrated this reduced energy intake is through reduced central
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anticipatory food behaviour. Importantly delivering propionate to the colon using IPE does not cause
nausea.

As obesity is a worldwide epidemic, can induce several other chronic diseases and health issues,
whilst also causing a huge economical and financial burden (Kelly et al., 2008 and World health
organization 2014) it is important to develop new strategies to combat obesity. Data presented in
this thesis has shown several beneficial effects of acutely raising colonic propionate on energy
homeostasis and may provide a novel means in which to target obesity. IPE is a 100% natural
product, without any known side effects which make it a sensible method to continue to explore as
an anti-obesity agent.
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Appendix
Publications arising from this thesis:
Byrne, C. S., Chambers, E. S., Alhabeeb, H., Chhina, N., Morrison, D. J., Preston, T., Tedford, C.,
Fitzpatrick, J., Irani., C., Busza, A., Garcia-Perez, I., Fountana, S., Holmes, E., Goldstone, A. P.,
Frost, G. S. 2016. Increased colonic propionate reduces anticipatory reward responses in the
human striatum to high-energy foods. The American Journal of Clinical Nutrition (Submitted)

Poster presentations arising from this thesis:
Alhabeeb, H., Chambers, E. S., Frost, G. S., Morrison, D. J., Preston, T. 2013. Inulin propionate
ester increases satiety and decreases appetite but does not affect gastric emptying in healthy
humans. The Nutrition Society Winter Meeting, December 2013
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