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Abstract 

For clarity, this thesis is separated into two parts:  

Part 1: Digestible carbohydrate and gastroenteropancreatic hormone release during exercise 

(Chapters 1 to 5) 

Part 2: Non-digestible carbohydrate, short-chain fatty acid production and skeletal muscle 

metabolism (Chapters 6 to 8) 

BACKGROUND 

Carbohydrate is the principal energy-contributing macronutrient in the typical human diet. 

Recent evidence has however suggested high intakes of dietary carbohydrate may increase 

disease and mortality risk, which has been coupled with a rapid increase in popularity of low-

carbohydrate diets amongst the general population. Nevertheless, health-related claims 

regarding carbohydrate are often too simplistic as the term ‘carbohydrate’ constitutes a wide 

spectrum of foods that likely vary in their impact on human health. The sub-division of 

carbohydrate into various classifications can therefore provide a greater insight into the 

relationship between carbohydrate-containing foods and health. Carbohydrate can be 

classified as digestible or non-digestible depending on its capacity to be hydrolysed by host 

enzymes. Despite differences in the context in which digestible and non-digestible 

carbohydrate may benefit human health, both carbohydrate classes can influence the release 

of gastroenteropancreatic hormones and provide a substrate for skeletal muscle during 

exercise. The overall aim of this thesis was to investigate specific contexts in which digestible 

and non-digestible carbohydrate may provide benefit to human health, concentrating on their 

interaction with skeletal muscle, exercise, and gastroenteropancreatic hormone release.  

PART 1 

Acute exercise is often accompanied by a temporary suppression of appetite referred to as 

‘exercise-induced anorexia’. This response is often attributed to changes in glucagon-like 

peptide 1, peptide YY and acyl-ghrelin. However, acute exercise also influences the 

concentrations of other hormones that are implicated in appetite-regulation (the literature 

surrounding this topic area is reviewed in Chapter 1). In Chapter 2, the effect of acute exercise 

on glucose, insulin, and glucagon concentrations in the fed and fasted state was investigated 

using a systematic review and meta-analysis. Acute exercise resulted in decreased 

concentrations of glucose and insulin in the fed state, and increased glucagon concentrations 

irrespective of metabolic state. As raised systemic glucagon concentrations has previously 

been implicated in appetite suppression, these results suggested that glucagon may play a 

role in exercise-induced anorexia. Chapter 3 followed up the results of Chapter 2 by 

examining the effect of acute glucagon administration on subjective appetite and energy intake 

in humans via a systematic review and meta-analysis, identifying an inconsistent effect on 
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appetite and energy intake. Therefore, the possible role of glucagon in exercise-induced 

anorexia could not be evaluated. Chapter 4 explored the independent and interactive effects 

of digestible carbohydrate and exercise on gastroenteropancreatic hormone release, and it is 

implications for appetite and energy balance. Digestible carbohydrate and exercise 

independently and interactively modulated the hormonal milieu and plasma metabolome, 

resulting in the generation of distinct metabolic phenotypes. GLP-1, acetate, lactate, and 

succinate were also identified as putative mediators of exercise-induced suppression of 

appetite and energy intake. However, no strong relationship between glucagon and exercise-

induced appetite suppression or energy intake was found. A general discussion of the work 

presented in part 1 of this thesis is provided in Chapter 5.  

PART 2 

Non-digestible carbohydrate, the majority of which constitutes dietary fibre, escapes digestion 

and is subsequently available for fermentation by resident colonic bacteria, resulting in the 

generation of metabolites such as short-chain fatty acids. Short-chain fatty acids can enter the 

systemic circulation where they can influence the metabolism and function of multiple organs, 

including skeletal muscle (the literature surrounding this topic area is reviewed in Chapter 6). 

Chapter 7 investigated the relationship between dietary fibre intake and skeletal muscle 

metabolism and function in a cohort at risk of skeletal muscle atrophy using a nationally 

representative dataset. Increased consumption of dietary fibre was associated with increased 

skeletal muscle mass and strength after adjusting for key confounders. A general discussion 

of the work presented in part 1 of this thesis is provided in Chapter 8. 

SUMMARY 

Overall, these studies demonstrate that glucagon is unlikely to play a role in exercise-induced 

anorexia despite acute exercise being a potent stimulator of glucagon release. These studies 

also identify acetate and succinate as novel regulators of exercise-induced changes in 

appetite and energy intake, and show that increasing dietary fibre is associated with higher 

relative skeletal muscle mass and strength. 
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Preface: Carbohydrates and metabolism 

 

Carbohydrate is the primary energy-contributing macronutrient in the conventional human diet 

and accounts for 50-70% of total energy intake for the majority of human adults1,2. Over the 

past decade concerns have been raised regarding the relationship between a high 

carbohydrate intake and ill-health. The large-scale prospective cohort study PURE 

(Prospective Urban Rural Epidemiology) recently reported significant associations between a 

high carbohydrate intake (>60% of energy) and an increased risk of total mortality and non-

cardiovascular disease mortality3. This rise in concern has been paralleled by an increase in 

popularity of low carbohydrate (<20% of energy from carbohydrate) and ketogenic diets (<5% 

of energy from carbohydrate), as well as the coining of terms such as ‘carbotoxicity’4. It is 

however pragmatic to remember that ‘carbohydrate’ is an umbrella term encompassing a wide 

array of foods that differ in their nutritive value and their effects on postprandial physiological 

responses5. It can be argued that collectively analysing carbohydrates is too simplistic, as this 

groups carbohydrate based-foods which are largely considered health-promoting (e.g. whole 

grains6) with highly processed carbohydrates that are associated with ill-health (e.g. sugar-

sweetened beverages7). Understanding the role of different types of carbohydrate in human 

health, and the context in which they are consumed, is therefore of importance to public health.  

Carbohydrates can be classified into distinct groups on the basis of various criteria5. Well-

established classifications include the degree of polymerization (simple vs complex), the 

magnitude of the rise in postprandial blood glucose concentrations (low vs high glycaemic 

index) and the extent to which they are metabolised by host digestive enzymes (digestible vs 

non-digestible). Of these classifications, the degree of carbohydrate digestibility is of particular 

interest due to the reported positive and negative effects following both digestible and non-

digestible carbohydrate ingestion. For example, the restriction of digestible carbohydrate may 

improve glycaemic control in type 2 diabetics8, but worsen endurance performance in 

athletes9. Similarly, non-digestible carbohydrate supplementation may reduce energy intake 

in individuals with obesity10, but worsen symptoms in individuals with irritable bowel 

syndrome11. These divergent effects of digestible and non-digestible carbohydrate within 

different populations are important to understand when considering the magnitude of global 

carbohydrate consumption.  

Despite these divergent effects, digestible and non-digestible carbohydrate can exert similar 

effects on human metabolism. For example, both classes of carbohydrate can modulate the 

release of gastroenteropancreatic hormones related to appetite and glucose homeostasis, 

such as glucagon-like peptide 1 (GLP-1) and peptide YY (PYY), as well as provide a substrate 

for skeletal muscle during exercise (Figure 0.1). However, the underlying mechanisms by 
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which digestible and non-digestible carbohydrate achieve this are diverse. Digestible 

carbohydrate is hydrolysed by host enzymes into mono- and disaccharides and primarily 

absorbed in the upper gastrointestinal tract12, resulting in the stimulation of 

gastroenteropancreatic hormone release within 30 minutes of ingestion13. Following 

absorption into the systemic circulation, the products of digestible carbohydrate digestion can 

be utilised directly by skeletal muscle as an energy source during periods of intense exercise14. 

In contrast, non-digestible carbohydrate, of which dietary fibre is the principial component, 

escapes digestion and is available for fermentation by colonic bacteria15. Fermentation of non-

digestible carbohydrate can alter the composition of gut bacterial populations and the 

generation of metabolites derived from the metabolic activity of gut bacteria, including short-

chain fatty acids (SCFAs)16. These SCFAs can also stimulate release of 

gastroenteropancreatic hormones and act as a substrate for skeletal muscle during exercise 

performance17,18.  

This doctoral research project will aim to investigate the contexts in which digestible and non-

digestible carbohydrate (and their associated metabolites) can influence human health, with a 

focus on skeletal muscle, exercise, and gastroenteropancreatic hormones.  

For clarity, this thesis is separated into two parts:  

Part 1: Digestible carbohydrate and gastroenteropancreatic hormone release during exercise 

Part 2: Non-digestible carbohydrate, short-chain fatty acid production and skeletal muscle 

metabolism

Figure 0.1: Overview of the effect of digestible and non-digestible carbohydrate on human 

metabolism.  
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Chapter 1: Digestible carbohydrate and gastroenteropancreatic 
hormone release during exercise 

 

1.1 The obesity pandemic 

The continued rise in global obesity prevalence is widely considered a public health crisis. As 

of 2016, the number of adults worldwide who were classified as overweight (body mass index 

[BMI] ≥ 25.0 kg/m2) exceeded 1.9 billion, of which 650 million were obese (BMI ≥ 30.0 kg/m2)1.  

If current trends remain unaltered, it is predicted that approximately 40% of the UK adult 

population will be obese by 20302. This is disconcerting given that obesity is associated with 

numerous comorbidities, including type 2 diabetes3, cardiovascular disease4 and several 

forms of cancer5. Furthermore, obesity places a large economic burden on society, with recent 

analyses estimating a global economic cost of $2 trillion6. Despite bariatric surgery and 

pharmaceutical interventions both offering highly effective treatment options for obesity7,8, they 

are not universally available or acceptable for all individuals. Strategies that effectively prevent 

and reverse obesity at the population level are therefore increasingly needed.  

Obesity is the direct result of a chronic imbalance between energy intake and energy 

expenditure, in which intake exceeds expenditure9. Interventions that aim to reduce 

bodyweight consequently target a reduction in energy intake, an increase in energy 

expenditure, or both simultaneously10. A reduction in energy intake is conventionally achieved 

through a hypocaloric diet, whereas an increase in energy expenditure is typically achieved 

via exercise. Acutely, an energy deficit created by meal omission produces a subsequent 

increase in ad libitum energy intake11. In contrast, an identical energy deficit created by a 

single bout of exercise has no effect on subsequent ad libitum energy intake11.  If this response 

persists over time, exercise should theoretically be a more useful intervention for weight 

reduction relative to dietary restriction when energy deficits are matched. Contradicting this 

hypothesis, data from meta-analyses show that exercise results in significantly less weight-

loss that dietary restriction over the long-term12,13. Indeed, weight-loss following long-term 

exercise interventions is approximately 30% of expected weight loss given the energy 

expended during exercise training14. The reduced effectiveness of exercise on long-term 

weight-loss is primarily attributed to compensatory increases in dietary energy intake rather 

than changes in physical activity energy expenditure15,16. Understanding the mechanisms by 

which exercise induces changes in acute energy balance and the influence of dietary 

strategies on this response may therefore help to improve the effectiveness of exercise as a 

long-term weight loss tool.   
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1.2 The effect of a single bout of exercise on post-exercise subjective appetite  

Subjective appetite is typically measured using visual analogue scales (VAS). VAS are a 

psychometric tool which consist of questions and corresponding 100-150 mm lines anchored 

by two contrasting statements. These questions (also referred to as scales) can be used to 

assess various dimensions of subjective appetite, including hunger, fullness, satiety, desire to 

eat and prospective food consumption17. These scales are often combined to form a 

composite score that is considered a general estimate of subjective appetite18. VAS scores 

are considered reliable and reproducible19 but may not accurately predict subsequent energy 

intake20.  

1.2.1 The effect of a single bout of aerobic exercise on subjective appetite 

A single bout of aerobic exercise has been repeatedly shown to suppress subjective 

hunger21,22 and composite appetite scores23,24 - a phenomenon commonly referred to as 

exercise-induced anorexia25. This suppression occurs within 10 minutes of exercise onset26 

and persists for 30 to 90 minutes following exercise completion21,23,24,27–29. Nevertheless, this 

response may not be present in all populations. Studies using individuals with 

obesity/overweightness (BMI ≥25 kg/m2) commonly report no significant changes in subjective 

appetite following exercise completion30–32 unless exercise intensity is high (>70% V̇O2 

max)29,33,34. Indeed, high intensity interval exercise appears to produce a greater suppression 

of subjective appetite relative to moderate intensity continuous exercise (~65% V̇O2 max)34,35. 

Children with obesity also do not exhibit significant changes in post-exercise subjective 

appetite36,37. However, it is unclear whether this is attributable to age or obesity. Males and 

females both experience a decrease in subjective appetite with no differences in the 

magnitude of suppression between sexes23,24.  

1.2.2 The effect of a single bout of resistance exercise on subjective appetite 

In contrast to aerobic exercise, few studies have investigated the effects of a single bout of 

resistance exercise on post-exercise subjective appetite. Of these studies, only one has 

demonstrated a significant decrease in hunger during and 30 mins post-exercise21. Most 

studies have reported no effect of resistance exercise on subjective appetite during or post-

exercise32,38–40. The reason for this discrepancy between aerobic and resistance exercise is 

currently unknown. It may however relate to exercise intensity, as energy expenditure during 

resistance-based exercise is typically lower than that achieved during aerobic exercise21. 

1.2.3 Medium to long-term effects of exercise on subjective appetite 

Daily exercise for seven41,42 or 14 days43 does not alter any dimension of subjective appetite 

(hunger, fullness, satiety, desire and prospective food consumption) in males or females. 

Long-term exercise interventions (≥4 weeks) have however produced mixed results, with 
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studies reporting an increase44–46, decrease47 or no change48–50 in fasting measures of 

subjective appetite. Despite these mixed findings, long-term exercise may increase the 

sensitivity of the appetite control system51. For example, participants who undertook a long-

term exercise programme (12 weeks) reported increased fullness following a 75g 

carbohydrate bolus relative to sedentary controls47. However, this finding is not consistent 

across all studies50.  

1.3 The effect of a single bout of exercise on post-exercise ad libitum energy intake 

Post-exercise ad libitum energy intake is often measured 0-2 hours following exercise 

completion using either a single (limited food variety) or buffet (high food variety) style 

meal17,52. The amount of food consumed at this meal and/or the time taken to request this 

meal following exercise completion (latency to eat) are commonly assessed.  

1.3.1 The effect of a single bout of aerobic exercise on post-exercise ad libitum energy intake 

The majority of studies demonstrate that aerobic exercise does not affect53–57 or 

decreases30,58,59 post-exercise ad libitum energy intake. Aerobic exercise therefore decreases 

‘relative energy intake’ (energy intake considering energy expended via exercise) and appears 

to be an effective method for creating a short-term energy deficit. In addition to this, latency to 

eat is also increased following aerobic exercise60,61 suggesting that exercise may modulate 

both inter- and intra-meal satiety. The absence of a compensatory response in energy intake 

is observed in males25,35 and females27,62, as well as in children36,53 and individuals with 

obesity23. The magnitude of the compensatory response in energy intake following acute 

aerobic exercise appears to be similar between men and women (despite higher absolute 

energy intakes seen in men)63,64 and between lean and overweight individuals23. 

1.3.2 The effect of a single bout of resistance exercise on post-exercise ad libitum energy 

intake 

Similar to aerobic exercise, post-exercise energy intake in response to a single bout of 

resistance exercise is unchanged40,65 or decreased66; therefore creating a reduction in relative 

energy intake. The effect of sex, age and BMI on this response is unknown due to the 

comparatively little research performed using this exercise modality.  

1.3.3 Medium to long-term effect of exercise on ad libitum energy intake 

The lack of compensatory changes in energy intake following exercise interventions likely 

persist beyond the initial hours following exercise completion. No changes in self-reported 

energy intake were observed in males following seven days of medium- (~350 kcal/day) and 

high-level (~750 kcal/day) exercise41. However, females did exhibit compensatory increases 

in self-reported energy intake following seven days of high-level (~800 kcal/day) but not 

medium-level exercise (~450 kcal/day), although this compensation was only partial 
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(approximately 33% of energy expended via exercise)42. When the exercise intervention was 

extended to 14 days, Whybrow et al.43 reported that approximately 30% of energy expended 

through exercise was compensated for, suggesting that total compensation could take several 

weeks. They also noted that the degree of compensation as highly variable amongst 

participants. Long-term exercise interventions (>60 weeks) show compensatory responses in 

energy intake approaching 100% of the energy expended through exercise67, suggesting that 

challenges to energy balance via energy expenditure are initially ignored but compensated for 

over time.  

1.4 Mechanisms underlying the effect of acute exercise on subjective appetite and 
energy intake 

Acute moderate- (40-70% V̇O2 max) and high-intensity exercise (>70% V̇O2 max) modulates 

the release of gastrointestinal hormones related to appetite, namely acyl-ghrelin, glucagon-

like peptide 1 (GLP-1) and peptide tyrosine tyrosine (PYY)68. These changes have been 

proposed as a central mechanism underlying the suppression of subjective appetite and 

relative energy intake following a single bout of exercise69.  

1.4.1 Acyl-ghrelin 

Ghrelin is a 28 amino acid peptide that is primarily synthesised and released into the systemic 

circulation by X/A-like endocrine cells located in the stomach70,71. It is an endogenous ligand 

for the G protein-coupled receptor ‘growth hormone secretagogue receptor type 1a’ (GHSR1a) 

and is produced from the post-translational processing of the 117 amino acid peptide 

preproghrelin72.  

Ghrelin exists in two major forms: acyl- and desacyl-ghrelin. Acyl-ghrelin represents 

approximately 10% of total circulating ghrelin concentration and has undergone acylation 

(attachment of a fatty acid side chain to its serine 3 residue) by the enzyme ghrelin O-

acyltransferase72. Depending on the fatty acid attached, acyl-ghrelin can be further subdivided 

into octanoyl (C8:0), decanoyl (C10:0) and possibly decenoyl (C10:1) ghrelin73.  

Acylation of ghrelin is necessary for binding to the GHSR1a as well as its metabolic, hormonal 

and orexigenic effects74. Acyl-ghrelin is a potent secretagogue of growth hormone70 and a key 

stimulator of appetite and energy intake75. The orexigenic effects of acyl-ghrelin are achieved 

by both endocrine (activation of GHSR1a in the hypothalamus) and neural (activation of 

GHSR1a on vagal afferents) mechanisms76. Beyond these roles, acyl-ghrelin is implicated in 

cardiac function77, insulin sensitivity78, glucose79 and lipid metabolism80.  

In contrast, desacyl-ghrelin accounts for ~90% of total ghrelin in circulation but lacks this acyl 

modification; and therefore does not activate the GHSR1a72. The exact biological role of 
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desacyl-ghrelin remains controversial, but evidence suggests it may act as an antagonist to 

acyl-ghrelin at a yet unidentified receptor81.  

1.4.2 Acyl-ghrelin secretion 

Acyl-ghrelin is largely regulated by energy intake, with circulating concentrations increasing 

pre-prandially and decreasing post-prandially74. The rate of decrease is proportional to the 

energy content of the meal82 and dependent on the macronutrient content of the meal, with 

carbohydrate arguably producing the greatest suppression83.  

Despite the mechanisms regulating acyl-ghrelin secretion not being fully understood, it is 

believed to be primarily under the control of neural mechanisms84. For example, cephalic 

phase reflexes (i.e. the sight, smell, taste, or thought of food) have been found to stimulate 

acyl-ghrelin section in humans85,86. Postprandial suppression of acyl-ghrelin levels may be 

also be due to cephalic phase reflexes, conditioned reflexes, and/or hormones such as insulin, 

GLP-1, and PYY87–91. Interestingly, acyl-ghrelin secreting cells do express nutrient receptors 

(e.g. the calcium-sensing receptor) even though they are not in direct contact with the contents 

of the gastrointestinal tract84. These nutrient receptors may be stimulated by metabolites from 

the systemic circulation diffusing into the lamina propria or possibly by gastric contents84. 

1.4.3 The effect of a single bout of exercise on acyl-ghrelin concentrations 

Acute exercise has also been shown to temporarily suppress acyl-ghrelin concentrations. 

Aerobic exercise decreases acyl-ghrelin concentrations during exercise and throughout the 

post-exercise period29,92. A reduction in acyl-ghrelin levels can be detected 30 minutes after 

exercise commencement26,93 and persists for up to 120 minutes following exercise 

completion29. This response is seen in various exercise modalities, including high-intensity 

interval aerobic exercise35 and resistance exercise21,38,65. The magnitude of acyl-ghrelin 

suppression may, however, relate to exercise intensity, with higher intensities (notably high-

intensity interval training) generating a greater suppression relative to moderate intensities 

(~65% V̇O2 max)35,93.  Acyl-ghrelin suppression is reported in both males35 and females94, as 

well as in individuals with overweightness/obesity32. There also appears to be no difference in 

the magnitude of exercise-induced acyl-ghrelin release between males and females and 

between lean and overweight individuals95.    

1.4.4 Relationship between exercise-induced changes in acyl-ghrelin concentrations, 

subjective appetite and energy intake 

The relationship between acyl-ghrelin correlations and subjective appetite are unclear, with 

studies reporting significant correlations with subjective appetite scales31,35,96,97 and others 

reporting no correlation21–23,62,63. In contrast, most studies report no correlation between acyl-

ghrelin concentrations and subsequent intake at an ad libitum meal23,62,63,92,97.  
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1.4.5 Long-term effects of exercise on acyl-ghrelin concentrations 

Results from exercise training studies (≥12 weeks) show mixed results regarding the effect of 

chronic exercise on fasting acyl-ghrelin concentrations. Most studies report no effect on fasting 

acyl-ghrelin concentrations following exercise training47,98–100. However, studies which 

measure total ghrelin (acyl- and deacyl ghrelin) report increased concentrations following 

exercise training44,101,102. The increase in total ghrelin (and perhaps acyl-ghrelin) could be a 

homeostatic response to exercise-induced weight loss in which the body increases energy 

intake to return body weight to pre-exercise training levels. Another possibility is that long-term 

exercise may modify desacyl-ghrelin concentrations (i.e. acyl-ghrelin concentrations may not 

change but total ghrelin may) but this is yet to be directly investigated. This uncertainty is also 

reflected in the relationships between changes in acyl-ghrelin concentrations and body weight 

during exercise training, for which negative100 and no correlations44,102 have been reported. 

Furthermore, exercise training does not appear to influence postprandial acyl-ghrelin 

concentrations following a standardized meal44,47,100.  

1.4.6 GLP-1 

GLP-1 is an incretin hormone secreted from enteroendocrine L-cells of the gastrointestinal 

tract103. Its effects are mediated through the ubiquitously expressed GLP-1 receptor, which is 

found in the kidney, pancreas, adipose tissue, and central nervous system amongst other 

tissues104. GLP-1 is produced via the post-translational cleavage of proglucagon by 

prohormone convertase 1/3 (also known as proprotein convertase subtilisin-kexin type 1)105.   

GLP-1 is released from L-cells in two equipotent biologically active forms: GLP-17-36 and GLP-

17-37
103. GLP-17-36 is the amidated form of GLP-1 and accounts for approximately 80% of 

circulating levels106, whereas GLP-17-37 is the glycine-extended form of GLP-1 and accounts 

for around 20% of circulating levels106. However, only 10-15% of secreted GLP-1 enters the 

systemic circulation due to degradation by endothelial and hepatic dipeptidyl peptidase-4, 

forming the metabolites GLP-19-36 and GLP-19-37
103. Initially thought to be biologically 

redundant cleavage products, evidence suggest that GLP-19-36 and GLP-19-37 may influence 

glucoregulation (albeit weakly)107 as well as exert cardio-and neuroprotective actions108. GLP-

19-36 and GLP-19-37 can be further cleaved by neprilysin into the metabolites GLP-128-36, GLP-

132-36, GLP-128-37 and GLP-132-37
108. These peptides also have putative roles in regulating 

glucose homeostasis and energy expenditure108.  

Due to the rapid metabolism of GLP-1 following its release, GLP-1 secretion is best estimated 

by the sum of active and inactive GLP-1 in the systemic circulation84. Hence, this thesis will 

generally refer to ‘GLP-1’ instead of a specific GLP-1 form.  
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GLP-1 possesses pleiotropic effects on the human body. Of relevance, GLP-1 increases 

satiety109, reduces food intake110 and is likely involved in the activation of the ileal brake (the 

principal inhibitory feedback mechanism that regulates the transit of ingested food through the 

gastrointestinal tract to increase nutrient digestion and absorption)103. GLP-1 likely exerts its 

anorectic effect via multiple routes, including activation of sensory afferent neurons within the 

nodose ganglion which then relays impulses to the hypothalamus, and binding to central GLP-

1 receptors in the hypothalamus103. GLP-1 also has important roles in liver111 and skeletal 

muscle metabolism112, as well as glucose homeostasis (GLP-1 is a potent insulin 

secretagogue)113.  

1.4.7 GLP-1 secretion 

Circulating GLP-1 concentrations are primarily determined by meal intake, with low levels 

found during periods of fasting and rapid increases observed following meal ingestion105. 

Protein, carbohydrate and lipids all elicit GLP-1 responses, with protein arguably the most 

potent of the three macronutrients83.    

GLP-1 secretion can exhibit a monophasic (a single peak in concentrations) or biphasic (two 

peaks in concentrations) postprandial pattern114. The mechanisms responsible for determining 

the GLP-1 response pattern are however not fully understood but are thought to be related to 

differences in gastric emptying rate and meal digestibility84. GLP-1 is typically secreted within 

5-15 minutes of meal ingestion, with concentrations peaking around 30 minutes post-meal 

ingestion and returning to baseline concentrations 3-4 hours post-meal ingestion84. GLP-1-

secreting cells (L-cells) express a variety of nutrient receptors (including the calcium-sensing 

receptor, free fatty acid receptors and glucose transporters) that are stimulated by a variety of 

digestive products (e.g. amino acids, mono- and di-saccharides,  fatty acids); this nutrient 

sensing by the L cell is believed to be the primary regulator of GLP- release84.  GLP-1 release 

may also be controlled by nutrient-induced bile secretion115 and vagal signalling116.  

1.4.8 The effect of a single bout of exercise on GLP-1 concentrations 

Acute exercise is also a potent stimulator of GLP-1. Aerobic exercise increases GLP-1 

concentrations both during and post-exercise, with a rise observed 15 minutes following 

exercise onset117 and GLP-1 levels remaining elevated for 30-90 minutes following exercise 

cessation23,24,28,30,69.  Elevated GLP-1 levels are reported following both continuous97 and high-

intensity interval aerobic exercise28. However, the effect of resistance exercise on GLP-1 

levels is less clear, with the single study to measure GLP-1 concentrations reporting no 

significant effect32. This increase in GLP-1 concentrations can be nonetheless observed in 

various populations following aerobic exercise, including individuals with 

overweightness/obesity33, as well as both males117 and females28. Indeed, post-exercise GLP-
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1 responses are comparable in magnitude amongst men and women, and between lean 

individuals and individuals with overweightness/obesity95. Exercise-induced GLP-1 release 

also exhibits no differences between moderate-intensity (~65% V̇O2 max) and high-intensity 

interval exercise24,28,33.  

1.4.9 Relationship between exercise-induced changes in GLP-1 concentrations, subjective 

appetite and energy intake 

Relative to acyl-ghrelin concentrations, few studies have investigated the relationship between 

GLP-1 concentrations, subjective appetite and energy intake during and post-exercise.  

Exercise-induced changes in GLP-1 concentrations do not seem to correlate with changes in 

subjective appetite measures23,62,97 but may predict subsequent ad libitum energy intake97,117.  

1.4.10 Long-term effects of exercise on GLP-1 concentrations 

Studies investigating exercise training interventions (≥12 weeks) report no changes in fasting 

or postprandial GLP-1 concentrations44,99,100,102. Furthermore, individual changes in GLP-1 

concentrations have been shown to both correlate (a larger increase in GLP-1 was associated 

with lower body weight)102 and not correlate44 with changes in bodyweight due to exercise 

training. Exercise training may however increase post-exercise GLP-1 concentrations 

following a single bout of aerobic exercise102.  

1.4.11 PYY 

PYY is a 36 amino acid peptide synthesised and released, like GLP-1, from L-cells of the 

gastrointestinal tract. It is part of the ‘pancreatic polypeptide-fold family’, which comprises 

pancreatic polypeptide, neuropeptide Y and PYY118. These hormones share a hair-pin-fold 

motif structure and act via the G-protein coupled receptors Y1, Y2, Y4, Y5 and Y6 (with the 

Y6 present in rabbits and mice, but not humans)119.  

PYY circulates in two forms: PYY1-36 and PYY3-36. PYY1-36 is prevalent in the fasted state and 

activates all five Y receptors120. In contrast, PYY3-36 is the predominant form postprandially and 

is produced via the cleavage of PYY1-36 by dipeptidyl peptidase-4120. This modification also 

alters its selectivity, resulting in PYY3-36 possessing a high affinity for the Y2 receptor and a 

moderate affinity for Y1 and Y5 receptors118.  

PYY reduces subjective appetite and energy intake121, and along with GLP-1 is implicated in 

activation of the ileal brake122. Like acyl-ghrelin and GLP-1, PYY likely exerts these effect via 

multiple routes, including binding to Y2 receptors in the hypothalamus and binding to Y2 

receptors on vagal afferent fibres120. PYY also inhibits gastric acid secretion, pancreatic 

enzymes and gall bladder contractions, and may increase both energy expenditure and fat 

oxidation121,123.  
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Owing to the difficulties in assaying PYY3-36
124–126, this thesis will refer to a non-specific ‘PYY’ 

instead of either PYY1-36 or PYY3-36.  

1.4.12 PYY secretion 

PYY concentrations are low in the fasted state and increase within 15 minutes of meal 

ingestion118. This rise in PYY concentrations is proportional to the energy content of the 

meal127.  All three primary macronutrients (carbohydrate, protein and fat) promote the release 

of PYY, with protein reported to be the most potent stimulator of PYY83. 

PYY is secreted within 15-30 minutes of meal ingestion, peaking 60-90 minutes postprandially 

and then returning to baseline levels within 3-4 hours128–131. PYY release from L-cells appears 

to be stimulated by nutrient detection via membrane receptors (such as the calcium-sensing 

receptor and taste receptors) and neurohumoral reflexes84.  For example, human studies 

demonstrate that infusion of cholecystokinin increases circulating PYY132 concentrations, 

whereas GLP-1 infusions decrease systemic concentrations133. Bile acid secretion may also 

be an important regulator of PYY release134 and animal models suggest a putative role for the 

vagus nerve135,136.   

1.4.13 The effect of a single bout of exercise on PYY concentrations 

Acute exercise also stimulates PYY release. Aerobic exercise increases PYY concentrations 

during (within 15 minutes of commencement)117 and following exercise completion (elevated 

for 30 minutes following cessation)21,117,137. Individuals with overweightness/obesity32, as well 

as males137 and females24 all exhibit this response. However, resistance exercise does not 

appear to influence PYY concentrations21,32,65. There appears to be no differences between 

males and females in the magnitude of PYY release95, with higher intensities possibly 

producing a greater PYY release24,35,138. Furthermore, evidence suggests exercise-induced 

PYY release may be greater in lean individuals relative to individuals with 

overweightness/obesity23, but this is not a consistent finding across studies30. 

1.4.14 Relationship between exercise-induced changes in PYY concentrations, subjective 

appetite and energy intake 

Like GLP-1, few studies have undertaken correlational analyses between PYY, subjective 

appetite and energy intake. The findings from those studies that have are mixed, with studies 

reporting significant correlations31,35,97,139 and no correlations21,23,63,117 between PYY, 

subjective appetite and ad libitum energy intake.  

1.4.15 Long-term effects of exercise on PYY concentrations 

Most chronic exercise interventions lasting ≥12 weeks show no effect on fasting or 

postprandial PYY concentrations44,47,99,100,140. Only Jones et al.98 reported an increase in 

fasting PYY concentrations following a 32-week exercise training programme. Exercise 
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training may however increase the post-exercise PYY response following an acute bout of 

exercise102. Nevertheless, there appears to be no relationship between changes in PYY 

concentrations and changes in bodyweight during exercise training 44,101,102. 

1.5 Mechanisms underlying the acute effect of exercise on changes in gastrointestinal 
hormones 

Several mechanisms have been proposed for the changes in acyl-ghrelin, GLP-1 and PYY 

concentrations during and following acute exercise141. These include increased sympathetic 

nervous system (SNS) activity, decreased splanchnic blood flow, decreased gastric emptying 

rate, increased interleukin-6 production, increased non-esterified fatty acid concentrations, 

and increased lactate concentrations.   

1.5.1 Increased sympathetic nervous system activity 

At the onset of acute exercise, central command (feedforward increase in SNS activity that 

accompanies skeletal muscle contraction) and exercise pressor reflex (skeletal muscle 

afferents that respond to mechanical and chemical stimuli) mechanisms operate to increase 

SNS activity and catecholamine release142,143. Acute exercise increases SNS activity and 

circulating catecholamine concentrations (adrenaline and noradrenaline) in an intensity-

dependent manner144–146.  

With regards to the effect of the SNS on gastrointestinal hormone release, treating isolated 

perfused rat ileum with adrenaline increases PYY and GLP-1 secretion via activation of 

adrenergic receptors on L-cells147. Similarly, infusion of beta-adrenergic agonists into perfused 

rat colon stimulates PYY secretion148. Despite acylated ghrelin concentrations negatively 

correlating with noradrenaline and adrenaline concentrations during and post-exercise149, in 

vitro and in vivo data suggest that increased SNS activity and catecholamine release promote 

ghrelin secretion. Adrenaline and noradrenaline stimulate ghrelin release from rodent-derived 

stomach ghrelinoma cell lines150,151. Moreover, electrical stimulation of sympathetic nerves in 

Wister rats increases circulating ghrelin concentrations, but interestingly adrenaline 

administration does not152.  

The increase in SNS activity observed with exercise also results in vasoconstriction of 

splanchnic blood vessels (and consequent decrease in splanchnic blood flow), decreased 

gastric emptying rate and increased non-esterified fatty acid concentrations141. These 

downstream effects may be - at least in part - responsible for the modulation of gut hormone 

concentrations induced by acute exercise and are consequently discussed below.  

1.5.2 Decreased splanchnic blood flow  

The splanchnic circulation comprises the hepatic, celiac, superior mesenteric and inferior 

mesenteric arteries which supplies the splanchnic organs (stomach, small intestine, large 
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intestine, pancreas, spleen and liver). Acute exercise decreases splanchnic blood flow in 

proportion to exercise intensity, allowing a greater proportion of cardiac output to be 

redistributed to working skeletal muscle153–155. This decrease in splanchnic blood flow occurs 

within 10 minutes of exercise onset and returns to resting values within 10 minutes of exercise 

cessation153,156.  

Splanchnic hypoperfusion can induce gastric ischemia and consequently increase local 

inflammation, intestinal damage and permeability157. Rodent models have also demonstrated 

that gastric ischemia decreases acylated ghrelin concentrations and food intake158,159. The 

reduction in splanchnic blood flow may inhibit ghrelin release into the systemic circulation141, 

or the mucosal injuries caused by gastric ischemia may decrease ghrelin production in the 

enteroendocrine cells found in the mucosal layer159. These mechanisms are however 

speculative and do not account for the concurrent increase in PYY and GLP-1 concentrations 

observed during and post-exercise68. This suggests that decreased gastrointestinal blood flow 

is not primarily responsible for the changes in gut hormone concentrations with exercise, or 

that the increase in GLP-1 and PYY is driven by a mechanism distinct to that regulating ghrelin 

release.  

1.5.3 Decreased gastric emptying rate 

Relative to resting conditions, high-intensity exercise (>70% V̇O2 max) decreases gastric 

emptying rate (the speed at which constituents leave the stomach) whereas low-intensity 

exercise (<40% V̇O2 max) accelerates gastric emptying rate160. A decrease in the rate of 

gastric emptying would prolong gastrointestinal tract exposure to nutrients, possibly 

augmenting the release of GLP-1/PYY and suppression of acyl-ghrelin161. This may explain 

why changes to gut hormone concentrations are most likely to be seen with higher-intensity 

exercise protocols. Nevertheless, it is possible that exercise-induced decreases in gastric 

emptying rate are a consequence of gut hormone modulation rather than a cause, owing to 

GLP-1 and PYY’s role in the ileal brake103,122. Indeed, the release of GLP-1 and PYY in 

response to acute exercise is observed in the overnight fasted state, and therefore the 

prolongation of nutrient exposure due to a decrease in gastric emptying is unlikely to be the 

primary mechanism underlying exercise-induced modulation of gastrointestinal 

hormones21,23,137.  

1.5.4 Increased interleukin-6 production 

Interluekin-6 (IL-6) is a cytokine that is secreted by various cell types and involved in a diverse 

set of physiological functions162. IL-6 concentrations increase during and following acute 

exercise in proportion to intensity and duration, with the rise in circulating IL-6 being primarily 

driven by production  in skeletal muscle163. Human data suggests that changes in IL-6 may 
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explain changes in gastrointestinal hormones following an acute bout of exercise. GLP-1, 

acylated ghrelin, subjective appetite and energy intake have all been demonstrated to 

correlate with circulating IL-6 concentrations during the post-exercise period164–166. This is 

supported by rodent data demonstrating that IL-6 is required for exercise-induced anorexia 

and can stimulate GLP-1 release from L-cells167,168. IL-6 may also act centrally on key neural 

circuits implicated in energy homeostasis169,170. Indeed, muscle-specific deletion of IL-6 

influences bodyweight in mice, possibly via the modulation of the appetite-regulating 

neuropeptides agouti-related peptide (AgRP), proopiomelanocortin (POMC), and 

neuropeptide Y (NPY)171.  

1.5.5 Increased non-esterified fatty acid concentrations 

Circulating levels of non-esterified fatty acids (NEFAs; also known as free fatty acids) 

increases two- to four-fold with acute moderate-intensity exercise (45% V̇O2 max)172 and can 

remain elevated for up to two hours following exercise termination173. This increase in NEFA 

availability is thought to be primarily driven by the suppression of insulin and increase in 

catecholamine concentrations that also accompany exercise, which consequently increases 

lipolysis and NEFA release from adipose tissue172. NEFAs released from adipose tissue vary 

in their carbon length and degree of saturation, with NEFAs with a higher degree of 

unsaturation and smaller chain length predominating following exercise174,175. These fatty 

acids (which include short-, medium- and long-chain fatty acids) are a major energy source 

during both rest and exercise, as well as being putative signalling molecules in the regulation 

of energy balance176–178.  

Human studies using pancreatic-pituitary and hyperinsulinaemic glucose clamps (to eliminate 

interference from insulin and growth hormone) demonstrate that intravenous NEFA infusion 

suppresses circulating ghrelin levels in a dose-dependent manner179,180. Intravenous NEFA 

infusions in humans not using pancreatic-pituitary and hyperinsulinaemic glucose clamps also 

significantly suppressed ghrelin, but showed no effect on PYY or GLP-1 concentrations 

relative to saline181,182. Nevertheless, it has been shown that intravenous lipid infusion 

increases acylated ghrelin concentrations in rodents183 and that NEFA concentrations 

positively correlate with both ghrelin and hunger in humans and animal models respectively184–

186. The reason for these discrepant findings is unclear, but may relate to the context in which 

high NEFA concentrations are present (e.g. postprandial, fasting, post-exercise) and the 

accompanying changes in other physiological factors (e.g. hormones) that are present in these 

situations. Alternatively, differences in the composition of the plasma NEFA pool (i.e. fatty acid 

chain length and saturation) may also play a role, considering NEFAs exert divergent 

physiological effects depending on these characteristics187.  
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It is important to note that NEFA mobilisation from adipose tissue decreases with increasing 

exercise intensity, such that high-intensity exercise (85% V̇O2 max) results in a significantly 

lower rate of NEFA appearance compared to lower exercise intensities (25% and 50%)188,189. 

This is incongruent with the notion that exercise-induced changes in gastrointestinal hormone 

concentrations are intensity-dependent. However, post-exercise circulating NEFA levels show 

a transient spike that is also related to intensity, with higher intensities (60 vs 40% V̇O2 max) 

resulting in a greater peak NEFA response190. NEFA concentrations may therefore play a 

greater role in post-exercise appetite suppression (compared to appetite suppression during 

exercise) when high-intensity exercise is performed.  

1.5.6 Increased lactate concentrations 

Circulating lactate concentrations increase during exercise as a result of skeletal muscle 

lactate production exceeding removal, with levels remaining elevated for 30-60 minutes post-

exercise191–193. Importantly, plasma lactate concentrations remain similar to resting levels 

during moderate-intensity (40% V̇O2 max) exercise and only rise with high-intensity  exercise 

(>70% V̇O2 max)193 .  

Treatment of primary gastric mucosal cells with physiological concentrations of lactate (1-10 

mM) inhibits the secretion of acyl-ghrelin via the lactate receptor GPR81 (which is highly 

expressed in gastric ghrelin cells)194. Furthermore, post-exercise changes in lactate are 

associated with changes in acyl-ghrelin and GLP-1 concentrations166, while central and 

intravenous administration of lactate suppresses energy intake in animals195 and humans196, 

respectively. However, neither the relationship between lactate and PYY during the post-

exercise period nor the effect of lactate administration on PYY release has been investigated.  

1.6 The role of pancreatic hormones in exercise-induced changes in subjective appetite 
and energy intake 

Most research investigating the relationship between acute exercise and changes in 

subjective appetite and energy intake has focused on the release of the gastrointestinal 

hormones acyl-ghrelin, GLP-1 and PYY. This is likely due to their well-established and 

prominent roles in appetite regulation74,103,118. However, a single bout of exercise also 

modulates the systematic concentration of several other hormones, including insulin and 

glucagon30. These hormones are commonly associated with glucoregulatory functions but are 

also implicated in appetite regulation197,198.  

1.6.1 Insulin and appetite regulation 

Insulin is a 51 amino acid peptide that is produced and released into the systemic circulation 

by pancreatic beta cells, its release is predominantly stimulated by elevated circulating levels 

of amino acids and glucose199. Following its release, insulin binds to the insulin receptor (which 
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exists in two isoforms, A and B) in order to exert various metabolic effects, including 

glycogenesis, fatty acid uptake, and glucose uptake199,200. Despite the insulin receptor being 

found in essentially all human cells, it primarily exerts its metabolic effects on skeletal muscle, 

adipose tissue, the liver, and neurons201.  

Insulin is capable of crossing the blood-brain barrier via a saturable transport system, allowing 

it to exert central effects202. The insulin receptor is widely expressed in the brain, most notably 

in the hypothalamus, a region of the brain that is central to appetite regulation203. Insulin has 

been to show to stimulate anorexigenic neurons (e.g. POMC and cocaine-amphetamine-

regulated-transcript [CART] neurons) and inhibit orexigenic neurons (e.g. NPY and AgRP) 

present in the arcuate nucleus of the hypothalamus204–206. Clinical data also supports a role of 

insulin in appetite regulation, with insulin administration shown to reduce energy intake and 

induce satiety in individuals with and without obesity207.  

1.6.2 Glucagon and appetite regulation 

Glucagon is a 29 amino acid formed from the precursor molecule proglucagon and secreted 

into the systemic circulation by the alpha cells of the pancreas208. Glucagon is traditionally 

recognised as an anti-hypoglycaemic hormone that is released in response to low blood 

glucose concentrations209. However, glucagon is also released in circumstances of 

psychological and metabolic stress210. Glucagon exerts its effects by binding to the glucagon 

receptor, which is widely expressed throughout the body in organs such as the liver, kidney, 

adipose tissue, pancreas, heart, and brain211. Once bound, glucagon can induce a variety of 

physiological effects including hepatic gluconeogenesis and lipolysis, as well as increasing 

heart rate and energy expenditure212.  

Rodent models have also shown that glucagon can suppress energy intake213. While the 

mechanism underlying this effect is not fully understood, it is believed to be mediated by the 

liver-vagus-hypothalamus axis212. This hypothesis is based on studies demonstrating that 

hepatic portal glucagon infusions suppress energy intake (whereas glucagon infusion into the 

vena cava at the same dose produces no effect), the infusion of glucagon antibodies results 

in an increase in energy intake, and that the anorectic effect of glucagon is abolished following 

hepatic vagotomy213,214. Nevertheless, clinical data investigating the effect of glucagon 

administration on energy intake is less consistent, with studies showing both a suppression of 

energy intake215 and no effect216.  

1.7 Identification of novel mediators of exercise-induced changes in subjective appetite 
and energy intake via metabolomics 

Recent advancements in technology have permitted the quantification of a wide array of non-

traditional metabolites in biological samples; commonly referred to as metabolomics217. This 
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analytical technology has now become widespread in medical science, and has subsequently 

been applied to the field of exercise physiology218. Studies employing metabolomic analyses 

have repeatedly demonstrated that acute exercise bouts cause large changes in metabolite 

concentrations, generally characterised by an increase in lactate, pyruvate, fatty acids, 

acylcarnitines, nucleotides, and ketone bodies, as well as a decrease in bile acids (effects on 

amino acids are mixed)219. Nevertheless, many of these studies use pre-post designs220–223, 

inappropriate control groups224,225, or comparisons between exercise modalities only226. The 

inferences that can be drawn from such data are therefore often limited. Additionally, no study 

has investigated changes in the metabolome in response to a combination of diet and exercise 

interventions, and how these changes are associated with exercise-induced changes in 

subjective appetite, energy intake, and gastrointestinal hormone release. The identification of 

novel metabolic mediators of exercise-induced suppression of appetite and energy intake 

could facilitate the development of future therapeutics aimed at body weight reduction. 

1.8 The role of diet in exercise-induced changes in subjective appetite, energy intake 
and gastrointestinal hormone release 

Chronic exercise results in a compensatory increase in energy intake characterised by both 

an increased drive to eat but also an enhanced satiating efficiency of a fixed meal46,227. The 

decisions that individuals make with respect to food choice and timing to meet this increased 

drive may therefore explain the discrepancy between the acute and chronic effects of exercise 

on energy balance. Indeed, acute laboratory studies investigating exercise and energy 

balance often control when and what is eaten35,138. This method contrasts that of exercise 

training interventions, in which participants are studied in free-living situations and 

consequently have full autonomy on food-related decisions47,99,102. Identifying dietary patterns 

or choices that modify the appetite response to exercise may facilitate the development of 

strategies to increase the potency of exercise as a long-term weight loss tool.  

1.9 Fed versus fasted exercise 

An important decision to be made by all individuals is whether to consume a meal prior to 

exercise commencement. Performing exercise in the fasted stated (>6 hours since last meal)  

has recently grown in popularity with individuals looking to decrease bodyweight because of 

research demonstrating increased fat oxidation during fasted relative to fed exercise228. 

Regularly performing exercise in the fasted state is consequently believed to augment fat and 

bodyweight loss. Despite its popularity, increased fat oxidation does not necessarily translate 

to a decrease in bodyweight; only a long-term change in energy balance (energy balance = 

energy intake – energy expenditure) will result in a decrease in bodyweight10.   

While performing exercise in the fed or fasted state undoubtedly increases energy 

expenditure, the impact of any diet-exercise strategy on appetite and energy intake is likely to 
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be of more importance due to the relatively small energy deficit created by a single exercise 

bout229.  

1.9.1 The acute effect of fed versus fasted exercise on subjective appetite 

It has been conclusively demonstrated that acute exercise in the fed state significantly reduces 

subjective appetite relative to exercise in the fasted state throughout the experimental 

period230–237. Interestingly, fasted exercise significantly decreases subjective appetite during 

the exercise period i.e. a decrease between pre- and post-exercise measurements232,234; an 

effect that is not present with fed exercise. 

1.9.2 The acute effect of fed versus fasted exercise on post-exercise ad libitum energy intake 

Despite the greater decrease in subjective appetite observed with fed exercise, there appears 

to be no difference in energy intake at an ad libitum meal served post-exercise230,232,236–239. 

When considering the total intake consumed during the experimental period (including the 

energy content of the pre-exercise meal), fasted exercise consequently results in a 

significantly lower total energy intake232,237. Indeed, some studies have reported a lower 24-

hour energy intake following fasted exercise relative to fed exercise236,239 but this is not always 

found230,235. It is also important to note that there appears to be no difference in energy 

expenditure - at least when measured in the laboratory environment - between fasted and fed 

exercise234,237–239. This suggests that the possible energy deficit created by fasted exercise is 

not acutely compensated for by a change in energy expenditure. 

1.9.3 Medium to long-term effect of fed versus fast exercise on ad libitum energy intake 

Despite the differences in energy balance between fed and fasted exercise observed acutely, 

this does not appear to translate to any meaningful effect when performed chronically. Long-

term training interventions (≥4 weeks) report no significant differences in body mass between 

fed and fasted exercise groups, regardless of training status (i.e. trained vs untrained) and 

sex240. However, these studies only employed aerobic exercise as an intervention and 

therefore the effect of chronic resistance exercise performed in the fasted relative to fed state 

is unknown.  

1.9.4 The acute effect of fed versus fasted exercise on gastrointestinal hormone release 

Very few studies have investigated the acute effect of fed and fasted exercise on acyl-ghrelin, 

GLP-1 and PYY release. Fasted exercise increases acyl-ghrelin concentrations during 

exercise231,233 and possibly in the postprandial period relative to fed exercise237. The effect of 

fed and fasted exercise on GLP-1 and PYY concentrations is difficult to interpret due to an 

insufficient number of studies. There appears to be no difference in GLP-1 concentrations 

between fed and fasted exercise232, and possibly an increase in PYY concentrations following 

fed exercise231.  
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1.9.5 Timing of pre-exercise meal 

Most studies comparing the acute effect of fed versus fasted exercise on subjective appetite 

and energy intake provide a pre-exercise meal 1 - 2.5 hours prior to exercise 

commencement230–237,239. Therefore, little is known regarding the effects of a pre-exercise meal 

consumed less than 1 hour or more than 2.5 hours prior to exercise commencement on 

subjective appetite and energy intake. Interestingly, the only study to use a time interval 

outside this period reported that consuming a meal 30 mins before exercise results in no 

difference between fed and fasted exercise in subjective appetite during the course of the 

study visit238.  This suggest that timing of the pre-exercise meal may influence the subsequent 

subjective appetite response to exercise, ultimately having implications for energy balance. 

Timing of the pre-exercise meal may also influence the prevalence and severity of 

gastrointestinal symptoms experienced during exercise. Kondo et al.241 found that immediately 

performing high-intensity exercise (70-80% heart rate reserve) after meal consumption 

increased the prevalence and severity of subjective nausea.  

1.9.6 Composition of pre-exercise meal 

The pre-exercise meal selected by studies comparing fed and fasted exercise is often high in 

carbohydrate (>55% carbohydrate by energy content) and provides ~300-700 kcal of 

energy230,232–237. Moreover, this meal is typically grain-based (e.g. oats) and consumed with a 

liquid energy source (e.g. milk or orange juice). This type of meal is likely selected as it is 

representative of the foods consumed prior to exercise242. Individuals are recommended to 

consume a high-carbohydrate meal prior to exercise to maximise performance during the 

exercise period243. This has however resulted in a limited understanding of the influence of a 

pre-exercise meal high in protein or fat on subjective appetite and energy intake following an 

acute exercise bout.  Despite its ergogenic benefits, high carbohydrate intake may increase 

the risk of gastrointestinal complaints. High carbohydrate intakes are correlated with an 

increased prevalence of nausea during endurance events244. This is believed to be due to an 

increase in water retention caused by the incomplete absorption of carbohydrate245.  

1.9.7 Carbohydrate metabolism during acute exercise and appetite regulation 

Endogenous carbohydrate stores in the form of skeletal muscle glycogen and liver glycogen 

are a major energy source during acute exercise246. Relative to endogenous lipid stores 

(>100,000 kcal), carbohydrate is severely restricted in its storage capacity (<1200 kcal)193. 

The status of endogenous carbohydrate stores has consequently been proposed as a 

potential regulator of energy balance and mediator of energy compensation following an 

exercise-induced energy deficit247.  
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Despite reports of whole-body carbohydrate utilization during exercise being positively 

associated with post-exercise energy compensation248, the relationship between endogenous 

glycogen stores and energy balance is believed to be tissue specific247. Higher rates of 

hepatic-derived glucose utilization during exercise are associated with an increase in post-

exercise energy compensation, whereas no such effect was reported for skeletal muscle 

glycogen utilization239. This is believed to be due to the liver’s gluconeogenic capacity and 

consequent provision of a systemic glucose source247. Skeletal muscle cannot provide 

systemic glucose due to the absence of a key enzyme involved in the metabolism of glycogen 

to free glucose - glucose 6-phosphatase249. The mechanisms by which hepatic glycogen may 

regulate energy balance are not yet fully understood, but evidence from animal models 

implicate neural signalling via the vagus nerve and/or endocrine signalling via Fibroblast 

growth factor 21247.  

Nutrient intake influences fuel utilization during exercise243. The consumption of exogenous 

carbohydrate before or during exercise may therefore decrease hepatic glycogen utilization 

and compensatory responses to exercise-induced energy deficits247. However, this may be 

modulated by the type of carbohydrate (e.g. glucose vs fructose), timing of carbohydrate 

ingestion (e.g. immediately before or 2 hours before), as well as exercise intensity, duration 

and modality.  

1.9.8 Carbohydrate intake and gastrointestinal hormone release 

Ingestion of carbohydrate suppresses the release of acyl ghrelin and stimulates the release of 

GLP-1 and PYY83. This hormonal response mirrors that produced during and following an 

acute bout of exercise68. However, there is currently no information into the additive or possibly 

synergetic effects of combining carbohydrate ingestion with acute exercise on acyl-ghrelin, 

GLP-1 and PYY concentrations, and its subsequent influence on subjective appetite and 

energy intake.  

1.10 Synopsis and general aims 

A single bout of exercise results in a decrease in subjective appetite and relative energy intake. 

If this response persists over time, chronic exercise interventions should result in substantial 

weight loss. Contradicting this prediction, regularly performing exercise for >12 weeks 

produces modest weight loss, especially when compared to dietary energy restriction. The 

reason for this discrepancy is largely attributed to compensatory eating behaviours following 

exercise energy expenditure, rather than a compensatory decrease in energy expenditure. 

Understanding the mechanisms by which acute exercise influences appetite and the impact 

of diet on this response may facilitate the development of strategies that improve the 

effectiveness of chronic exercise as a weight loss tool.  
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The decrease in subjective appetite and relative energy intake following acute exercise is 

thought to be due to modulation of gastrointestinal hormones related to appetite, primarily 

acyl-ghrelin, GLP-1 and PYY. However, other hormones such as insulin and glucagon may 

also be involved. Furthermore, advancements in technology such as metabolomics now 

enable the identification of metabolites that may also play a causal role in exercise induced 

changes in appetite and energy intake.  

The metabolic response during and following exercise is likely influenced by provision, type 

and timing of pre-exercise nutrient ingestion. Dietary carbohydrate is widely recommended for 

consumption prior to exercise due to its ergogenic properties, and is also capable of 

influencing gastrointestinal hormone release. Despite its widespread use, there is no research 

investigating the effects of carbohydrate consumption less than 30 minutes prior to exercise 

commencement (a dietary strategy employed by many recreational athletes) on 

gastrointestinal hormone release, subjective appetite, and energy intake.  

1.10.1 General aims: 

Chapter 2:  

• To determine the effect of acute exercise on insulin and glucagon concentrations 

• To investigate the impact of pre-exercise nutritional state on insulin and glucagon 

responses to acute exercise 

Chapter 3: 

• To better understand the role of glucagon in energy intake and subjective appetite in 

humans 

Chapter 4:  

• To examine the influence of carbohydrate ingestion in the 30-minute period prior to 

exercise on gastrointestinal hormone release, subjective appetite, and energy intake. 

• To explore the potential mechanisms by which acute exercise modulates subjective 

appetite and energy intake. 

• To identify novel metabolic mediators of exercise-induced changes in subjective 

appetite and energy intake 
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Chapter 2: The effect of a single bout of continuous aerobic 
exercise on glucose, insulin and glucagon concentrations 

compared to resting conditions in adults without diabetes: a 
systematic review and meta-analysis 

 

2.1 Introduction 

A single bout of aerobic exercise often results in a temporary suppression of appetite; a 

phenomenon referred to as ‘exercise-induced anorexia’1. Research investigating this 

response has largely focused on the acute effect of aerobic exercise on the gastrointestinal 

hormones acyl-ghrelin, glucagon-like peptide 1 (GLP-1) and peptide YY (PYY). Acyl-ghrelin, 

which is secreted from cells within the stomach, possesses orexigenic properties that increase 

appetite and energy intake2. In contrast, GLP-1 and PYY are released from enteroendocrine 

L-cells of the gastrointestinal tract and exhibit glucoregulatory and anorexigenic functions3,4. 

A meta-analysis published by Schubert et al.5 reported that acute exercise decreases acyl-

ghrelin concentrations by ~17% and increases GLP-1 and PYY concentrations by ~13% and 

~10%, respectively. Changes in acyl-ghrelin, GLP-1 and PYY concentrations are thus 

considered a principal mechanism underlying exercise-induced anorexia6. Despite these 

findings, changes in appetite during exercise do not always correlate with changes in acyl-

ghrelin, GLP-1, and PYY7–14 (see also chapter 1). Other mechanisms, acting independently or 

simultaneously, may therefore be involved in exercise-induced anorexia.  

Acute aerobic exercise can modulate the release of the pancreatic hormones insulin and 

glucagon, as well as circulating glucose concentrations15,16. Insulin and glucagon have well-

established roles in glucose homeostasis but are also known to suppress appetite17,18. 

Similarly, acute perturbations in systemic glucose concentrations have been reported to 

predict appetite19. It is therefore plausible that changes in glucose, insulin, and/or glucagon 

induced by exercise may also contribute to the changes in appetite experienced during 

exercise. 

Despite its widespread investigation, conflicting results on the magnitude and/or direction of 

glucose, insulin, and glucagon responses to acute exercise bouts have been reported15,16,20–

23. Additionally, these studies are conducted in both the fed and fasted state, likely contributing 

to this inconsistency observed between studies. The influence of this study design choice on 

the glucose, insulin, and glucagon response to acute exercise has however been little 

explored. Furthermore, previous meta-analyses investigating the effects of aerobic exercise 

on glycaemic parameters have been largely limited to individuals with type 2 diabetes24–26; the 

results of which cannot readily be applied to individuals without diabetes due to underlying 

differences in physiology between these two populations27–29.  
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I therefore conducted a systematic review and meta-analysis to quantify the glucose, insulin, 

and glucagon response to a single bout of continuous aerobic exercise. Furthermore, we 

aimed to investigate if exercise performed in the fed or fasted state influenced glucose, insulin, 

and glucagon responses using sub-group meta-analyses. The findings from this chapter will 

help to provide a better understanding of the changes in insulin, glucagon and glucose to acute 

aerobic exercise, the influence of fed and fasted exercise on these responses, and determine 

the plausibility that glucose, insulin, and/or glucagon contribute to exercise-induced anorexia.  

2.2 Methods 

2.2.1 Registration 

This Review and meta-analysis was registered at PROSPERO (registration number: 

CRD42020191345).  

2.2.2 Eligibility criteria 

Population: Randomised, crossover study in adults (≥ 18 years) of any body mass index (BMI) 

value or fitness level. Participants that were pregnant, smoking, currently taking medication 

that might have interfered with glucose, insulin or glucagon concentrations, impaired glucose 

metabolism, or had a history of chronic disease, including type 1 and type 2 diabetes, were 

excluded.  

Intervention: A single bout of continuous aerobic exercise. The duration of the exercise must 

have been greater or equal to 30 minutes and have been performed at a fixed intensity on a 

treadmill or cycle ergometer. Using a treadmill or cycle ergometer allows exercise intensity to 

be tightly controlled, guarantees compliance with the protocol relative to self-paced exercise, 

ensures relative intensity is consistent across participants, and thus permits comparisons 

within and between studies. 

Comparator: A time-matched, resting control arm had to have been performed to negate the 

effects of time on outcomes; a problem inherent to single trial studies only comparing pre-and 

post-exercise concentrations. Resting and exercise arms had to also have been energy-

matched (participants in both arms had to have consumed the same meal at the same 

timepoint). 

Outcome: Studies measuring glucose and/or insulin and/or glucagon concentrations. 

Studies which were not written in the English language, not published in peer-reviewed 

journals or included a clamp and/or infusion procedure prior to and/or during the exercise 

period were excluded. These exclusion criteria were chosen to prevent self-reported 

participant characteristics or health conditions from confounding the glucose, insulin, and/or 

glucagon response to exercise. 
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2.2.3 Information sources and search strategy 

CENTRAL, CINAHL, Embase, Global Health, HMIC, Medline, PubMed, PsycINFO, 

ScienceDirect, Scopus and Web of Science databases were searched from inception to May 

2020.  

Full details of the search strategy are provided in Appendix 2.1. No limits were used during 

any database search. 

2.2.4 Selection process 

Database results were imported into Covidence systematic review software (Veritas Health 

Innovation, Australia). Titles and abstracts were independently reviewed and classified as 

‘yes’, ‘no’ or ‘maybe’. Papers classified as ‘yes’ or ‘maybe’ proceeded to the full-text screening 

stage. Full-text papers were then classified as ‘yes’ or ‘no’ independently, with those classified 

as ‘yes’ proceeding to the data extraction stage. Any disagreements in paper classification 

were collectively discussed before coming to an agreement regarding the eligibility of the 

paper.  

2.2.5 Data collection 

Data were extracted into an electronic spreadsheet (Excel 2016, Microsoft Corporation, USA) 

under the following columns: author; year of publication; sample size; participant 

characteristics; intervention characteristics; pre- and post-exercise concentrations of glucose 

and/or insulin and/or glucagon concentrations; and corresponding concentrations of glucose 

and/or insulin and/or glucagon concentrations in the resting control arm. WebPlotDigitizer 

Version 4.2 (Ankit Rohatgi, USA) was used to extract data from articles that only presented 

data in graphical form. If not all error bars were presented, homoscedasticity was assumed 

and the variance from the timepoint within the same experimental arm was imputed.   

When glucose, insulin and/or glucagon data were not reported in the text (but methods stated 

measurements had been taken), methodology and/or participant characteristics were not 

described sufficiently to determine study eligibility, or data were displayed inadequately (e.g. 

clustering of data points, overlapping of error bars, collating sub-groups), corresponding 

authors were contacted. If the author did not respond, or could not provide the required data, 

the study was excluded. 

Following data extraction, glucose, insulin and glucagon values were converted to SI units 

(glucose: mmol/L; insulin: pmol/L; glucagon: ng/L). If standard errors or 95% confidence 

intervals were provided, these were converted to a standard deviation. For each outcome, 

change scores for exercise and resting arms were calculated by subtracting pre-exercise 

concentrations from post-exercise concentrations. Mean differences (MDs) between resting 
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and exercise arms were then calculated by subtracting the resting change score from the 

exercise change score. A positive MD represented an increase in the outcome with exercise, 

whereas a negative MD represented a decrease with exercise. When within-participant 

correlation coefficients were not available, a correlation coefficient of 0.5 was assumed in 

order to calculate variance and standard error30. Sensitivity analyses were performed using 

correlation coefficients of 0.3, 0.7 and 0.9 to assess the robustness of findings to this 

assumption.  

Studies which reported participants undertaking multiple exercise interventions but only one 

resting arm were combined into a single change score31. Exercise intervention characteristics 

(duration and intensity) were then averaged. Studies which did not report exercise intensity 

relative to maximal aerobic capacity (V̇O2 max) were converted using equations reported 

previously32,33.  

2.2.6 Data items 

Eligible outcomes were defined as follows: 

Glucose: measured in plasma or serum before and immediately after (± 5 minutes exercise 

cessation) a single bout of continuous aerobic exercise.  

Insulin: measured in plasma or serum before and immediately after (± 5 minutes exercise 

cessation) a single bout of continuous aerobic exercise.  

Glucagon: measured in plasma or serum before and immediately after (± 5 minutes exercise 

cessation) a single bout of continuous aerobic exercise.  

These two timepoints were selected in order to evaluate the immediate effect of aerobic 

exercise on glucose, insulin, and glucagon concentrations that may be lost if investigating a 

longer time period. 

2.2.7 Risk of bias assessment 

Risk of bias was assessed using the Revised Cochrane Risk of Bias Tool for Randomized 

trials (RoB 2.0) with additional considerations for cross-over trials. These additional 

considerations include carryover effects, period effects, and concerns that trials may report 

only analyses based on the first period. Risk of bias was assessed using the following 

domains: bias arising from the randomization process; bias due to deviations from intended 

intervention; bias due to missing outcome data; bias in measurement of the outcome; and bias 

in selection of the reported result. No studies were excluded based on risk of bias assessment. 
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2.2.8 Data synthesis 

Data were entered into Stata 16 (StataCorp, USA) for analysis. Data included: participant 

characteristics (metabolic state [fed or fasted], sample size, % males, age, BMI, V̇O2 max), 

exercise characteristics (mode [cycle ergometer or treadmill], duration, intensity), mean 

difference and corresponding standard error.  

Fed exercise was defined as exercise performed within 6 hours of meal ingestion. Fasted 

exercise was defined as exercise performed 6 hours after last meal ingestion.  

Overall effect sizes for each outcome were calculated using a random-effects model and with 

the Sidik-Jonkman approach being employed34. All simple effect sizes were presented as 

(unstandardised) MDs and using SI units to facilitate interpretability of results. A random-

effects model was chosen over a fixed-effects model to account for differences in participant 

characteristics and methodology between studies35. This model assumes a distribution of true 

effect sizes across studies and provides an estimate of the average intervention effect of this 

distribution 35,36. Results of syntheses were presented using forest plots. Heterogeneity was 

assessed using the chi-squared (Q) and I2 statistic. A Q value above the degrees of freedom 

(df) for the estimate and an I2 statistic >50% indicated large heterogeneity between studies.  

To investigate the influence of fed and fasted exercise on MDs, a sub-group meta-analysis 

was performed. This sub-group analysis is presented as the main result for each outcome. 

Publication bias was assessed using visual inspection of contour-enhanced funnel plots37 and 

statistically by Egger’s regression test. Trim and fill analyses were used when publication bias 

was suspected to explore its impact on MDs. Statistical significance was set at P<0.05 in a Z 

test analysis. Z tests were used to examine if MDs were significantly different from zero. 

Results are displayed as overall MDs with 95% confidence intervals (CI).  

2.2.9 Certainty of evidence assessment 

The certainty of evidence was assessed using the strategy recommended by the Grading of 

Recommendations Assessment Development and Evaluation (GRADE) working group 38. The 

certainty of evidence was assessed using the following domains: risk of bias; inconsistency; 

indirectness; imprecision; and publication bias. The estimated effect for each outcome was 

then classified as very low (true effect is probably markedly different from the estimated effect), 

low (true effect might be markedly different from the estimated effect), moderate (true effect is 

probably close to the estimated effect) or high quality (true effect is similar to the estimated 

effect).   
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2.3 Results 

2.3.1 Study selection 

Database searches identified 17141 potentially eligible papers. Title and abstract screening 

resulted in the exclusion of 16780 papers, resulting in 361 papers being assessed for eligibility 

by full-text inspection.  Screening of full texts identified 42 papers which were eligible to be 

included in the Review and Meta-analysis. Due to several papers containing multiple studies, 

a total of 51 separate studies were included in the analysis. Consequently, each outcome 

comprised the following number of studies and total participants – glucose: 45 studies, 391 

participants; insulin: 38 studies, 377 participants; glucagon: 5 studies, 47 participants. This 

process is summarised in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1: Flow diagram of paper selection. 
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2.3.2 Study characteristics 

Details of the included studies are displayed in Table 2.1. 

Table 2.1: Participant characteristics, intervention characteristics and outcome 

measurements for all included studies. 

Study Participant  

characteristics 

Intervention 

characteristics 

Glucose 

(mmol/L) 

Insulin 

(pmol/L) 

Glucagon 

(ng/L) 

Bahr et al.50 12 males 

Fasted 

Age: 23.0 ± 1.7 

V̇O2 max: 52 ± 3.6 

Cycle ergometer 

63 minutes 

62% V̇O2 max 

CON: 0.04 
± 0.44 

EX: -0.73 ± 
0.53 

 

 

NM 

 

 

NM 

Balaguera-Cortes 
et al.21 

10 males 

Fasted 

Age: 21.3 ± 1.4 

BMI: 23.7 ± 2.0 

V̇O2 max: 58.1 ± 7.3 

Treadmill 

45 minutes 

70% V̇O2 max 

CON: 0.00 
± 0.46 

EX: 0.20 ± 
0.44 

 

CON: -10.66 ± 
24.67 

EX: 6.71 ± 
19.64 

 

 

NM 

Bergfors et al.51 10 males 

Fasted 

Age: 26.7 ± 6.6 

BMI: 23.1 ± 2.2 

Cycle ergometer 

37 minutes 

60% V̇O2 max 

CON: -
0.10 ± 0.32 

EX: 0.00 ± 
0.55 

 

CON: -4.20 ± 
16.85 

EX: -19.80 ± 
14.32 

 

 

NM 

 

Broom et al.11a 9 males 

Fasted 

Age: 21.4 ± 1.7 

BMI: 24.5 ± 2.4 

V̇O2 max: 58 ± 6 

Treadmill 

55 minutes 

52% V̇O2 max 

CON: -
0.19 ± 0.87 

EX: -0.47 ± 
0.72 

 

CON: -0.34 ± 
36.37 

EX: -47.36 ± 
62.09 

 

 

NM 

Broom et al.11b 9 males 

Fasted 

Age: 23.2 ± 2.1 

BMI: 22.7 ± 1.5 

V̇O2 max: 63 ± 6 

Treadmill 

68 minutesc 

70% V̇O2 max 

CON: -
0.18 ± 0.20 

EX: 0.60 ± 
0.58 

 

CON: -5.24 ± 
10.37 

EX: 13.41 ± 
18.53 

 

 

NM 

Burns et al.52 9 males; 9 females 

Fasted 

Age: 24.8 ± 3.8  

BMI: 22.9 ± 2.7 

V̇O2 max: 57.7 ± 7.4 

Treadmill 

60 minutes 

75% V̇O2 max 

CON: -
0.09 ± 0.67 

EX: 1.37 ± 
1.51 

 

CON: -3.46 ± 
43.25 

EX: -20.06 ± 
55.44 

 

 

NM 

 

Charlot et al.53 9 males 

Fed 

Age: 21.9 ± 1.8 

BMI: 22.7 ± 1.6 

V̇O2 max: 49 ± 9 

Cycle ergometer 

75 minutes 

70% V̇O2 max 

CON: -
0.26 ± 0.59 

EX: -0.95 ± 
0.81 

 

 

NM 

 

NM 
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Clegg et.54 8 males 

Fasted 

Age: 22.9 ± 2.8 

Cycle ergometer 

60 minutes 

35% V̇O2 maxd 

CON: -
0.16 ± 0.34 

EX: -0.36 ± 
0.28 

 

 

NM 

 

NM 

Douglas et al.10a 11 males, 11 females 

Fasted 

Age: 37.5 ± 15.2 

BMI: 22.4 ± 1.5 

V̇O2 max: 43.6 ± 12.2 

Treadmill 

60 minutes 

60% V̇O2 max 

CON: -
0.18 ± 0.19 

EX: 0.27 ± 
0.64 

 

CON: -4.66 ± 
7.98 

EX: -1.68 ± 
13.01 

 

 

NM 

Douglas et al.10b 14 males, 11 females 

Fasted 

Age: 45.0 ± 12.4 

 BMI: 29.2 ± 2.9 

V̇O2 max: 34.7 ± 8.9 

Treadmill 

60 minutes 

60% V̇O2 max 

CON: -
0.16 ± 0.28 

EX: 0.29 ± 
0.45 

 

CON: -1.53 ± 
12.27 

EX: 3.89 ± 
21.09  

 

 

NM 

Edinburgh et al.55 10 males 

Fasted 

Age: 23.0 ± 3.0 

BMI: 23.3 ± 1.8 

V̇O2 max: 52.7 ± 8.9 

Cycle ergometer 

60 mins 

63% V̇O2 max 

CON: -
0.03 ± 0.17 

EX: -0.20 ± 
0.53 

 

CON: -2.45 ± 
3.27 

EX: -2.33 ± 
7.49 

 

 

NM 

Enevoldsen et 
al.56 

6 males 

Fed 

Age: 25 (23-28)e 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: -
1.70 ± 0.93 

EX: -2.57 ± 
0.71 

 

CON: -145.00 
± 111.48 

EX: -220.00 ± 
51.32 

 

 

NM 

Ezell et al.57a 5 females 

Fed 

Age: 25.6 ± 7.8 

BMI: 20.6 ± 2.1 

V̇O2 max: 33.0 ± 7.2 

Cycle ergometer 

60 minutes 

63% V̇O2 max 

CON: 0.44 
± 0.62 

EX: 0.10 ± 
0.72 

 

CON: -83.40 ± 
125.43 

EX: -105.60 ± 
72.20 

 

 

NM 

Ezell et al.57b 5 females 

Fed 

Age: 26.2 ± 6.3 

BMI: 30 ± 6.0 

V̇O2 max: 22.1 ± 6.8 

Cycle ergometer 

60 minutes 

63% V̇O2 max 

CON: -
0.21 ± 0.51 

EX: -0.60 ± 
0.71 

 

CON: -112.80 
± 81.91 

EX: -130.20 ± 
115.22 

 

 

NM 

Ezell et al.57f 5 females 

Fed 

Age: 22.6 ± 2.3 

BMI: 22.7 ± 3.0 

V̇O2 max: 30 ± 6.5 

Cycle ergometer 

60 minutes 

63% V̇O2 max 

CON: -
0.01 ± 0.59 

EX: -0.37 ± 
0.49 

 

CON: -34.20 ± 
17.59 

EX: -33.60 ± 
27.37 

 

NM 

 

Farah & Gill58 10 males 

Fed 

Age: 28.1 ± 10.7 

Treadmill 

60 minutes 

50% V̇O2 max 

CON: -
1.12 ± 1.03 

EX: -0.12 ± 
0.68 

CON: -198.60 
± 199.56 

EX: -231.24 ± 
100.78 

 

NM 



70 

 

 BMI: 29.0 ± 2.8 

V̇O2 max: 39.1 ± 5.4 

 

Gonzalez et al.59a 11 males 

Fed 

Age: 23.2 ± 4.3 

BMI: 24.5 ± 2.0 

V̇O2 max: 53.1 ± 5.5 

Treadmill 

59 minutes 

61% V̇O2 max 

CON: 0.57 
± 0.29 

EX: 0.60 ± 
0.81 

CON: -70.30 ± 
63.69 

EX: -158.64 ± 
100.94 

 

NM 

 

Gonzalez et al.59b 11 males 

Fasted 

Age: 23.2 ± 4.3 

BMI: 24.5 ± 2.0 

V̇O2 max: 53.1 ± 5.5 

Treadmill 

59 minutes 

61% V̇O2 max 

CON: 0.07 
± 0.19 

EX: 0.52 ± 
0.26 

CON: -9.04 ± 
26.15 

EX: -52.82 ± 
22.28 

 

NM 

Goto et al.60 

 

 

9 males 

Fasted 

Age: 24.0 ± 2.1 

 BMI: 22.1 ± 1.8 

Cycle 

30 minutes 

60% V̇O2 max 

CON: -
0.08 ± 0.47 

EX: 0.38 ± 
0.44 

 

NM 

 

NM 

Hagobian et al.9a 11 males 

Fasted 

Age: 22 ± 2 

BMI: 26 ± 4 

V̇O2 max: 42.9 ± 6.5 

Cycle ergometer 

82 minutes 

70% V̇O2 max 

 

NM 

CON: -26.40 ± 
32.67 

EX: -30.60 ± 
31.63 

 

NM 

Hagobian et al.9b 10 females 

Fasted 

Age: 21 ± 2 

BMI: 24 ± 2 

V̇O2 max: 39.9 ± 5.5 

Cycle ergometer 

84 minutes 

70% V̇O2 max 

 

NM 

CON: -15.00 ± 
26.09 

EX: -24.00 ± 
7.87 

 

NM 

Hardman & 
Aldred61 

6 males, 6 females 

Fed 

Age: 26.0 ± 5.2 

BMI: 23.95 ± 1.6 

V̇O2 max: 48.2 ± 11.9 

Treadmill 

90 minutes 

40% V̇O2 max 

 

NM 

CON: -11.88 ± 
35.62 

EX: -61.38 ± 
67.22 

 

NM 

Højbjerre et al.62a 

 

 

8 males 

Fasted 

Age: 26.0 ± 2.0 

BMI: 22.8 ± 1.4 

V̇O2 max: 57.1 ± 4.2 

Cycle ergometer 

60 minutes 

55% V̇O2 max 

CON: -
0.01 ± 0.21 

EX: -0.35 ± 
0.52 

NM NM 

Højbjerre et al.62b 

 

 

8 males 

Fasted 

Age: 26.3 ± 2.3 

BMI: 28.0 ± 0.8 

V̇O2 max: 54.6 ± 6.2 

Cycle ergometer 

60 minutes 

55% V̇O2 max 

CON: -
0.10 ± 0.13 

EX: -0.26 ± 
0.39 

 

NM 

 

NM 
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Isacco et al.63a 10 females 

Fed 

Age: 22.9 ± 3.5 

BMI: 22.0 ± 3.2 

V̇O2 max: 54.8 ± 5.4 

Cycle ergometer 

45 minutes 

65% V̇O2 max 

CON: 0.29 
± 0.54 

EX: -0.54 ± 
1.04 

CON: -121.40 
± 143.92 

EX: -85.19 ± 
103.27 

 

NM 

 

Isacco et al.63b 11 females 

Fed 

Age: 21.2 ± 2.0 

BMI: 22.6 ± 2.0 

V̇O2 max: 50.4 ± 7.6 

Cycle ergometer 

45 minutes 

65% V̇O2 max 

CON: 0.01 
± 0.45 

EX: -0.16 ± 
0.90 

CON: -29.56 ± 
59.64 

EX: -55.99 ± 
48.94 

 

NM 

 

King et al.64 14 males 

Fasted 

Age: 21.9 ± 1.9 

BMI: 23.4 ± 2.2 

V̇O2 max: 55.9 ± 6.7 

Treadmill 

60 minutes 

45% V̇O2 max 

CON: 0.01 
± 0.60 

EX: 0.03 ± 
0.56 

CON: 5.42 ± 
28.47 

EX: -9.78 ± 
23.87 

 

NM 

 

Knudsen et al.29  

 

 

7 Males 

Fasted 

Age: 57.0 ± 3.7 

BMI: 26.8 ± 5.0 

V̇O2 max: 36.4 ± 5.8 

Cycle ergometer 

60 minutes 

55% V̇O2 maxd 

 

NM 

CON: -2.81 ± 
6.18 

EX: -4.10 ± 
4.61 

 

 

NM 

Larsen et al.23 12 males 

Fasted 

Age: 48.0 ± 5.0 

BMI: 29.9 ± 1.9 

V̇O2 max: 31.0 ± 8.0 

Cycle ergometer 

50 minutes 

78% V̇O2 max 

 

NM 

 

CON: -9.64 ± 
12.05 

EX: -20.56 ± 
12.05 

CON: -6.50 
± 5.25 

EX:17.44 ± 
8.58 

 

Lee et al.65 12 males 

Fasted 

Age: 36.9 ± 7.6 

V̇O2 max: 26.3 ± 7.5 

Treadmill 

45 minutes 

60% V̇O2 max 

CON: -
0.26 ± 0.46 

EX: 0.01 ± 
0.76 

 

 

NM 

 

NM 

Marion-Latard et 
al.66 

6 males 

Fed 

Age: 30.7 ± 6.9 

 BMI: 31.8 ± 2.5 

V̇O2 max: 33.2 ± 4.7 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: 0.22 
± 0.49 

EX: -0.20 ± 
0.92 

CON: -30.48 ± 
33.74 

EX: -32.22 ± 
30.51 

 

NM 

Mattin et al.67 12 males 

Fasted 

Age: 26.0 ± 5.0 

BMI: 25.5 ± 3.5 

V̇O2 max: 42.2 ± 6.6 

Cycle ergometer 

60 minutes 

55% V̇O2 maxc 

CON: -
0.12 ± 0.29 

EX: 0.14 ± 
0.29 

CON: 0.29 ± 
24.87 

EX: 2.32 ± 
30.42 

 

NM 

Mc Clean et al.68 

 

 

10 males 

Fed 

Age: 21.5 ± 2.5 

Treadmill 

60 minutes 

35% V̇O2 maxd 

CON: 0.25 
± 0.38 

 

NM 

 

NM 
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BMI: 23.6 ± 1.6 

V̇O2 max: 58.5 ± 7.1 

EX: 0.51 ± 
0.34 

Morris et al.69 6 males 

Fed 

Age: 30.0 ± 8.0 

BMI: 23.1 ± 1.1 

V̇O2 max: 49 ± 7 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: -
0.38 ± 0.88 

EX: -0.22 ± 
0.78 

CON: -4.04 ± 
24.47 

EX: -10.44 ± 
17.86 

 

NM 

Numao et al.70 8 Males 

Fasted 

Age: 24.9 ± 1.7 

BMI: 21.9 ± 1.4 

V̇O2 max: 52.8 ± 5.1 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: -
0.10 ± 0.28 

EX: -0.50 ± 
0.28 

CON: -10.90 ± 
9.48 

EX: -24.30 ± 
17.82 

 

NM 

Nyhoff et al.22 11 females 

Fed 

Age: 24.3 ± 4.6 

 BMI: 37.3 ± 7.0 

V̇O2 max: 25.2 ± 4.6 

Treadmill 

55 minutes 

55% V̇O2 max 

CON: -
0.05 ± 0.69 

EX: -0.31 ± 
0.66 

CON: -16.20 ± 
172.79 

EX: -108.80 ± 
126.64 

CON: -4.84 
± 4.78 

EX: 15.10 ± 
4.78 

Petridou et al. 71 

 

11 males 

Fasted 

Age: 21.7 ± 2.0 

BMI: 22.5 ± 1.6 

Cycle ergometer 

45 minutes 

40% V̇O2 maxd 

CON: -
0.14 ± 0.70 

EX: -0.21 ± 
0.70 

CON: -13.80 ± 
55.41 

EX: -4.56 ± 
62.56 

 

NM 

Rattray & Smee72 

 

 

10 males, 10 females 

Fasted 

Age: 25.6 ± 5.4 

V̇O2 max: 49.6 ± 8.1 

Cycle ergometer 

60 minutes 

60% V̇O2 maxd 

CON: -
0.75 ± 0.68 

EX: -0.47 ± 
0.96 

 

NM 

 

NM 

Ronsen et al.73 9 males 

Fed 

Age: 21-27e; 

V̇O2 max: 69.1 ± 11.1 

Cycle ergometer 

65 mins 

75% V̇O2 max 

 

NM 

CON: -32.17 ± 
70.47 

EX: -127.08 ± 
19.74 

 

NM 

Ronsen et al.74 

 

 

9 males 

Fed 

V̇O2 max: 69.1 ± 11.1 

Cycle ergometer 

65 mins 

75% V̇O2 max 

CON: 0.14 
± 0.57 

EX: -1.27 ± 
0.63 

 

NM 

 

NM 

Schlierf et al.75 12 males 

Fed 

Age: 25 (21-37)e 

Cycle ergometer 

90 mins 

40% V̇O2 max 

CON: 0.55 
± 0.61 

EX: 0.89 ± 
0.62 

CON: -10.80 ± 
57.47 

EX: -68.40 ± 
75.65 

 

NM 

 

Shambrook et 
al.76 

 

 

10 males 

Fed 

Age: 37.3 ± 7.3 

BMI: 29.3 ± 6.5 

V̇O2 max: 33.7 ± 7.4 

Cycle ergometer 

30 minutes 

42% V̇O2 maxc 

CON: -
0.58 ± 0.73 

EX: -1.14 ± 
0.64 

 

NM 

 

NM 

Shambrook et 
al.77 

8 males, 2 females Treadmill CON: 0.27 
± 0.28 
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Fed 

Age: 50.0 ± 12.6 

 BMI: 29.0 ± 5.4 

V̇O2 max: 32.6 ± 6.5 

30 minutes 

63% V̇O2 maxd 

EX: -0.85 ± 
0.37 

NM NM 

Siopi et al.78 14 males 

Fasted 

Age: 41.0 ± 7.0 

BMI: 28.1 ± 4.2 

V̇O2 max: 37.0 ± 4.1 

Treadmill 

36 mins 

40% V̇O2 maxd 

CON: 0.06 
± 0.55 

EX: 0.00 ± 
0.40 

CON: -18.00 ± 
33.41 

EX: 0.00 ± 
43.27 

 

NM 

Stokes et al.79 

 

 

8 males 

Fasted 

Age: 22.0 ± 1.0 

V̇O2 max: 53.0 ± 6.0 

Cycle ergometer 

30 minutes 

70% V̇O2 max 

CON: 0.06 
± 0.33 

EX: -0.05 ± 
0.38 

 

NM 

 

NM 

Tobin et al.28 7 males 

Fed 

Age: 58.0 ± 3.2 

BMI: 28.0 ± 2.4 

V̇O2 max: 33.6 ± 6.4 

Cycle ergometer 

60 minutes 

53 V̇O2 max 

CON: 0.00 
± 0.63 

EX: 0.51 ± 
0.74 

CON: 16.12 ± 
76.28 

EX: -12.14 ± 
78.69 

 

NM 

Ueda et al.20 10 males 

Fed 

Age: 23.4 ± 4.3  

BMI: 22.5 ± 1.0 

V̇O2 max: 45.9 ± 8.5 

Cycle ergometer 

30 minutes 

63% V̇O2 maxc 

CON: -
0.13 ± 0.89 

EX: -1.85 ± 
1.24 

CON: -21.42 ± 
71.10 

EX: -182.24 ± 
55.07 

 

NM 

Ueda et al.16a 7 males 

Fed 

Age: 22.4 ± 4.2 

BMI: 22.4 ± 2.4 

V̇O2 max: 46.6 ± 3.9 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: -
0.18 ± 0.74 

EX: -0.12 ± 
0.56 

CON: -57.72 ± 
86.12 

EX: -84.84 ± 
101.50 

CON: 3.64 
± 61.70 

EX: 52.35 ± 
62.09 

Ueda et al.16b 7 males 

Fed 

Age: 22.9 ± 3.4 

BMI: 30.0 ± 3.1 

V̇O2 max: 34.0 ± 6.3 

Cycle ergometer 

60 minutes 

50% V̇O2 max 

CON: -
0.16 ± 0.38 

EX: 0.09 ± 
0.45 

CON: -144.72 
± 153.07 

EX: -159.30 ± 
182.50 

CON: 4.77 
± 66.35 

EX: 23.56 ± 
46.21 

Vendelbo et al.80 8 males 

Fasted 

Age: 25.5 ± 12.2 

BMI: 23.8 ± 5.5 

Cycle ergometer 

60 minutes 

65% V̇O2max 

CON: 0.00 
± 0.31 

EX: 0.40 ± 
0.56 

CON: 1.00 ± 
18.55 

EX: 11.00 ± 
32.62 

 

NM 

Willis et al.15 10 males 

Fasted 

Age: 26.0 ± 2.0 

BMI: 25.6 ± 1.7 

V̇O2 max: 49.8 ± 5.3 

Treadmill 

50 minutesc 

65% V̇O2 maxc 

CON: -
0.01 ± 1.32 

EX: 0.94 ± 
1.32 

CON: 0.06 ± 
19.30 

EX: 2.33 ± 
19.30 

CON: -6.48 
± 14.78 

EX: 25.32 ± 
23.85 
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Data expressed as mean ± SD; Participant characteristic (units): age (years), BMI (kg/m2) and V̇O2 

max (ml/min/kg); CON, control arm; EX, exercise arm; NM, not measured or data could not be extracted; 

a,b,f after author names denotes sub-studies; caveraged value across two sub-studies; dconverted to 

V̇O2 max; eonly range provided. 

2.3.3 Risk of bias analysis 

The results of the risk of bias assessment for each outcome are presented in Appendix 2.2. 

Most studies measuring glucose (93%) and insulin (97%) concentrations were classified as 

possessing an unclear risk of bias overall.  All studies measuring glucagon concentrations 

were classified as having an unclear risk of bias overall.  

2.3.4 Meta-analysis 

2.3.4.1 Glucose 

The results of the meta-analysis revealed that aerobic exercise non-significantly decreased 

glucose concentrations compared to resting conditions irrespective if exercise was performed 

in the fed or fasted state (MD:  -0.05 mmol/L; 95% CI, -0.22 to 0.13 mmol/L; P = 0.589; n = 

45; Figure 2.2). I2 (91.08%) and Q (401.33, df = 44, P<0.001) statistics highlighted large 

heterogeneity between studies.  

Sub-group meta-analysis of fed and fasted exercise highlighted a significant difference in MDs 

between fed and fasted aerobic exercise (P = 0.013). Fed aerobic exercise significantly 

decreased glucose concentrations (MD: -0.27 mmol/L; 95% CI, -0.55 to -0.00 mmol/L; P = 

0.049; n = 22) and fasted aerobic exercise non-significantly increased glucose concentrations 

(MD: 0.15 mmol/L; 95% CI, -0.04 to 0.34 mmol/L; P = 0.122; n = 23) relative to resting 

conditions. Sub-group analysis resulted in only a small reduction in the I2 statistic (fed: 89.72%; 

fasted: 87.75%).  

Visual inspection of the contour-enhanced funnel plot implied a symmetrical distribution, 

suggesting no evidence of publication bias (Figure 2.3A). This was supported by results from 

Egger’s regression test (P = 0.604).  

2.3.4.2 Insulin 

The results of the meta-analysis revealed that aerobic exercise significantly decreased insulin 

concentrations relative to resting conditions irrespective if exercise was performed in the fed 

or fasted state (MD: -18.07 pmol/L; 95% CI, -30.47 to -5.66 pmol/L; P = 0.004; n = 38; Figure 

2.4). I2 (95.39%) and Q (190.11, df = 37, P<0.001) statistics highlighted large heterogeneity 

among studies.  

Sub-group meta-analysis of fed and fasted exercise highlighted a significant difference in MDs 

between fed and fasted aerobic exercise (P = 0.002). Fed aerobic exercise significantly  
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Figure 2.2: Sub-group forest plot of simple effect sizes (fed exercise vs fasted exercise) for studies 

assessing the effect of a single bout of continuous aerobic exercise on glucose concentrations 

(mmol/L). Data are presented as mean difference ± 95% CI. Random-effects Sidik-Jonkman model. 

a,b,c denotes sub-studies.  
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Figure 2.3: Contour-enhanced funnel plots for (A) glucose, (B) insulin, and (C) insulin by metabolic 

state. Significance contours were added at the 1% (light grey), 5% (medium grey) and 10% (dark 

grey) level.  
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Figure 2.4: Sub-group forest plot of simple effect sizes (fed exercise vs fasted exercise) for studies 

assessing the effect of a single bout of continuous aerobic exercise on insulin concentrations 

(pmol/L). Data are presented as mean difference ± 95% CI. Random-effects Sidik-Jonkman model. 

a,b,c denotes sub-studies. 
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decreased insulin concentrations (MD: -42.63 pmol/L; 95% CI, -66.18 to -19.09 pmol/L; 

P<0.001; n = 18), whereas fasted aerobic exercise non-significantly decreased insulin 

concentrations (MD: -3.40 pmol/L; 95% CI, -10.74 to 3.94; P = 0.370; n = 20) compared to 

resting conditions. Sub-group analysis resulted in only a small reduction in the I2 statistic (fed: 

81.29%; fasted: 86.69%).  

Visual inspection of the contour-enhance funnel plot showed a distribution to the left, 

suggesting publication bias (Figure 2.3B). However, studies appear to be missing from non-

significant (dark grey) and significant (light grey and white) regions, indicating that funnel plot 

asymmetry maybe due to other factors such as heterogeneity. Based on the results of the sub-

group meta-analysis showing a significant difference in MDs between fed and fasted exercise, 

separate contour-enhanced funnel plots were generated for each metabolic state (Figure 

2.3C). Funnel plots for fed and fasted exercise displayed an approximal symmetrical 

distribution, which was supported by Egger’s regression test with metabolic state (fed or fasted 

exercise) included as moderator (P = 0.404).  

2.3.4.3 Glucagon 

The results of the meta-analysis revealed that aerobic exercise significantly increased 

glucagon concentrations compared to resting conditions (MD: 24.60 ng/L; 95% CI, 16.25 to 

32.95 ng/L; P<0.001; n = 5; Figure 2.5). I2 (79.36%) and Q (6.23, df = 4, P = 0.183) statistics 

highlighted large heterogeneity between studies.  

 

 

 

 

 

 

 

 

 

 

Due to the small number of studies reporting glucagon concentrations, sub-group meta-

analysis was not performed, and a contour-enhanced funnel plot was not created.  

Figure 2.5: Forest plot of simple effect sizes for studies assessing the effect of a single bout of 

continuous aerobic exercise on glucagon concentrations (ng/L). Data are presented as mean 

difference ± 95% CI. Random-effects Sidik-Jonkman model. a,b denotes sub-studies. 
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2.3.4.4 Sensitivity analyses 

Sensitivity analyses employing within-participant correlation coefficients of 0.3, 0.7 and 0.9 did 

not affect the significance of the MDs for insulin, glucagon or glucose (Appendix 2.3).  

2.3.5 Quality of evidence 

The effect estimates for insulin, glucagon and glucose outcomes were all categorised as 

moderate quality. Insulin, glucagon and glucose were all downgraded by one level due to 

inconsistency of results, as the large heterogeneity observed for all three outcomes could not 

be explained by sub-group analyses or meta-regression. A summary of findings is presented 

in Table 2.2. 

Table 2.2: Summary of findings for glucose, insulin and glucagon outcomes. 

Acute continuous aerobic exercise compared with resting conditions in adults without diabetes 

Patient or population: adults without diabetes 

Setting: laboratory environment 

Intervention: acute continuous aerobic exercise 

Comparison: rest 

Outcomes Relative effect 
(95% CI) 

Number of 
participants 

(studies) 

Certainty of 
evidence 
(GRADE) 

Comments 

Glucose 
(mmol/L) 

MD 
0.05 mmol/L lower 

with exercise 
(0.22 lower to 0.13 

higher) 

391 participants 
(45 studies) 

⊕⊕⊕⊝ 
Moderatea 

Glucose concentrations 
moderated by metabolic 

state 

Insulin 
(pmol/L) 

MD 
18.07 pmol/L lower 

with exercise 
(5.66 lower to 
30.47 lower) 

377 participants 
(38 studies) 

⊕⊕⊕⊝ 
Moderateb 

Insulin concentrations 
moderated by metabolic 

state 

Glucagon 
(ng/L) 

MD 
24.60 ng/L higher 

with exercise 
(16.25 higher to 
32.95 higher) 

47 participants 
(5 studies) 

⊕⊕⊕⊝ 
Moderatec 

 

CI: confidence interval; MD: mean difference.  

GRADE Working Group grades of evidence 

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect. 

Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be 
close to the estimate of the effect, but there is a possibility that it is substantially different. 

Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially 
different from the estimate of the effect. 

Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be 
substantially different from the estimate of effect. 
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aThere was considerable heterogeneity (I2 = 91.08%) that could not be explained by sub-group analyses 
or meta-regression. 

bThere was considerable heterogeneity (I2 = 95.39%) that could not be explained by sub-group analyses 
or meta-regression. 

cThere was considerable heterogeneity (I2 = 79.36%) that could not be explained by sub-group analyses 
or meta-regression. 

2.4 Discussion 

The aim of this review was to determine the effect of a single bout of continuous aerobic 

exercise on circulating glucose, insulin and glucagon concentrations in adults without 

diabetes, and the influence of whether exercise was performed in the fed or fasted state on 

these effects. Our results reveal that a single bout of aerobic exercise significantly decreases 

glucose and insulin concentrations when performed in the fed state, but not when performed 

in the fasted state. Our results also show that acute aerobic exercise significantly increases 

glucagon concentrations. 

2.4.1 The effect of single bout of continuous aerobic exercise on glucose concentrations 

Acute aerobic exercise appeared to result in no meaningful change in glucose concentrations 

compared to resting conditions when the metabolic state (fed or fasted exercise) was not 

accounted for. However, when accounting for metabolic state, fed aerobic exercise resulted 

in a significant reduction in glucose concentrations. This reduction is likely due to the induction 

of glucose transporter translocation and glucose transporter activity in skeletal muscle by 

exercise 39. The upregulation of glucose transporter translocation and activity may not be 

secondary to insulin action, as exercise-stimulated glucose uptake has been demonstrated to 

occur independently of insulin 40, and glucose concentrations decreased in the context of 

decreasing insulin concentrations during fed aerobic exercise. Alternatively, exercise can 

increase insulin-dependent glucose uptake, possibly via a reduction in intramuscular glycogen 

and/or increase in AS160 phosphorylation 41. The decrease in insulin concentrations (despite 

a reduction in glucose concentrations) may therefore reflect an increase in insulin sensitivity 

instead. Regardless of the mechanism responsible, this reduction is likely facilitated by the 

increase in microvascular recruitment and blood flow to skeletal muscle (thus increasing 

glucose delivery) caused by exercise 40. In contrast, no significant change in glucose 

concentrations during fasted aerobic exercise was detected. This is likely due to glucose 

concentrations already being low following an overnight fast 27, and that participants were 

individuals without diabetes, therefore making any further reduction difficult. The overall 

absence of a large decrease or increase in glucose concentrations does however highlight the 

high degree to which glucose concentrations are homeostatically regulated in non-diabetic 

populations.   
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With regards to exercise-induced anorexia, it appears unlikely that the changes in glucose 

concentrations during exercise influence subjective appetite. Firstly, the change in glucose 

concentrations only appears to be present when exercise is performed in the fed state, despite 

exercise-induced anorexia being observed in both the fed and fasted state10,42. Secondly, the 

direction of change that occurs with (fasted) exercise is in the opposite direction to what would 

be expected if glucose was involved in exercise-induced anorexia (a decrease in glucose 

would likely increase subjective appetite19,43).  

2.4.2 The effect of single bout of continuous aerobic exercise on insulin concentrations 

Acute aerobic exercise resulted in a significant reduction in circulating insulin concentrations 

relative to resting conditions irrespective when performed in the fed but fasted state. This 

reduction in insulin concentrations may partly reflect the decrease in glucose concentrations 

observed with fed aerobic exercise, which may be due to the stimulation of insulin-independent 

glucose uptake pathways in skeletal muscle by exercise 44. Alternatively or additively, the 

reduction in insulin concentrations with fed exercise may be caused by an increase in insulin 

clearance 45, or an increase in insulin delivery (blood flow x blood insulin concentration) as a 

result of exercise-induced increases in skeletal muscle perfusion, decreasing insulin 

requirements and thus output 46. In contrast, acute aerobic exercise undertaken in the fasted 

state resulted in a non-significant reduction in insulin concentrations. Short-term fasting (<24 

hours) is well known to decrease insulin concentrations 27 and insulin levels would likely be at 

their lowest following >6 hours of fasting in non-diabetic individuals. Therefore, aerobic 

exercise performed in the fasted state is unlikely to prompt further reductions, especially when 

compared to fasted resting conditions.  

Like glucose, the results from this analysis do not support a role for changes in insulin 

concentrations in exercise-induced anorexia. Again, this is largely due to the observed change 

in insulin with exercise (decreased concentrations) occurring in the opposite direction to what 

would be expected if insulin played a role in the suppression of appetite observed during 

exercise (increased insulin concentrations are associated with a reduction in appetite18).   

2.4.3 The effect of single bout of continuous aerobic exercise on glucagon concentrations 

To our knowledge, this is the first study to quantify the changes in glucagon concentrations 

during exercise using a meta-analytical approach. The results from our analysis showed that 

acute aerobic exercise increased glucagon concentrations relative to resting conditions. 

Importantly, all five studies reported an increase in glucagon concentrations independent of 

metabolic state. This increase may be necessary to stimulate hepatic gluconeogenesis in 

order to provide substrate for contracting muscles and maintain euglycaemia 47; thus 

facilitating the absence of any large deviations in glucose concentrations. Despite the 
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consistency of the glucagon response to acute aerobic exercise, the findings from this analysis 

should be treated with caution due to the small number of studies included. Future work should 

explore the effect of metabolic state (fed vs fasted) on changes in glucagon concentrations 

during acute aerobic exercise considering the limited number of studies currently available.  

Unlike glucose and insulin, acute exercise results in an increase in glucagon concentrations; 

a response which is congruent with a role in exercise-induced anorexia. While the mechanism 

underlying glucagon-induced appetite is not fully established, it is hypothesised to operate via 

the liver-vagus-hypothalamus axis48. Nevertheless, glucagon concentrations are rarely 

measured during acute exercise studies, and consequently there are no reports of its 

association with appetite during or post-exercise. Future work investigating acute exercise and 

appetite should look to prioritize glucagon measurements (considering the consistent 

glucagon response to acute aerobic exercise) to evaluate its role in exercise-induced anorexia. 

These gaps in the current literature will be addressed in Chapter 4 of this thesis.  

2.4.4 Limitations 

There are several limitations to the present review and meta-analysis. Firstly, the application 

of these results is restricted to individuals who possess the same characteristics as those 

defined by the inclusion and exclusion criteria (adults without diabetes). The glucose, insulin 

and glucagon response to acute aerobic exercise in other populations cannot be assumed 

from our findings. Likewise, the results cannot be applied to other exercise modalities, such 

as high-intensity interval training or resistance training. The large heterogeneity observed in 

all three analyses is another limitation of the current review and meta-analysis but was 

expected considering the diversity in participant characteristics and experimental methodology 

used in acute exercise studies. Glucose, insulin and glucagon outcomes were consequently 

downgraded by one level using the GRADE approach and classified as moderate quality due 

to the large heterogeneity observed.  The present review is also limited by the small number 

of studies measuring glucagon concentrations, which prevented sub-group meta-analysis 

from being performed. A further limitation is the use of pre- and post-exercise measurements 

to summarise the effect of acute exercise. While these measures represent the effect of acute 

exercise on glucose, insulin and glucagon concentrations at the point of exercise completion, 

they do not account for the temporal changes during exercise. Furthermore, these measures 

do not consider the effect of acute exercise on glucose, insulin and glucagon concentrations 

in the post-exercise period. Lastly, the majority of studies measuring glucose and/or insulin 

and/or glucagon concentrations were classified as having an unclear risk of bias overall. This 

was largely due to inadequate reporting of the randomisation process. Future investigations 

in this field should therefore report methodology in sufficient detail as described in the recent 

PRESENT checklist proposed by Betts et al. 49. 
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2.4.5 Summary 

This systematic review and meta-analysis found that, when not accounting for metabolic state, 

a single bout of continuous aerobic exercise had no significant effect on glucose 

concentrations, but significantly decreased insulin (~20 pmol/L on average) and significantly 

increased glucagon concentrations (~25 ng/L on average) relative to resting conditions in 

healthy adults. Sub-group analyses, however, revealed that the glucose and insulin responses 

were significantly moderated by metabolic state. A single bout of continuous aerobic exercise 

significantly decreased glucose (~0.3 mmol/L on average) and insulin (~40 pmol/L on average) 

concentrations when performed in the fed state (within 6 hours of meal ingestion), but had no 

significant effect in the fasted state (at least 6 hours after last meal ingestion) relative to resting 

conditions. When considering higher concentrations of glucose, insulin, and glucagon are 

associated with a suppression of appetite, and glucagon was the only outcome to experience 

an increase in response to acute exercise, our findings support a potential role of glucagon in 

exercise-induced anorexia. Future experimental work should attempt to evaluate the causal 

relationship between the increase in glucagon and decrease in subjective appetite observed 

in response to acute exercise. This will be investigated in Chapter 4.  
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Appendix 2.1 Database search strategies 

CENTRAL 

Searched: 11/05/2020 

"exercise OR run OR running OR cycle OR cycling OR walk OR walking in Record Title  

AND ""glucose"" OR ""insulin"" OR ""glucagon"" in Title Abstract Keyword  

AND rest OR resting OR control OR ctrl OR ""no exercise"" OR sedentary OR crossover OR cross-

over OR counterbalanced in Abstract" 

CINAHL 

Searched: 10/04/2020 

"TI (exercise or run or running or cycle or cycling or walk or walking)  

AND AB (glucose or insulin or glucagon) 

AND AB (rest or resting or control or ctrl or &quot;noexercise&quot; or sedentary or crossover or 

cross-over or counterbalanced)" 

Embase 

Searched: 10/04/2020 

1. (exercise or run or running or cycle or cycling or walk or walking).ti. 

2. (glucose or insulin or glucagon).ab,ti. 

3. (rest or resting or control or ctrl or ""no exercise"" or sedentary or crossover or cross-over or 

counterbalanced).ab. 

4. 1 and 2 and 3 

Global Health 

Searched: 10/04/2020 

1. (exercise or run or running or cycle or cycling or walk or walking).ti. 

2. (glucose or insulin or glucagon).ab,ti. 

3. (rest or resting or control or ctrl or ""no exercise"" or sedentary or crossover or cross-over or 

counterbalanced).ab. 

4. 1 and 2 and 3 

HMIC 

Searched: 10/04/2020 
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1. (exercise or run or running or cycle or cycling or walk or walking).ti. 

2. (glucose or insulin or glucagon).ab,ti. 

3. (rest or resting or control or ctrl or ""no exercise"" or sedentary or crossover or cross-over or 

counterbalanced).ab. 

4. 1 and 2 and 3 

Medline 

Searched: 10/04/2020  

1. (exercise or run or running or cycle or cycling or walk or walking).ti. 

2. (glucose or insulin or glucagon).ab,ti. 

3. (rest or resting or control or ctrl or ""no exercise"" or sedentary or crossover or cross-over or 

counterbalanced).ab. 

4. 1 and 2 and 3 

PubMed 

Searched: 31/03/2020 

"(((exercise[Title] OR run[Title] OR running[Title] OR cycle[Title] OR cycling[Title] OR walk[Title] OR 

walking[Title]))  

AND (glucose[Title/Abstract] OR insulin[Title/Abstract] OR glucagon[Title/Abstract]))  

AND (rest[Title/Abstract] OR resting[Title/Abstract] OR control[Title/Abstract] OR ctrl[Title/Abstract] 

OR ""no exercise""[Title/Abstract] OR sedentary[Title/Abstract] OR crossover[Title/Abstract] OR cross-

over[Title/Abstract] OR counterbalanced[Title/Abstract]) " 

PscyInfo 

Searched: 10/04/2020 

1. (exercise or run or running or cycle or cycling or walk or walking).ti. 

2. (glucose or insulin or glucagon).ab,ti. 

3. (rest or resting or control or ctrl or ""no exercise"" or sedentary or crossover or cross-over or 

counterbalanced).ab. 

4. 1 and 2 and 3 

ScienceDirect 

Searched: 11/04/2020 

Title: exercise OR run OR running OR cycle OR cycling OR walk OR walking 



92 

 

Title, abstract, keywords: glucose OR insulin OR glucagon  

Terms: rest OR resting OR control OR ctrl OR ""no exercise"" OR sedentary OR crossover OR cross-

over OR counterbalanced" 

Scopus  

Searched:07/04/2020 

(TITLE(exercise OR run OR running OR cycle OR cycling OR walk OR walking)  

AND TITLE-ABS-KEY(glucose OR insulin OR glucagon)  

AND TITLE-ABS-KEY(rest OR resting OR control OR ctrl OR ""no exercise"" OR sedentary OR 

crossover OR cross-over OR counterbalanced))  

Web of Science 

Searched: 10/04/2020 

"TITLE: (exercise OR run OR running OR cycle OR cycling OR walk OR walking)  

AND TOPIC: (glucose OR insulin OR glucagon)  

AND TOPIC: (rest OR resting OR control OR ctrl OR ""no exercise"" OR sedentary OR crossover OR 

cross-over OR counterbalanced)" 
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Appendix 2.2 Risk of bias analysis 
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Bahr et al., 1991 ✓ ✗ ✗ ? + + + + ? 

Balaguera-Cortes et al., 2011 ✓ ✓ ✗ ? + + + + ? 

Bergfors et al., 2005 ✓ ✓ ✗ ? + + + + ? 

Broom et al., 2017a ✓ ✓ ✗ ? + + + + ? 

Broom  et al., 2017b ✓ ✓ ✗ ? + + + + ? 

Burns et al., 2007 ✓ ✓ ✗ ? + + + + ? 

Charlot et al., 2011 ✓ ✗ ✗ ? - + + + - 

Clegg et al., 2007 ✓ ✗ ✗ ? + + + + ? 

Douglas et al., 2017a ✓ ✓ ✗ ? + + + + ? 

Douglas et al., 2017b ✓ ✓ ✗ ? + + + + ? 

Edinburgh et al., 2017 ✓ ✓ ✗ ? + + + + ? 

Enevoldsen et al., 2005 ✓ ✓ ✗ ? + + + + ? 

Ezell et al., 1999a ✓ ✓ ✗ ? + + + + ? 

Ezell et al., 1999b ✓ ✓ ✗ ? + + + + ? 

Ezell et al., 1999c ✓ ✓ ✗ ? + + + + ? 

Farah & Gill, 2013 ✓ ✓ ✗ + + + + + + 

Gonzalez et al., 2013a ✓ ✓ ✗ ? + + + + ? 

Gonzalez et al., 2013b ✓ ✓ ✗ ? + + + + ? 

Goto et al., 2011 ✗ ✓ ✗ ? + + + + ? 

Hagobian et al., 2013a ✗ ✓ ✗ ? + + + + ? 

Hagobian et al., 2013b ✗ ✓ ✗ ? + + + + ? 

Hardman & Aldred, 1995 ✗ ✓ ✗ ? + + + + ? 

Højbjerre et al., 2007a ✓ ✗ ✗ ? + + + + ? 

Højbjerre et al., 2007b ✓ ✗ ✗ ? + + + + ? 

Isacco et al., 2014a ✓ ✓ ✗ ? + + + + ? 

Isacco et al., 2014b ✓ ✓ ✗ ? + + + + ? 

King et al., 2010 ✓ ✓ ✗ ? + + + + ? 

Knudsen et al., 2013 ✗ ✓ ✗ ? + + + + ? 

Lee et al., 1991 ✓ ✗ ✗ ? + + + + ? 

Larsen et al. 2017 ✗ ✓ ✓ ? + + + + ? 

Marion-Latard et al., 2003 ✓ ✓ ✗ ? + + + + ? 

Mattin et al., 2018 ✓ ✓ ✗ ? + + + + ? 

McClean et al., 2007 ✓ ✗ ✗ ? + + + + ? 

Morris et al., 2010 ✓ ✓ ✗ ? + + + + ? 

Numao et al., 2008 ✓ ✓ ✗ ? + + + + ? 

Nyhoff et al., 2015 ✓ ✓ ✓ ? + + + + ? 

Petridou et al., 2004 ✓ ✓ ✗ ? + + + + ? 

Rattray & Smee, 2016 ✓ ✗ ✗ ? + + + + ? 

Ronsen et al., 2001 ✗ ✓ ✗ ? + + + + ? 

Ronsen et al., 2002 ✓ ✗ ✗ ? + + + + ? 

Schlierf et al., 1987 ✓ ✓ ✗ ? + + + + ? 
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Shambrook et al., 2018 ✓ ✗ ✗ ? + + + + ? 

Shambrook et al., 2020 ✓ ✗ ✗ + + + + + + 

Siopi et al., 2019 ✓ ✓ ✗ ? + + + + ? 

Stokes et al., 2013 ✓ ✗ ✗ ? + + + + ? 

Tobin et al., 2007 ✓ ✓ ✗ ? + + + + ? 

Ueda et al., 2009 ✓ ✓ ✗ ? + + + + ? 

Ueda et al., 2009a ✓ ✓ ✓ ? + + + + ? 

Ueda et al., 2009b ✓ ✓ ✓ ? + + + + ? 

Vendelbo et al., 2010 ✓ ✓ ✗ ? + + + + ? 

Willis et al., 2019 ✓ ✓ ✓ ? + + + + ? 

 

(1) Bias arising from the randomization process; (2) Bias due to deviations from intended interventions; 

(3) Bias due to missing outcome data; (4) Bias in measurement of the outcome; (5)  Bias in the selection 

of the reported result; [-] high risk of bias; [?] some concerns; [+] low risk of bias. a,b,c denotes sub-

studies. 
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Appendix 2.3 Sensitivity analyses using variable within-participant correlation 
coefficients for meta-analyses 

 

Outcome Within-
participant 
correlation 
coefficient 

Mean effect 
size 

95% confidence 
interval 

P value 

Glucose 0.3 -0.04 -0.22 to 0.14 0.641 
Glucose 0.5 -0.05 -0.22 to 0.13 0.589 
Glucose 0.7 -0.05 -0.23 to 0.12 0.557 
Glucose 0.9 -0.05 -0.23 to 0.12 0.548 

Insulin 0.3 -16.40 -28.69 to -4.11 0.001 
Insulin 0.5 -18.07 -30.47 to -5.66 0.004 
Insulin 0.7 -20.11 -32.67 to -7.55 0.002 
Insulin 0.9 -21.95 -34.64 to -9.26 0.001 

Glucagon 0.3 23.74 15.97 to 31.50 <0.001 
Glucagon 0.5 24.60 16.25 to 32.95 <0.001 
Glucagon 0.7 26.16 16.78 to 35.54 <0.001 
Glucagon 0.9 28.48 17.94 to 39.01 <0.001 
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Chapter 3: The acute effect of glucagon administration on energy 
intake and subjective appetite in adults without diabetes: a 

systematic review and meta-analysis 

 

3.1 Introduction 

An acute bout of exercise is commonly accompanied by a temporary suppression of appetite 

referred to as exercise-induced anorexia1. This suppression of appetite is often attributed to 

increased concentrations of acyl-ghrelin, glucagon-like peptide 1 (GLP-1), and peptide YY 

(PYY) due to their well-investigated roles in appetite regulation2,3. However, acute exercise 

also results in an increase in systemic glucagon concentrations (see Chapter 2); a hormone 

that has been implicated in appetite regulation4.  

Glucagon is a 29 amino acid polypeptide synthesised by the alpha cells of the pancreatic 

islets, which acts via the glucagon receptor (GCGR) to exert various physiological effects5. 

Glucagon is primarily known for its role in glucose homeostasis6, but has also been identified 

as a key regulator of amino acid metabolism7. Evidence from rodent models has demonstrated 

that glucagon can also suppress energy intake8, possibly via direct activation of target tissues 

such as the hypothalamus9. GCGR agonism has consequently been identified as a possible 

therapeutic target for obesity, and a number of studies have investigated the effects of acute 

glucagon administration on energy intake in humans. However, the magnitude and/or direction 

of appetite change following glucagon administration has been mixed10–12, likely attributable 

to differences in study design. Indeed, effects attributed to glucagon are frequently 

confounded by co-infusion of other bioactive peptides, such as somatostatin13,14. Moreover, 

many studies do not include an appropriate control arm, instead favouring pre-post designs 

that do not exclude the effect of time on observed responses15–17.  

We therefore conducted a systematic review and random-effects meta-analysis to estimate 

the average effects of acute glucagon administration on energy intake and subjective appetite 

in adults without diabetes. As acute exercise increases glucagon concentrations, and rodent 

models suggest an anorectic effect of glucagon, the results of this analysis will help to provide 

insight into glucagon’s potential role in exercise-induced anorexia.  

3.2 Methods 

3.2.1 Registration  

This Review and meta-analysis was registered at PROSPERO (registration number: 

CRD42021269623).  
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3.2.2 Eligibility criteria 

Population: We included randomised, controlled, single- or double blind, crossover studies in 

adults (>18 years old) of any body mass index (BMI) value. Studies performed in current 

smokers, pregnant individuals, or individuals with a history of chronic disease (including type 

1 and type 2 diabetes) were excluded.  

Intervention: Administration of glucagon via any route (intravenous, intramuscular, intranasal) 

for less than 24 hours while at rest. Studies which administered glucagon for longer than 24 

hours or co-infused pharmacological agents (e.g. somatostatin) were excluded. Studies could 

be performed in the fasted or postprandial state.  

Comparator: To be included, studies must have performed a time-and energy matched control 

arm that administered an energy-free control agent (e.g. saline) in place of glucagon.  

Outcome: Studies measuring energy intake and/or subjective appetite were included.  

Studies written in the English language and published in peer-reviewed journals were only 

considered. Conference abstracts were excluded. If methodology and/or participant 

characteristics were not described sufficiently to determine study eligibility, corresponding 

authors were contacted. If the author did not respond, or could not provide the required 

information, the study was excluded. 

3.2.3 Information sources and search strategy 

CENTRAL, CINAHL, Embase, MEDLINE, PubMed, and Scopus databases on 24 May 2021. 

Embase and Medline databases were accessed via Ovid, and the CINAHL database was 

accessed via EBSCOhost. All databases were searched from inception to 24 May 2021.  

The search strategy was developed based on the PICO (population, intervention, comparator, 

and outcome) format, with additional concepts incorporated to exclude pre-clinical studies. 

Full details of the search strategy are provided in Appendix 3.1. No limits were used during 

any database search.  

Backward (using Google Scholar) and forward citation searching of eligible papers was also 

performed by on 23 July 2021.  

3.2.4 Selection process 

Results of each database search were imported into Covidence systematic review software 

(Veritas Health Innovation, Australia). Duplicate results were automatically detected and 

removed by Covidence. Title and abstracts were then independently screened, with each 

paper being classified as ‘yes’, ’no’ or ‘maybe’. Papers classified as ‘yes’ or ‘maybe’ continued 

to the full-text screening phase. All disputes (papers with a ‘yes’ or ‘maybe’ and a ‘no’ vote) 

were resolved prior to conducting full-text screening. Full texts of each paper were then 
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accessed and independently classified as ‘yes’ or ‘no’. Papers classified as ‘yes’ continued to 

the data extraction phase. Disputes following full-text screening (papers with a ‘yes’ and a ‘no’ 

vote) were resolved via a meeting prior to data extraction.  

3.2.5 Data collection 

Corresponding authors for all eligible studies were first contacted for raw study data. If authors 

did not respond or could not provide raw study data, data were extracted from the published 

manuscript. WebPlotDigitizer Version 4.2 (Ankit Rohatgi, USA) was used to extract data from 

papers that only presented data in a figure.  

When data were displayed inadequately (e.g. clustering of data points, overlapping of error 

bars) or data were not reported in published manuscript or supplementary materials (despite 

methods stating measurements had been taken), the paper was no longer considered eligible 

and excluded from analysis.  

Data were collected and stored in an electronic spreadsheet (Excel 2016, Microsoft 

Corporation, USA). If data were presented from multiple glucagon doses, only data from the 

highest dose was collected.  

3.2.6 Data items 

Eligible outcomes were defined as follows: 

Energy intake - total ad libitum energy intake at the first meal presented to participants 

following the administration of glucagon and comparator. Measured in kcal, kJ, or grams.  

Subjective appetite - assessed at baseline and at least two other timepoints during the 

glucagon and comparator arms. Alternatively, total or incremental area under the curve (AUC) 

for the glucagon and comparator arms. Measured by a visual analogue scale (VAS) or other 

questionnaire assessing a domain relating to appetite (e.g. hunger, pleasantness, prospective 

consumption, fullness) or a composite appetite score.   

The following data items were also collected relating to paper, participant, and intervention 

characteristics: author(s), year of publication, sample size, proportion of males, participant 

age, participant BMI, degree of blinding, route of administration, glucagon dose, and duration 

of administration.  

3.2.7 Risk of bias assessment 

Risk of bias of included studies was assessed using the Revised Cochrane Risk of Bias Tool 

for Randomized trials (RoB 2.0) with additional considerations for cross-over trials. Risk of 

bias was assessed using the following domains: bias arising from the randomization process; 

bias arising from period and carryover effects; bias due to deviations from intended 

intervention; bias due to missing outcome data; bias in the measurement of the outcome; and 
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bias in the selection of the reported result. Risk of bias assessment was performed for each 

outcome (energy intake, subjective appetite), in which the risk of bias of each individual study 

was determined by the highest risk of bias level attained in any of the assessed domains. 

Studies were not excluded based on the risk of bias assessment. 

3.2.8 Data synthesis 

Data were collated and grouped by outcome (energy intake, subjective appetite). Standard 

errors and 95% confidence intervals (CIs) were converted to standard deviations. For 

subjective appetite only, total AUC was calculated for glucagon and comparator arms using 

the maximum number of timepoints available. If data were extracted from figures using 

WebPlotDigitizer, standard deviations of AUCs were estimated using the AUC of values 

depicted by the corresponding top or bottom error bars.  

Standardised mean differences (SMDs) were then calculated for each study as described by 

Higgins et al.18. When raw study data were not available, a correlation coefficient of 0.5 was 

assumed to calculate the standard error of the SMD19. Sensitivity analyses using correlation 

coefficients of 0.3, 0.7, and 0.9 were performed to assess the robustness of findings to this 

assumption.  

A random-effects meta-analysis model was selected as the effect of glucagon administration 

on outcomes was expected to vary across studies due to differences in participant and 

intervention characteristics. This model assumes a distribution of true effect sizes across 

studies and provides an estimate of the mean intervention effect of this distribution20,21. 

Between-study variance (𝜏2) was estimated using the Hartung-Knapp-Sidik-Jonkman 

method22,23.  

Heterogeneity was assessed using the chi-squared (Q) and I2 statistic. A Q value above the 

degrees of freedom (df) for the estimate and an I2 statistic >50% indicated large heterogeneity 

between studies. 

Publication bias was assessed via visual inspection of contour-enhanced funnel plots24 and 

statistically by Egger’s regression test for outcomes containing at least 10 studies. Trim and 

fill analyses (L0 estimator) were used when publication bias was suspected to explore its 

impact on effect sizes25.  

All analyses were performed in Stata 16 (StataCorp, USA). Meta-analysis was only performed 

for outcomes with at least five studies26.  

3.2.9 Certainty of evidence assessment 

Certainty of evidence was assessed using the GRADE approach27,28. Certainty of evidence 

was assessed using the following domains: study limitations, consistency of effect, 
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imprecision, indirectness, and publication bias. Estimated effect of each outcome was 

independently classified as high (true effect is similar to the estimated effect), moderate (true 

effect is probably close to the estimated effect), low (true effect might be markedly different 

from the estimated effect), or very low (true effect is probably markedly different from the 

estimated effect) certainty of evidence.  

3.3 Results 

3.3.1 Study selection 

Database searching found 24,833 potentially eligible papers. Following removal of duplicates, 

13,020 papers underwent title and abstract screening, resulting in the removal of 12,744 

papers. Consequently, 246 papers underwent full-text screening, yielding 6 eligible papers.  

Due to one paper containing multiple studies, a total of 7 separate studies were deemed 

eligible. The following number of studies proved eligible for each outcome: energy intake, 5 

studies; subjective appetite, 4 studies.  This process is summarised in Figure 3.1. 

3.3.2 Study characteristics 

Study characteristics of included studies are presented in Table 3.1.  

3.3.3 Risk of bias  

The results of the risk of bias assessment for each outcome are presented in Appendix 3.2. 

With regards to overall risk of bias, there were some concerns for all studies included in the 

review, irrespective of the outcome measured. This was primarily due to inadequate reporting 

of the randomization and sequence allocation process, or inadequate reporting of the analysis 

plan. 

3.3.4 Meta-analysis 

Data used for meta-analysis is presented in Appendix 3.3.  

3.3.4.1 Energy intake 

Five studies comprising 77 participants (90% males) measured ad libitum energy intake 

following comparator and glucagon administration11,29–32. Of these five studies, four used 

intravenous administration11,12,29,30 and one used intranasal administration32. Average age of 

participants ranged from 22.0 to 48.5 years, with three studies being conducted in healthy-

weight participants (18.5 ≥ BMI < 25.0)11,12,30 and two studies being conducted in overweight 

participants (25.0 ≥ BMI < 30.0)29,32.  
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Mean intervention effect of glucagon administration relative to comparator on ad libitum meal 

energy intake was SMD = -0.19 (95% CI, -0.59 to 0.21; P = 0.345; Figure 3.2). I2 (81.11%) 

and Q (20.28, df = 4, P<0.001) statistics highlighted large heterogeneity between studies. An 

assessment of publication bias was not performed due to an insufficient number of studies. 

3.3.4.2 Subjective appetite 

Four studies comprising 57 participants (73% males) measured subjective appetite following 

comparator and glucagon administration10,11. Of these four studies, two used intramuscular10 

administration and two used intravenous administration11,12. Average age of participants  

Figure 3.1: Flow diagram of paper selection. 
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Table 3.1: Population characteristics, intervention characteristics, and outcome measurements for all included studies. 

Study ID Population Intervention Outcome 

Author Sample  

size 

Male,  

% 

Age,  

mean 

BMI, 

mean 

Route Dose Total dose Comparator Energy  

intake 

Subjective  

appetite 

Arafat et al.10a 13 46 25.1 21.7 Intramuscular 1 mg 

bolus at start 

1 mg Saline 
 

🗸 

Arafat et al.10b 11 45 28.4 34.4 Intramuscular 1 mg 

bolus at start 

1 mg Saline 
 

🗸 

Bagger et al.11 15 100 22.0 23.0 Intravenous 3 ng/kg/min  

over 270 mins 

60658 ng 

(0.06 mg)  

Saline 🗸 🗸 

Cegla et al.29 13 69 31.6 27.0 Intravenous 9.8 ng/kg/min  

over 120 mins 

87774 ng 

(0.09 mg) 

Gelofusine 🗸 M-IR 

Geary et al.30 12 100 24.3 21.8 Intravenous 3 ng/kg/min  

over 10 mins 

2097 ng 

(0.002 mg) 

Saline 🗸  

Izzi-Engbeaya et al.12 18 100 25.1 22.5 Intravenous 7 ng/kg/min  

over 480 mins 

250784 ng 

(0.25 mg) 

Gelofusine 🗸 🗸 

Stahel et al.32 19 79 48.5 29.5 Intranasal 0.7 mg 

bolus at start 

0.7 mg Sterile dilutant 🗸  

a,bafter author names denotes sub-studies.  M-IR, measured but inadequately reported. Note: some doses have been converted to ng from pmol to enable 

comparisons (ng = pmol ÷ 0.2871).  
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ranged from 22.0 to 28.4 years, with three studies being conducted in healthy-weight 

participants10–12 and one study being conducted in obese participants (BMI ≥ 30.0)10. Two 

studies reported subjective satiety10, one study reported a composite appetite score 11, and 

one study reported subjective hunger12.  

Due to the limited number of studies, a meta-analysis was not performed. However, two 

studies reported an increase in subjective appetite following glucagon administration relative 

to comparator 10,11 and two studies reported a decrease in subjective appetite 10,12 (Appendix 

3.3). 

3.3.4.3 Sensitivity analyses 

Sensitivity analyses employing correlation coefficients of 0.3, 0.7 and 0.9 did not meaningfully 

alter the mean intervention effect and overall interpretation of glucagon administration on 

energy intake (Appendix 3.4).  

3.3.5 Certainty of evidence 

Certainty of evidence for energy intake, energy expenditure, glucose and insulin was rated as 

low, high, low, and low, respectively. Explanation of judgements alongside certainty of 

evidence assessments are presented in the summary of findings table (Table 3.2).  

3.4 Discussion 

This review analysed the evidence on the effect of acute glucagon administration on energy 

intake and subjective appetite in humans. Meta-analysis of available studies revealed that the  

Figure 3.2:  Forest plot of standardised mean differences between glucagon administration 

and comparator for ad libitum energy intake. Results produced from a random-effects meta-

analysis using the Hartung-Knapp-Sidik-Jonkman method to estimate between-study 

variance. Data are presented as mean with 95% confidence intervals. CI, confidence 

interval; SMD, standardised mean difference. 
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Table 3.2: Summary of findings for energy intake and subjective appetite. 

Acute glucagon administration compared with an energy-free control agent in adults without diabetes 

Patient or population: adults without diabetes 

Setting: laboratory environment 

Intervention: acute glucagon administration 

Comparison: energy-free control agent 

Outcomes Relative effect  
(95% CI) 

Number of 
participants 

(studies) 

Quality of the 
evidence 
(GRADE) 

Comments 

Energy 
intake 

SMD 
-0.19 decrease with 

glucagon 
(-0.59 decrease to 0.21 

increase) 

77 participants 
(5 studies) 

⊕⊕⊝⊝ 
Lowa 

 

Subjective 
appetite 

Not estimated 57 participants  
(4 studies) 

Not graded 
 

Meta-analysis not performed 
due to limited number of studies 

CI: confidence interval; SMD: standardised mean difference.  

GRADE Working Group grades of evidence 

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect. 

Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the 
effect, but there is a possibility that it is substantially different. 

Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of 
the effect. 

Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from 
the estimate of effect. 

aThere was considerable heterogeneity (I2 = 81.11%; 95% CI, 41.18% to 97.87%) and 95% confidence interval contained zero. 
We therefore downgraded by two levels for inconsistency and imprecision.  

 

effect of acute glucagon administration on energy intake is unclear, in which an orexigenic and 

anorexigenic effect cannot be excluded. Additionally, too few studies exist to permit a meta-

analysis on subjective appetite.  

3.4.1 The effect of acute glucagon administration on energy intake and subjective appetite 

The results from our analysis highlight that the effect of acute glucagon administration on 

energy intake in humans is inconclusive. Despite the point estimate for the mean intervention 

effect suggesting a small anorectic effect, the confidence interval for this effect was large and 

included both an increase and decrease in energy intake following acute glucagon 

administration. This uncertainty is also reflected in the effect sizes of the individual studies and 

the reported effects of acute glucagon administration on subjective appetite. Indeed, no study 

performed a power calculation based on differences in energy intake between groups (with 

only two studies stating energy intake as a pre-registered primary outcome11,12), likely 

contributing to the observed imprecision of the mean intervention effect.  

Two of the five eligible studies reported a suppression of energy intake with acute glucagon 

administration relative to placebo11,30. Of note, these studies used considerably lower doses 
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of glucagon, and thus produced systemic concentrations more representative of that seen in 

day-to-day physiology (~50 pmol/L)33. Studies reporting no effect of acute glucagon 

administration however achieved supraphysiological glucagon concentrations (≥150 

pmol/L)12,29. This is somewhat counterintuitive as higher doses are associated with increased 

feelings of nausea 34–38, which would also be expected to contribute to a reduction in energy 

intake. Similar responses have however been observed in rodents, in which higher glucagon 

doses resulted in a mitigated (and sometimes abolished) suppression of energy intake relative 

to moderate doses9. The reasons for a possible diminished response at higher glucagon doses 

is unclear, but may be due GCGR desensitisation9. Nevertheless, a suppression of energy 

intake induced by physiological concentrations of glucagon (either via exogenous or 

endogenous sources) cannot be excluded.   

The effect of acute glucagon administration on subjective appetite is also inconclusive, with 

half of the included studies reporting a suppression of appetite10,12 and half reporting an 

increase in appetite10,11. Future work using acute glucagon administration as intervention 

should therefore consider the inclusion of subjective appetite measures to improve our current 

understanding.  

The undetermined effect of acute glucagon administration on energy intake and subjective 

appetite unfortunately provides little insight into any potential role of systemic glucagon 

concentrations in exercise-induced anorexia. It is however important to note that our results 

do not exclude the possibility that glucagon does contribute to the suppression of appetite 

experienced during exercise, especially in light of the possibility that reductions in energy 

intake are only observed at physiological glucagon concentrations. Consequently, the next 

chapter of this thesis (Chapter 4) will directly measure glucagon concentrations during and 

following acute exercise, and investigate its association with subjective appetite and energy 

intake.  

3.4.2 Limitations 

The present review is subject to several limitations. Firstly, both outcomes were only measured 

by a small number of studies, reducing the precision of summary effect estimates, and also 

preventing the assessment of publication bias. Secondly, most studies used 

supraphysiological glucagon doses, and thus the implications for glucagon’s role in appetite 

under physiological conditions (such as those experienced during acute exercise) is limited. 

Thirdly, the participants of included studies were predominantly young (<35 years old) males, 

with less than half of eligible studies being conducted in participants with a BMI ≥25.0. The 

findings of the present analysis may therefore not be applicable to all populations, particularly 

those more likely to be treated with anti-obesity agents. Finally, the present analysis only 
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focuses on acute effects of glucagon administration on energy intake and subjective appetite, 

and thus any observed effects cannot be extrapolated to chronic administration.  

3.4.3 Summary 

Overall, the effect of acute glucagon administration on energy intake and subjective appetite 

remains unclear. Consequently, an evaluation of the role of glucagon in exercise-induced 

anorexia cannot be made using the results of the present study. Future work should look to 

clarify the effect of acute glucagon administration on energy intake and appetite using 

adequately powered studies in which energy intake is the primary outcome. Furthermore, 

these studies should incorporate doses that result in physiological glucagon concentrations in 

order to evaluate the potential appetite-suppressive effects of exercise-induced increases in 

systemic glucagon concentrations.  
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Appendix 3.1: Database search strategies 

CENTRAL 

#1 (glucagon):ti,ab,kw AND (infus* OR admin* OR intravenous OR dos* OR saline OR 

subcutaneous OR intramuscular OR nasal):ti,ab,kw AND (energy OR intake OR food OR meal 

OR appetite OR eat* OR hunger OR hungry OR expenditure OR calorie* OR kcal OR joule* 

OR kJ OR insulin OR glucose OR glyc*):ti,ab,kw AND (human* OR participant* OR subject* 

OR patient* OR volunteer* OR men OR women OR man OR woman OR male* OR female* 

OR individual* OR recruit* OR trial OR crossover OR cross over OR cross-over OR consent 

OR assign* OR allocate* OR placebo):ti,ab,kw 

#2 (review OR meta analysis OR meta-analysis OR case study OR case studies):ti OR 

(databases adj4 searched):ab OR (rat OR rats or mouse OR mice OR swine OR porcine OR 

murine OR sheep OR lamb OR pigs OR piglets OR rabbit OR rabbits OR cat OR cats OR dog 

OR dogs OR cattle OR bovine OR monkey OR monkeys OR trout OR chick OR chicks OR 

broiler OR broilers OR carp):ti 

#3 MeSH descriptor: [Animals] in all MeSH products 

#4 MeSH descriptor: [Models, Animal] explode all trees 

#5 #1 NOT #2 NOT #3 NOT #4" 

 

CINAHL 

"AB glucagon  

AND AB (infus* OR admin* OR intravenous OR dos* OR saline OR subcutaneous OR 

intramuscular OR nasal)  

AND AB (energy OR intake OR food OR meal OR appetite OR eat* OR hunger OR hungry 

OR expenditure OR calorie* OR kcal OR joule* OR kJ OR insulin OR glucose OR glyc*)  

AND AB (human* OR participant* OR subject* OR patient* OR volunteer* OR men OR women 

OR man OR woman OR male* OR female* OR individual* OR recruit* OR trial OR crossover 

OR cross over OR cross-over OR consent OR assign* OR allocate* OR placebo)  

NOT TI (review OR meta analysis OR meta-analysis OR case study OR case studies)  

NOT AB databases adj4 searched NOT TI (rat OR rats or mouse OR mice OR swine OR 

porcine OR murine OR sheep OR lamb OR pigs OR piglets OR rabbit OR rabbits OR cat OR 

cats OR dog OR dogs OR cattle OR bovine OR monkey OR monkeys OR trout OR chick OR 

chicks OR broiler OR broilers OR carp)  

NOT MW (animal* OR animal studies OR animal model*)" 

 

Embase 

1. glucagon.ab,kw,ti.  

2. (infus* or admin* or intravenous or dos* or saline or subcutaneous or intramuscular or 

nasal).ab,kw,ti. 
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3. (energy or intake or food or meal or appetite or eat* or hunger or hungry or expenditure or 

calorie* or kcal or joule* or kJ or insulin or glucose or glyc*).ab,kw,ti. 

4. (human* or participant* or subject* or patient* or volunteer* or men or women or man or 

woman or male* or female* or individual* or recruit* or trial or crossover or cross over or cross-

over or consent or assign* or allocate* or placebo).ab,kw,ti. 

5. (review or meta analysis or meta-analysis or case study).ti. 

6. (databases adj4 searched).ab. 

7. (rat or rats or mouse or mice or swine or porcine or murine or sheep or lamb or pigs or 

piglets or rabbit or rabbits or cat or cats or dog or dogs or cattle or bovine or monkey or 

monkeys or trout or chick or chicks or broiler or broilers or carp).ti. 

8. (animal* or animal studies or animal model*).sh. 

9. (1 and 2 and 3 and 4) not 5 not 6 not 7 not 8 

 

Medline 

1. glucagon.ab,kw,ti.  

2. (infus* or admin* or intravenous or dos* or saline or subcutaneous or or intramuscular or 

nasal).ab,kw,ti. 

3. (energy or intake or food or meal or appetite or eat* or hunger or hungry or expenditure or 

calorie* or kcal or joule* or kJ or insulin or glucose or glyc*).ab,kw,ti. 

4. (human* or participant* or subject* or patient* or volunteer* or men or women or man or 

woman or male* or female* or individual* or recruit* or trial or crossover or cross over or cross-

over or consent or assign* or allocate* or placebo).ab,kw,ti. 

5. (review or meta analysis or meta-analysis or case study).ti. 

6. (databases adj4 searched).ab. 

7. (rat or rats or mouse or mice or swine or porcine or murine or sheep or lamb or pigs or 

piglets or rabbit or rabbits or cat or cats or dog or dogs or cattle or bovine or monkey or 

monkeys or trout or chick or chicks or broiler or broilers or carp).ti. 

8. (animal* or animal studies or animal model*).sh. 

9. (1 and 2 and 3 and 4) not 5 not 6 not 7 not 8 

 

PubMed 

(((((((glucagon[Title/Abstract])  

AND (infus*[Title/Abstract] OR admin*[Title/Abstract] OR intravenous[Title/Abstract] OR 

dos*[Title/Abstract] OR saline[Title/Abstract] OR subcutaneous[Title/Abstract] OR 

intramuscular[Title/Abstract] OR nasal[Title/Abstract]))  

AND (energy[Title/Abstract] OR intake[Title/Abstract] OR food[Title/Abstract] OR 

meal[Title/Abstract] OR appetite[Title/Abstract] OR eat*[Title/Abstract] OR 

hunger[Title/Abstract] OR hungry[Title/Abstract] OR expenditure[Title/Abstract] OR 
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calorie*[Title/Abstract] OR kcal[Title/Abstract] OR joule*[Title/Abstract] OR kJ[Title/Abstract] 

OR insulin[Title/Abstract] OR glucose[Title/Abstract] OR glyc*[Title/Abstract]))  

AND (human*[Title/Abstract] OR participant*[Title/Abstract] OR subject*[Title/Abstract] OR 

patient*[Title/Abstract] OR volunteer*[Title/Abstract] OR men[Title/Abstract] OR 

women[Title/Abstract] OR man[Title/Abstract] OR woman[Title/Abstract] OR 

male*[Title/Abstract] OR female*[Title/Abstract] OR individual*[Title/Abstract] OR 

recruit*[Title/Abstract] OR trial[Title/Abstract] OR crossover[Title/Abstract] OR cross 

over[Title/Abstract] OR cross-over[Title/Abstract] OR consent[Title/Abstract] OR 

assign*[Title/Abstract] OR allocate*[Title/Abstract] OR placebo[Title/Abstract]))  

NOT (review[Title] OR meta analysis[Title] OR meta-analysis[Title] OR case study[Title] OR 

case studies[Title]))  

NOT (databases adj4 searched[Title/Abstract]))  

NOT (rat[Title] OR rats[Title] OR mouse[Title] OR mice[Title] OR swine[Title] OR porcine[Title] 

OR murine[Title] OR sheep[Title] OR lamb[Title] OR pigs[Title] OR piglets[Title] OR 

rabbit[Title] OR rabbits[Title] OR cat[Title] OR cats[Title] OR dog[Title] OR dogs[Title] OR 

cattle[Title] OR bovine[Title] OR monkey[Title] OR monkeys[Title] OR trout[Title] OR 

chick[Title] OR chicks[Title] OR broiler[Title] OR broilers[Title] OR carp[Title]))  

NOT (animal* OR animal studies OR animal model*[MeSH Terms]) 

 

Scopus 

(TITLE-ABS-KEY (glucagon)   

AND TITLE-ABS-KEY (infus* OR admin* OR intravenous OR dos* OR saline OR 

subcutaneous OR intramuscular OR nasal)   

AND TITLE-ABS-KEY (energy OR intake OR food OR meal OR appetite OR eat* OR hunger 

OR hungry OR expenditure OR calorie* OR kcal OR joule* OR kj OR insulin OR glucose OR 

glyc*)   

AND TITLE-ABS-KEY (human* OR participant* OR subject* OR patient* OR volunteer* OR 

men OR women OR man OR woman OR male* OR female* OR individual* OR recruit* OR 

trial OR crossover OR cross AND over OR cross-over OR consent OR assign* OR allocate* 

OR placebo)   

AND NOT TITLE (review OR meta AND analysis OR meta-analysis OR case AND study OR 

case AND studies)   

AND NOT ABS (databases AND adj4 AND searched)   

AND NOT TITLE (rat OR rats OR mouse OR mice OR swine OR porcine OR murine OR sheep 

OR lamb OR pigs OR piglets OR rabbit OR rabbits OR cat OR cats OR dog OR dogs OR 

cattle OR bovine OR monkey OR monkeys OR trout OR chick OR chicks OR broiler OR 

broilers OR carp)) 
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Appendix 3.2: Risk of bias analysis 

Energy intake 

Study Bias arising 
from the 

randomization 
process 

Bias arising from 
period and 

carryover effects 

Bias due to 
deviations from 

intended 
intervention 

Bias due to 
missing 

outcome data 

Bias in the 
measurement of 

the outcome 

Bias in the 
selection of the 
reported result 

Overall risk of bias 

Bagger et al.11 Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns 

Cegla et al.29 Some concerns Some concerns Low risk Low risk Low risk Some concerns Some concerns 

Geary et al.30 Some concerns Low risk Low risk Low risk Low risk Some concerns Some concerns 

Izzi-Engbeaya et al.12 Some concerns 
 

Some concerns Low risk Low risk Low risk Low risk Some concerns 

Stahel et al.32 Some concerns Low risk Low risk Low risk Low risk Low risk Some concerns 

 

Appetite 

Study Bias arising 
from the 

randomization 
process 

Bias arising from 
period and 

carryover effects 

Bias due to 
deviations from 

intended 
intervention 

Bias due to 
missing 

outcome data 

Bias in the 
measurement of 

the outcome 

Bias in the 
selection of the 
reported result 

Overall risk of bias 

Arafat et al.10a Some concerns Some concerns Low risk Low risk Low risk Some concerns Some concerns 

Arafat et al.10b Some concerns Some concerns Low risk Low risk Low risk Some concerns Some concerns 

Bagger et al.11 Some concerns Some concerns Low risk Low risk Low risk Low risk Some concerns 

Izzi-Engbeaya et al.12 Some concerns 
 

Some concerns Low risk Low risk Low risk Low risk Some concerns 
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Appendix 3.3: Data used for meta-analysis 

Energy intake 

Author Sample  
size 

Comparator Glucagon Data source 

Mean SD Mean SD 

Bagger et al.11 15 811 147 686 148 Primary reference (Table 2) 

Cegla et al.29 13 1086 397 1086 349 Primary reference (In text) 

Geary et al.30 12 803 314 672 302 Primary reference (Table 4) 

Izzi-Engbeaya et al.12 17 1069 371 1213 402 Correspondence with authors 

Stahel et al.32 19 1206 309 1165 309 Primary reference (In text) 

 

Subjective appetite 

Author Sample  
size 

Control Glucagon Data source 

Mean SD Mean SD 

Arafat et al.10a 13 189* 62 284* 50 Primary reference (Figure 1D) - extracted using WebPlotDigitizer 

Arafat et al.10b 11 274* 125 212* 33 Primary reference (Figure 1D) - extracted using WebPlotDigitizer 

Bagger et al.11 15 46 33 57 33 Primary reference (Table 2) 

Izzi-Engbeaya et al.12 16 3110 795 2865 719 Correspondence with authors 

*satiety score measured (inverse of appetite) 
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Appendix 3.4: Sensitivity analyses using variable within-participant correlation 
coefficients for meta-analyses 

 

Energy intake 

Within-participant correlation 
coefficient 

Mean intervention 
effect 

95% confidence 
interval 

P-
value 

0.3 -0.18 -0.58, 0.22 0.375 

0.5 -0.19 -0.59, 0.21 0.345 

0.7 -0.20 -0.60, 0.19 0.314 

0.9 -0.22 -0.61, 0.18 0.284 
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Chapter 4: The metabolic interplay between dietary carbohydrate 
intake and exercise and its role in appetite-regulation and energy 

intake 

 

4.1 Introduction 

Chronic exercise interventions typically produce only modest weight loss, especially when 

compared to dietary energy restriction1. This relative lack of efficacy is primarily attributed to 

compensatory eating behaviours, in which the energy expended through exercise is negated 

by an increase in energy intake2. Subjective appetite responses and compensatory energy 

intake following acute exercise however display marked inter-individual variability3,4. 

Understanding the mechanisms that regulate exercise-induced changes in appetite and 

energy intake would facilitate the development of targeted therapeutics for obesity. 

Exercise-induced appetite responses have largely been attributed to changes in the systemic 

concentrations of gastrointestinal hormones implicated in appetite regulation, including 

glucagon-like peptide 1 (GLP-1), peptide YY (PYY), and (active) ghrelin5. However, acute 

exercise exerts changes beyond gastrointestinal hormone release, producing large-scale 

shifts in metabolism that may also drive exercise-induced changes in appetite and energy 

intake6. This includes an increase in systemic concentrations of the pancreatic hormone 

glucagon (as discussed and investigated in Chapters 1-3).  

Evidence is growing that the metabolic effects of acute exercise are dependent on the pre-

exercise nutritional state7–9. Recreational exercisers often consume carbohydrate in the 

immediate period prior to exercise in order to increase substrate availability for skeletal muscle 

activity and consequently exercise performance10. Acute carbohydrate ingestion also 

modulates GLP-1, PYY, and ghrelin concentrations11, as well as producing extensive shifts in 

the plasma metabolite profile12. The concurrent provision of carbohydrate and exercise may 

therefore produce independent or interactive hormonal and metabolite responses, which could 

possess important downstream implications for appetite regulation and energy intake.  

Our work therefore aimed to determine the interactive effects of carbohydrate and exercise on 

the plasma hormonal and metabolite responses and explore potential mediators of exercise-

induced changes in appetite and energy intake across nutritional states.  

4.2 Methods 

4.2.1 Ethics 

This study was granted ethical approval (South West - Frenchay Research Ethics Committee; 

19/SW/007) and conducted in line with the Declaration of Helsinki. All participants provided 
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written informed consent prior to enrolment. This study is registered at clinicaltrials.gov 

(NCT04019418). 

4.2.2 Participants 

This study recruited 12 healthy male participants aged 18 to 40 years old with a body mass 

index (BMI) of 18 to 30 kg/m2 (inclusive). Females were excluded due to the influence of the 

menstrual cycle on appetite control, gastrointestinal hormone release, and exercise 

metabolism13–15.   

Participants had an age of 24 ± 5 years (mean ± SD) with a BMI of 21.9 ± 2.1 kg/m2 and a 

maximal oxygen uptake (V̇O2 max) of 40.2 ± 8.7 ml/kg/min.  

4.2.3 Study design 

This study was a semi-double blind, randomised, four-period crossover, placebo-controlled 

design.  

All participants first attended a screening visit to assess eligibility. Eligible participants returned 

to undertake a V̇O2 max test to determine absolute exercise intensity for study visits. 

Participants then completed four study visits in a randomised order: (i) control beverage and 

rest session; (ii) control beverage and exercise session; (iii) carbohydrate beverage and rest 

session; and (iv) carbohydrate beverage and exercise session. Study visits were separated 

by a minimum of three days.  

The study design is described as semi-double blind as both participants and researchers were 

blinded to the nature of the beverage, but not to the rest or exercise session.  

All study visits and assessments were performed at the NIHR Imperial Clinical Research 

Facility at Hammersmith Hospital (London, UK).  

4.2.3.1 Screening visit  

Participants attended a screening visit following a ≥ 4 hour fast. A blood test (glucose and full 

blood count), height and weight measurements, and an electrocardiogram (ECG) were 

performed to determine participant eligibility. Participants were excluded if they had had an 

abnormal ECG, blood values outside the reference range, a BMI of <18 or >30 kg/m2, a history 

of metabolic disease, and/or started a new medication within the last 3 months likely to 

interfere with energy metabolism, appetite regulation and hormonal balance.  

4.2.3.2 V̇O2 max assessment 

All assessments were performed on an ergometrics 900 bicycle ergometer (ergoline, 

Germany). Participants began the assessment by cycling at 50 watts, after which the intensity 

was increased by 25 watts every three minutes until volitional exhaustion. Pulmonary gas 
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measurements (oxygen consumption and carbon dioxide production) were taken throughout 

the assessment via a Quark CPET metabolic cart (COSMED, Italy). If participants did not 

achieve a respiratory quotient ≥1.1 at the point of volitional exhaustion, the assessment was 

repeated at a separate study visit. After completion of the assessment, participants were 

presented with an ad libitum meal identical to that received during study visits to facilitate 

familiarisation.  

4.2.3.3 Study visits 

Participants were asked to refrain from strenuous exercise, caffeine, and alcohol intake, and 

to standardise their evening meal the day prior to each study visit. Participants were also 

asked to fast overnight from 20:00 the evening prior to each study visit (drinking water was 

permitted).  

Participants arrived at the research facility at 09:00 ± 1 hour upon which an intravenous 

cannula was inserted into the antecubital vein to permit serial blood sampling. Participants 

were also asked to void their bladder, with all urine thereafter collected for the remainder of 

the study visit. Following the collection of baseline measurements, participants either 

consumed a control or carbohydrate beverage. Participants were given five minutes to 

consume the beverage, after which participants either rested or exercised for 30 minutes. 

Following completion of the rest or exercise session, participants remained rested for a further 

90 minutes at which point an ad libitum meal was provided.  

Venous blood samples and 100 mm visual analogue scales (VAS) were collected at baseline 

and at 15‐minute intervals following beverage ingestion (T = 15, 30, 45, 60, 75, 90, 105, 120). 

Pulmonary gas measurements were also performed for 15-minute intervals throughout the 

visit (baseline, T = 15-30, 45-60, 105-120). A schematic of a typical study visit is shown in 

Figure 4.1. 

4.2.4 Interventions 

4.2.4.1 Beverages 

The control beverage consisted of 300ml of water only. The carbohydrate beverage 

constituted 300ml of water with 75g of maltodextrin (equating to 75g of carbohydrate; 

MyProtein, UK). This amount of carbohydrate has previously been shown to modulate 

gastrointestinal hormone release16. Carbohydrate was provided in liquid form and beverages 

given in opaque bottles to facilitate blinding.  

4.2.4.2 Rest and exercise sessions 

Participants laid semi-recumbently on a bed for 30 minutes for the rest session. For the 

exercise session, participants exercised on an ergometrics 900 bicycle ergometer (ergoline,  
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Germany) for 30 minutes at 75% V̇O2 max at a cadence ≥ 80 pedal revolutions per minute. 

This exercise intensity has previously been shown to modulate gastrointestinal hormone 

release17.   

4.2.4.3 Beverage-exercise interval 

Most studies investigating the effect of carbohydrate provision prior to exercise on energy 

intake have involved participants undertaking exercise several hours following carbohydrate 

ingestion18–20. The influence of carbohydrate ingestion on physiological responses such as 

subjective appetite, GLP-1 and PYY release is transient21, and thus largely attenuated by the 

time exercise is performed. As a result, any potential interaction between acute carbohydrate 

ingestion and exercise on these responses is lost.  We therefore used a beverage-exercise 

interval of five minutes to ensure that changes in appetite-related hormones due to both 

carbohydrate ingestion and exercise coincided.  

4.2.4.4 Ad libitum meal 

The ad libitum meal consisted of dried durum wheat semolina pasta (Tesco, UK), tomato and 

herb pasta sauce (Tesco, UK), and olive oil (Tesco, UK). This meal possessed an energy 

density of 5.3 kJ/g (1.3 kcal/g) and contained 21.2 g of carbohydrate, 3.0 g of fat, and 3.3 g of 

protein per 100 g.  

Participants were given 20 minutes to consume the meal and were asked to eat until 

‘comfortably full’. Participants were also asked to refrain from using mobile telephones, laptops 

or other distractions during this period.  

Figure 4.1: Overview of study interventions including serial blood sampling scheme, visual analogue 

scale assessments, and pulmonary gas measurements. B, baseline. 
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4.2.5 Measurements  

4.2.5.1 Primary outcome measures 

Blood samples were analysed for GLP-1 and PYY using previously established in-house 

radioimmunoassays22,23 at all time points. Active ghrelin was measured using a commercial 

ELISA (EZGRA-88K, Merck, Germany) at T = 0, 30, 60, and 120 only.  

4.2.5.2 Secondary outcome measures 

Blood samples were analysed for glucose using a colorimetric enzymatic activity assay 

(GL364, Randox, UK) at all time points. Insulin (HI-14K, Merck, Germany) and glucagon (GL-

32K, Merck, Germany) were measured using commercial radioimmunoassays at T = 0, 15, 

30, 45, 60, 90, and 120.  

All commercial assays were performed as specified by the manufacturer’s instructions.  

Pulmonary gas measurements (oxygen consumption and carbon dioxide production) and urea 

content of urine were used to calculate substrate oxidation (carbohydrate and fat oxidation)24 

and total energy expenditure25. Carbohydrate and fat balance were calculated by subtracting 

oxidation from intake (excluding intake from the ad libitum meal).  

Meal energy intake was calculated by measuring the difference in mass of the ad libitum meal 

prior to and following consumption. Total energy intake was calculated by adding the energy 

content of beverages to meal energy intake. Energy balance was calculated by subtracting 

total energy expenditure from total energy intake.  

Subjective appetite and nausea were measured by VAS. Subjective appetite was assessed 

using four questions relating to hunger, pleasantness, prospective consumption, and fullness. 

These scales were then converted into a single composite appetite score (CAS) using the 

formula: CAS = [hunger + pleasantness + prospective consumption + (100 – fullness)]/4 

4.2.5.3 1H NMR metabolic profiling analysis of blood plasma 

Water-suppressed 1H NMR spectroscopy was performed at 310 K using a 600 MHz Bruker 

Avance III NMR spectrometer (in vitro diagnostics research (IVDr)) equipped with a 5-mm BBI 

Z-gradient probe, high-order shims, and automated tuning and matching (Bruker Biospin 

GmBH, Rheinstetten, Germany). Previous to the analysis, a quantitative calibration was 

performed using the standard high-throughput protocol26. Bruker IVDr (B.I.) methods were 

used to extract lipoprotein data (B.I. LISATM) and to quantify small molecule metabolites (B.I. 

Quant-PS 2.0TM)27. For each sample, three experiments were acquired in automation: two 1D 

1H NMR spectra were acquired using standard one-dimensional pulse sequences, the first 

one with saturation of the water resonance only (noesygppr1d, standard Bruker pulse 

program), and the second one with the same feature and with a block to filter out 
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macromolecular/protein signals from the spectrum (Carr–Purcell–Meiboom–Gill, cpmgpr1d); 

1H−1H 2D J-resolved (J-Res) experiment with water suppression was also acquired 

(jresgpprqf). The parameter sets used for acquisition and processing were according to the 

literature26.  

4.2.6 Randomisation and blinding 

Randomisation sequences were generated using an online randomisation tool 

(randomizer.org). Sequences were then placed into opaque envelopes, sealed, and allocated 

to participants prior to their first study visit.  

Beverages were created and labelled (A or B) by an external researcher prior to study visits. 

Beverage contents was revealed after VAS scoring, assays, and statistical analysis had been 

performed.  

4.2.7 Statistical analysis 

4.2.7.1 Robust linear mixed model analysis 

Time-averaged area under the curve (AUC) was calculated for all longitudinal outcomes and 

used for subsequent robust linear mixed effect model analysis. Unadjusted values were used 

for meal energy intake, total energy intake, total energy expenditure, carbohydrate balance, 

fat balance, and energy balance. 

Robust linear mixed effects models were fitted using the R package ‘robustlmm’28 to evaluate 

the independent and interactive effects of carbohydrate and exercise on all outcomes. Fixed 

effects included in the model were carbohydrate and exercise, and an interaction between 

carbohydrate and exercise. Random effects included in the model were participant, an 

interaction between participant and carbohydrate, and an interaction between participant and 

exercise. Random effects with zero variance were removed from the model. The 

Satterthwaite’s degrees of freedom method implemented in the R package ‘lmerTest’29 was 

used to derive P values for fixed effects. If a significant interaction effect between carbohydrate 

and exercise was detected, multiple comparisons of estimated marginal means were 

performed using the R package ‘emmeans’30 with the Tukey adjustment being applied. 

Independent effects were defined as a significant main effect of carbohydrate and/or exercise 

in the absence of a significant interaction effect. Interactive effects were defined as a 

significant interaction effect31. Statistical significance was set at P < 0.05.  

4.2.7.2 NMR data processing and statistical analysis 

The multivariate data analysis was performed on the 1D 1H CPMG spectra. Each spectrum 

was automatically phased and baseline corrected using Topspin 3.5 pl 7 (Bruker BioSpin 

GmbH, Rheinstetten, Germany), and then digitized over the range δ -0.5 to 10 and imported 
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into MATLAB (2014a, MathWorks, Natick, U.S.A.). The spectra were referenced to the doublet 

of the anomeric proton signal of a-glucose at δ 5.23. The spectral regions corresponding to 

the internal standard (δ -0.5 to 0.6), water (δ 4.3 to 5.1) and noise (δ 5.4 to 5.7, 5.8 to 6.7, and 

8.5 to 10.00) were excluded to give full resolution spectra (⁓11.7 K spectral data points or 

variables per spectrum). Prior to multivariate data analysis, the spectra were normalized using 

the probabilistic quotient method (PQN)32. 

The data set was auto-scaled and modelled using Partial Least Squares Discriminant Analysis 

(PLS-DA) in a Monte Carlo Cross-Validation (MCCV) framework and repeated measures (RM) 

design. Storey-Tibshirani method of correction for multiple testing was used, where variables 

with q ≤ 0.05 were considered as significant in the MCCV framework. Goodness of fit (R2Y) 

was calculated using the training data, and the goodness of prediction (Q2Y) from test data33. 

For discriminant analysis, the number of the intervention was used as dummy variable at each 

time point (Y = 1, 2, 3 and 4). 

Relevant features from the NMR targeted data (e.g. B.I. LISATM, and B.I. Quant-PS 2.0TM) 

were also subjected to linear mixed models, correlation networks, and partial least squares 

regression. 

4.2.7.3 Identification of metabolites for untargeted data  

Subset Optimization by Reference Matching (STORM) was used for the identification of 

significant metabolites using the correlation structure of 1D 1H-NMR data34. J-Res spectra 

were also used for identification purposes. Internal and external databases such as the Human 

Metabolome Data Base (HMDB; http://hmdb.ca/) and/or the Biological Magnetic Resonance 

Data Bank (BMRB; http://www.bmrb.wisc.edu) were used for confirmation of assignments. 

4.2.7.4 Correlation network analysis 

Correlation networks were created for outcomes measured at T = 0, 30, and 120 using the R 

package ‘rmcorr’35. Only outcomes with a significant main effect of carbohydrate and/or 

exercise, and/or a significant interaction effect were included. Correlations with a coefficient ≥ 

0.6 and P value < 0.05 (after correction with Q = 5%36) were displayed graphically using the 

R package ‘circlize’37. A cut-off of ≥ 0.6 was selected as this indicated a strong relationship 

between the two variables38, and therefore more likely to be biologically meaningful.  

4.2.7.5 Partial least squares regression 

Partial least squares regression was performed using the R package ‘mixOmics’39 using all 

outcomes measured in plasma/serum with a significant main effect of carbohydrate and/or 

exercise, and/or a significant interaction effect. Leave-one-out cross-validation (LOOCV) was 

employed to select the number of latent variables for each model. Root mean square error of 
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prediction (RMSEP) and goodness of fit (R2) were calculated via LOOCV using the selected 

number of latent variables. All variables were scaled and centred prior to analysis.  

4.2.7.6 Sample size determination 

A formal sample size calculation was not performed as the interactive effect of carbohydrate 

and exercise has not been previously investigated. Prior studies have however demonstrated 

that 12 participants are sufficient to show that carbohydrate ingestion21 and exercise17 

influence gastrointestinal hormone release. Furthermore, 12 participants have been argued to 

be sufficient with respect to precision about the mean and variance when no prior information 

is available40.   

4.3 Results 

4.3.1 Carbohydrate and exercise independently and interactively modulate the hormonal 

milieu 

Initially, we performed robust linear mixed model analyses to identify the independent and 

interactive effects of carbohydrate and exercise on the hormonal milieu (Figure 4.2). Our 

results revealed that carbohydrate and exercise independently increased the anorexigenic 

hormones GLP-1 and PYY (Figures 4.2A and 4.2B), while also acting independently to 

decrease circulating levels of orexigenic hormone (active) ghrelin (Figure 4.2C). We also 

investigated the interactive effects of carbohydrate and exercise on insulin, glucagon, and 

glucose concentrations due to the posited role of glucose homeostasis in appetite regulation41. 

Carbohydrate and exercise exhibited antagonistic and interactive effects on the insulin 

response, in which carbohydrate increased and exercise decreased circulating levels, and 

with exercise producing larger reductions following carbohydrate ingestion (Figure 4.2D). 

Conversely, carbohydrate and exercise independently increased glucagon concentrations 

(Figure 4.2E). Glucose concentrations were unaffected by exercise, but as expected showed 

a marked increase following carbohydrate ingestion (Figure 4.2F). 

4.3.2 The influence of exercise on energy intake is dependent on carbohydrate intake 

The independent and interactive effects of carbohydrate and exercise on appetite, energy 

balance, and substrate oxidation are presented in Figure 4.3. Carbohydrate and exercise 

showed independent appetite-suppressive effects (Figure 4.3E). However, changes in 

appetite did not correspond with subsequent ad libitum meal energy intake. Instead, meal 

energy intake exhibited a differential response to exercise dependent on carbohydrate 

provision, with exercise increasing energy intake without carbohydrate ingestion, but 

decreasing energy intake when carbohydrate was provided (Figure 4.3A). As meal energy 

intake was the sole component of energy balance that was allowed to vary in our study design 

(pre-exercise energy intake and exercise energy expenditure were fixed), meal energy intake 
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exerted a large influence over energy balance. Similar responses in energy balance were 

consequently observed with carbohydrate ingestion (Figure 4.3D). However, exercise without 

carbohydrate ingestion resulted in the lowest acute energy balance despite the increase in 

meal energy intake (Figure 4.3D).  

4.3.3 Carbohydrate and exercise generate distinct metabolic phenotypes  

Data obtained from untargeted metabolomic analyses were modelled using repeated 

measures partial least squares discriminant analysis (RM-PLS-DA) to distinguish metabolic 

phenotypes between study interventions at pre-defined time points (T = 0, T = 30, T = 120). 

The metabolic phenotype was highly distinguishable between all study interventions 

immediately post exercise (T = 30), characterised by high a degree of explained variance (R2Y 

≥ 0.99) and capability of prediction (Q2Y > 0.7 with the exception of Con-Ex vs Carb-Ex; Figure 

4.4A). Differences between study interventions persevered until the end of the study visit (T = 

120) but were less pronounced (Figure 4.4B). No differences between study interventions 

were detected at baseline (T = 0).  

Figure 4.2: The effect of dietary carbohydrate and exercise on gastrointestinal hormone release and 

glucose homeostasis. Data are time-averaged AUC for all outcomes. Individual dots represent 

individual participant values, with yellow dots representing intervention means. P values from robust 

linear mixed models for main effects of carbohydrate (Carb) and exercise (Ex), and the interaction 

between carbohydrate and exercise (Carb x Ex) are presented.  
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Figure 4.3: The effect of dietary carbohydrate and exercise on components of energy balance and 

substrate oxidation. Data are time-averaged AUC for CAS, nausea, carb oxidation (carb ox), and fat 

oxidation (fat ox) only. Individual dots represent individual participant values, with yellow dots 

representing intervention means. P values from robust linear mixed models for main effects of 

carbohydrate (Carb) and exercise (Ex), and the interaction between carbohydrate and exercise 

(Carb x Ex) are presented. Interventions with different letters are significantly different from each 

other (P< 0.05). CAS, composite appetite score. EE, energy expenditure. EI, energy intake. 
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Figure 4.4: PLS-DA score plot and metabolite matrix. (A) Comparisons between study interventions 

at T = 30. (B) Comparisons between study interventions at T = 120. Lower matrix displays score 

plots derived from partial least-squares discriminant analysis demonstrating differentiation in 

metabolic profiles between study interventions (Con-Rest: grey; Con-Ex: blue; Carb-Rest: Red; 

Carb-Ex: green). Individual dots represent individual participant metabolic profiles. All models include 

kernel density estimates (KDE) of the predicted scores for both study interventions under 

comparison. Upper matrix displays differences in metabolites between study interventions. R2Y, 

explained variance. Q2Y, capability of prediction.  
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Figure 4.5: The effect of dietary carbohydrate and exercise on circulating small metabolites. Data are time-averaged AUC for all outcomes. 

Individual dots represent individual participant values, with yellow dots representing intervention means. P values from robust linear mixed models 

for main effects of carbohydrate (Carb) and exercise (Ex), and the interaction between carbohydrate and exercise (Carb x Ex) are presented. 

Interventions with different letters are significantly different from each other (P< 0.05). BHB, 3-hydroxybutyrate. 
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Untargeted metabolomic analysis identified 23 unique small metabolites that showed 

significant differences over time between study interventions (Figure 4.4A and 4.4B), with 

targeted metabolomic data27 available for 14 of these metabolites (Figure 4.5).  Carbohydrate 

ingestion produced differential amino acid and amino acid derivative responses characterised 

by an increase in creatine concentrations (Figure 4.5B) and a simultaneous decrease in 

branched chain amino acid (isoleucine, leucine, and valine) concentrations (Figures 4.5D-F). 

Exercise increased concentrations of creatine and the amino acids alanine and glutamate 

(Figures 4.5A-C). Concentrations of the TCA cycle intermediates citrate and succinate, as well 

as acetate and lactate also increased in response to exercise, with only lactate increasing in 

response to carbohydrate ingestion (Figures 4.5G-J). Exercise resulted in increased 

concentrations of 3-hydroxybutyrate (BHB) and the metabolic precursor pyruvate (Figures 

4.5K and 4.5M). Ketogenesis was however suppressed by carbohydrate ingestion as 

demonstrated by decreased BHB and acetone concentrations (Figures 4.5K and 4.5L). 

Carbohydrate and exercise exerted antagonistic and interactive effects on glycerol 

concentrations, with carbohydrate ingestion suppressing and exercise elevating 

concentrations, and with exercise generating higher concentrations when carbohydrate was 

not ingested (Figure 4.5N).   

Untargeted metabolomic analysis also revealed differences between interventions in 1H-NMR 

peaks assigned to HDL and LDL/VLDL (Figures 4.4A and 4.4B). Consequently, targeted 

metabolomic data27 for the lipoprotein response was analysed, with data presented for main 

lipoprotein fractions and parameters (Figure 4.6). Carbohydrate ingestion resulted in an 

increase in high-density lipoprotein cholesterol (HDL-C; Figure 4.6I), whereas exercise 

resulted in an increase in intermediate- density lipoprotein particle number (IDL-P) and 

cholesterol concentrations (IDL-C), as well as an increase in apolipoprotein A2 (Apo-A2; 

Figures 4.6D and 4.6E). No other main effects of carbohydrate and exercise, or any interaction 

between carbohydrate and exercise, was detected.  

4.3.4 Changes in circulating acetate, lactate, and PYY are associated with exercise-induced 

appetite suppression 

To identify temporal relationships between outcomes, we used repeated measure correlation 

analyses to create within-intervention correlation networks (Figure 4.7A). These analyses 

highlighted distinct relationships between outcomes that were dependent on carbohydrate 

intake and exercise. Acetate, alanine, Apo-A2, carbohydrate oxidation, total energy 

expenditure, lactate, and valine showed a high degree of connectivity (≥15 total number of 

connections) across multiple study interventions (Figure 4.7E). Irrespective of carbohydrate 

intake, higher concentrations of acetate, lactate, and PYY were associated with decreased 

appetite during exercise study interventions (Figures 4.7B and 4.7D). Furthermore, of these  
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Figure 4.6: The effect of dietary carbohydrate and exercise on main lipoprotein fractions and parameters. Data are time-averaged AUC for 

all outcomes. Individual dots represent individual participant values, with yellow dots representing intervention means. P values from robust 

linear mixed models for main effects of carbohydrate (Carb) and exercise (Ex), and the interaction between carbohydrate and exercise 

(Carb x Ex) are presented. TC, total cholesterol. TG, total triglycerides. Total-P, total particle number.  
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Figure 4.7: Correlation networks of temporal measurements across study interventions. Repeated measures correlation networks for (A) Con-

Rest, (B) Con-Ex, (C) Carb-Rest, and (D) Carb-Ex. (E) The top 10 outcomes with the highest number of connections for each study intervention. 

Outcomes linked by a green line showed a significant positive correlation, outcomes linked by a red line showed a significant negative correlation. 

Only outcomes measured at T = 0, 30, and 120 with a significant main effect of carbohydrate and/or exercise, and/or a significant interaction effect 

were included in the analyses. Correlations with a coefficient ≥0.6 and adjusted P value <0.05 are displayed. r rm, repeated measures correlation 
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outcomes, only higher concentrations of acetate were associated with decreased appetite in 

the resting state (Figure 4.7A). However, glucagon did not show any strong association with 

appetite across study interventions despite positive associations with GLP-1 and PYY during 

Carb-Ex (Figure 4.7D), and a negative association with ghrelin during Carb-Rest (Figure 

4.7C). GLP-1 and PYY showed positive correlations across most study interventions (Figures 

4.7A, 4.7B, and 4.7D). GLP-1 also exhibited strong positive correlations with insulin following 

carbohydrate ingestion (Figures 4.7C and 4.7D), and with total energy expenditure and 

carbohydrate oxidation during exercise study interventions (Figure 4.7B and 4.7D). The only 

identified hormone-metabolite relationships were positive correlations between GLP-1 and 

acetate as well as between GLP-1 and lactate during exercise without carbohydrate ingestion 

(Figure 4.7B).  

4.3.5 Identification of metabolic predictors of ad libitum energy intake 

Congruent with prior research42, subjective appetite did not correlate with subsequent ad 

libitum meal energy intake within study interventions (data not shown). While subjective 

appetite may reflect eating latency43, it does not appear to be predictive of energy intake, and 

therefore any observed relationship with subjective appetite may not necessarily be present 

for energy intake.  

We therefore investigated the capacity of the preceding metabolic environment during the 120-

minute study visit period (represented as time-averaged AUC) to predict subsequent ad libitum 

meal energy intake within each study intervention using partial least squares regression 

(Figure 4.8). For all study interventions, one latent variable was created, with variable 

importance in projection (VIP) scores >144 used to identify outcomes important in the prediction 

of subsequent ad libitum energy intake (Figure 4.8A). VIP scores identified GLP-1 and creatine 

to be important predictors of subsequent energy intake, exhibiting VIP scores >1 in three of 

the study interventions. Similarly, glucose, alanine, citrate, succinate, acetone, pyruvate, 

glycerol, and Apo-A2 also appeared to be important predictors, possessing a VIP score >1 in 

two of the study interventions. Of these metabolites, only succinate was an important predictor 

of meal energy intake in both exercise interventions irrespective of carbohydrate intake. 

Glucagon was not found to be an important predictor of energy intake during any study 

intervention. Follow-up within-intervention simple univariable regression analyses were also 

performed to explore the direction of relationship between important predictors (VIP >1) and 

meal energy intake (Figure 4.8B).  

4.4 Discussion 

Dietary carbohydrate and exercise both exert profound changes on human metabolism that 

have important implications for appetite-regulation and energy intake. Here, we show that  
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Figure 4.8: Prediction of ad libitum energy intake from preceding metabolic environment. (A) 

Variable importance in projection scores from partial least squares regression models for each study 

intervention. Only outcomes measured with a significant main effect of carbohydrate and/or exercise, 

and/or a significant interaction effect were included in the analyses. (B) Simple univariable linear 

regression plots for outcomes with a VIP score >1. Root mean square error of prediction (RMSEP) 

and explained variance (R2) calculated via leave-one-out cross-validation (CV). EI, energy intake. 
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dietary carbohydrate and exercise generate independent or interactive effects on 

gastrointestinal and pancreatic hormones associated with appetite regulation. Utilising 

targeted and untargeted metabolomic analyses, we also demonstrate that dietary 

carbohydrate and exercise generate distinct metabolic phenotypes, leading to the 

identification of novel putative mediators of exercise-induced changes in appetite and energy 

intake. 

GLP-1, PYY, and ghrelin have well-recognised roles as key regulators of appetite and energy 

intake45. Our study reveals that dietary carbohydrate and exercise independently increase 

GLP-1 and PYY levels, and decrease ghrelin concentrations. Consequently, both 

carbohydrate and exercise create a hormonal milieu conducive to appetite and energy intake 

suppression. Despite the pattern of response for gastrointestinal hormones across study 

conditions being reflected in subjective appetite responses, this was not observed for meal 

energy intake, suggesting other factors may contribute to the observed between-condition 

differences in energy intake. 

In accord with previous research46, exercise without carbohydrate ingestion (which can also 

be regarded as ‘fasted exercise’) resulted in the lowest acute energy balance. The long-term 

implications of this finding are nevertheless unclear due to the inherent trade-off between 

internal and ecological validity. For example, the time at which participants ate was fixed and 

therefore any effect of eating latency (possibly as the result of gastrointestinal hormone 

modulation) on subsequent energy intake was unknown. Further work is thus needed to 

investigate if the lower acute energy balance when exercise is performed in the fasted state 

translates into greater weight loss with fasted exercise training.  

We also provide, for the first time, extensive characterisation of the acute lipoprotein response 

to exercise, showing a transient increase in IDL-P, IDL-C, and Apo-A2 concentrations 

following acute exercise. Although chronic changes in fasting levels of these lipoprotein 

parameters are associated with modified cardiovascular disease risk47,48, the increase 

observed with acute exercise is likely a physiological response to the increased energy 

demands imposed by exercise, and thus represents an increase in energy mobilisation. 

Furthermore, the characterisation of the acute lipoprotein response to exercise may also 

facilitate the understanding of how chronic exercise modifies lipoprotein profiles and 

associated cardiovascular disease risk. 

Exercise is often accompanied by a temporary suppression of appetite commonly referred to 

as exercise-induced anorexia49. Correlation network analyses resulted in the identification of 

key relationships between the plasma metabolome and exercise-induced appetite 

suppression. GLP-1, lactate, and acetate all displayed strong negative correlations with 
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appetite in both exercise interventions irrespective of carbohydrate intake. The relationships 

between GLP-1 and lactate and exercise-induced appetite suppression are expected and 

have been reported previously5,50. However, a relationship between appetite and acetate 

during exercise has not been previously identified. The intestine is the primary site of acetate 

production in the fasting and postprandial state51, whereas skeletal muscle assumes this 

responsibility during exercise52. Despite limited human evidence, exogenous administration of 

acetate has been shown to suppress appetite in rodent models, acting via a central 

homeostatic mechanism53. Indeed, increasing circulating acetate concentrations through 

intravenous infusions to levels similar to that achieved during exercise has been shown to 

increase GLP-1 concentrations54, suggesting that acetate may regulate exercise-induced 

appetite suppression by direct and indirect mechanisms.  

Appetite and energy intake are related but distinct constructs. Therefore, components of the 

plasma metabolome that were implicated in appetite suppression could not be assumed to be 

implicated in energy intake suppression. Consequently, we used partial least squares 

regression analyses in order to identify potential metabolic predictors of energy intake. GLP-

1 and succinate were the only two components of the plasma metabolome to be identified as 

important predictors of energy intake in both exercise study interventions. Again, the 

identification of GLP-1 is unsurprising, and highlights the importance of this hormone in the 

relationship between dietary carbohydrate, exercise, appetite and energy intake. Recent 

studies investigating GLP-1 receptor agonists and exercise training have reported greater 

weight-loss when using both interventions concurrently versus either intervention alone55. This 

suggests that therapeutics based on mediators of exercise-induced changes in appetite and 

energy intake may be highly efficacious with respect to weight-loss, particularly when 

employed as a co-intervention alongside exercise training. A possible role for circulating 

succinate has, however, not been previously reported. Pre-clinical evidence indicates that 

succinate administration can decrease energy intake via an upregulation of intestinal 

gluconeogenesis56, and may also play a key role in skeletal muscle remodelling following 

exercise57. 

Like acetate, lactate and succinate are produced in substantial amounts by contracting 

skeletal muscle during exercise57,58, suggesting that muscle-derived metabolites may be key 

regulators of energy intake in the acute period following exercise. Despite participants 

exercising at the same relative intensity, our data also highlight notable inter-individual 

differences in acetate, lactate, and succinate responses across exercise interventions (Figure 

4.9A). Furthermore, acetate and lactate responses exhibited strong positive correlations 

between exercise interventions (Figure 4.9B), suggesting that participants truly vary in their  
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Figure 4.9: Inter-individual variation in muscle-derived metabolite responses during exercise 

interventions and their relationship with anthropometric and physiological characteristics. (A) Time-

averaged AUC data from each participant for both exercise interventions. Length of black line 

represents difference between exercise interventions. (B) Correlation between Con-Ex and Carb-Ex 

time-averaged AUC data. (C) Correlation between muscle-derived metabolites (acetate, lactate, 

succinate) and anthropometric (bodyweight, fat-free mass) and physiological characteristics (V̇O2 

max). r, Pearson’s correlation coefficient. 
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capacity to produce muscle-derived metabolites with exercise. It has been recently 

demonstrated that appetite and energy intake responses to exercise also show substantial 

inter-individual variation3,4. Differences in the release of acetate, lactate, and succinate may 

therefore contribute to the variation in post-exercise appetite and energy intake responses, 

and consequently be a key therapeutic target for interventions aiming to augment exercise-

induced weight loss. However, acetate, lactate, and succinate concentrations during exercise 

interventions were not related to bodyweight, fat-free mass, or V̇O2 max (Figure 4.9C), 

suggesting that increasing skeletal muscle mass or aerobic fitness is unlikely to increase the 

production of these metabolites.  Alternative treatments (e.g. oral ingestion) may therefore be 

required if these metabolites are found to possess anorexigenic properties.  

Previous chapters had identified glucagon as a potential mediator of exercise-induced 

changes in appetite and energy intake (Chapters 2 and 3). However, the results of the present 

study suggest that the increase in systemic glucagon concentrations that occur in response to 

acute exercise are not responsible for the concurrent suppression of appetite, or any changes 

in ad libitum energy intake in the immediate post-exercise period. Future work should look to 

confirm our findings before glucagon’s role in exercise-induced changes in appetite and 

energy intake is dismissed.  

The findings of our study must, however, be interpreted in the context of its limitations. This 

study only measured energy intake, and thus energy balance, in the immediate period 

following exercise completion. Therefore, any compensatory responses that may occur 

beyond this period would not be observed, and thus our findings cannot necessarily be applied 

to exercise training studies. Targeted metabolomic data was only available for select 

metabolites and thus the response of some metabolites (e.g. isobutyrate) that showed 

differential responses across study interventions in the untargeted data were not quantifiable. 

Our analysis may have therefore missed key metabolites involved in exercise induced 

changes in appetite and energy intake. The cohort used in the present study only included 

young lean males; the translation of our findings to other populations (such as individuals with 

obesity) cannot be assumed. For example, we observed increases in glucagon concentrations 

following carbohydrate ingestion, a response that may be only present in this demographic, 

and not in individuals with obesity and associated metabolic diseases59. Furthermore, the 

identification of metabolites involved in exercise-induced appetite and energy intake were not 

primary outcomes of our study, and thus out analyses and findings must be considered 

exploratory rather than confirmatory. Future investigations should attempt to manipulate 

succinate and acetate concentrations in the context of exercise, via the ingestion of oral agents 

that raise or lower their concentrations, to further elucidate their role in energy intake around 

exercise. Lastly, the carbohydrate and exercise dose selected for this study were chosen in 
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order to maximise gastrointestinal hormone response, and may therefore not reveal 

synergisms between carbohydrate and exercise that can only be observed at sub-maximal 

doses.  

In conclusion, we show that dietary carbohydrate and exercise generate independent and 

interactive effects on various components of the plasma metabolome, resulting in the 

generation of distinct metabolic phenotypes. We also identify plasma acetate and succinate 

as novel putative regulators of exercise-induced appetite and energy intake suppression, but 

find no evidence to support the putative role of glucagon in exercise-induced changes in 

appetite and energy intake. Ultimately, the findings of our study may lead to the development 

of personalised exercise protocols that produce maximal generation of these metabolites, or 

oral agents that mimic this metabolic response.  
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Chapter 5: General discussion (digestible carbohydrate and 
gastroenteropancreactic hormone release during exercise) 

 

Exercise often produces modest long-term weight loss, especially when compared to dietary 

energy restriction1. The comparatively poor efficacy of exercise to induce weight loss is largely 

attributed to compensatory eating behaviours, rather than changes in energy expenditure2. 

Understanding the interaction between diet and exercise may therefore help to improve the 

efficacy of exercise as a weight loss tool.  

A single bout of exercise is typically accompanied by a temporary suppression of appetite 

referred to as exercise-induced anorexia3. Acute exercise also modulates the release of 

gastrointestinal hormones involved in appetite-regulation, such as GLP-1, PYY, and acyl-

ghrelin4. Consequently, these hormones are believed to be key regulators of exercise-induced 

anorexia5. Exercise can also induce changes in the pancreatic hormones insulin and 

glucagon6, as well as induce large shifts in the plasma metabolome7; both of which have been 

implicated in appetite regulation8,9. However, the contribution of hormones involved in glucose 

homeostasis and the plasma metabolome in exercise-induced anorexia is largely unknown. 

Humans typically spend the majority of their waking period in the postprandial state10, in which 

dietary (digestible) carbohydrate is the primary energy-contributing macronutrient for most 

western societies11. Exercise is therefore commonly performed in the postprandial state. 

Indeed, individuals who regularly perform exercise also commonly ingest a source of digestible 

carbohydrate prior to exercise12. Digestible carbohydrate can modulate the concentrations of 

acyl-ghrelin, GLP-1, and PYY in the systemic circulation, as well as the hormones involved in 

glucose homeostasis and the plasma metabolome13,14. Therefore, the combination of dietary 

carbohydrate and exercise may produce interactive effects with regards to their effects on 

these hormones and the plasma metabolome, which could have important implications for 

appetite regulation in the immediate period following exercise completion. 

The results from chapter 2 characterised the acute effect of exercise on glucose, insulin, 

glucagon concentrations via a systematic review and meta-analysis. These results showed 

that acute exercise decreased glucose and insulin in the fed state, and increased glucagon 

irrespective of metabolic state. As higher concentrations of glucose, insulin, and glucagon 

would be expected to be associated with suppressed appetite, these results suggested a 

potential role of glucagon in exercise-induced anorexia.  

The findings from chapter 2 were followed up in chapter 3, again using a systematic review 

and meta-analysis, to investigate the effect of acute glucagon administration on appetite and 
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energy intake in humans. Despite a consistent effect being observed in pre-clinical models15, 

the available evidence investigating the effect of acute glucagon administration on appetite 

and energy intake in humans was inconsistent, and therefore the contribution of raised 

systemic glucagon concentrations to exercise-induced anorexia remains unclear.  

In chapter 4, the interactive effect of dietary carbohydrate and exercise on gastrointestinal and 

pancreatic hormones, the plasma metabolome, and its implications for appetite and energy 

intake were explored. Carbohydrate and exercise were found to independently and 

interactively modulate the hormonal milieu and plasma metabolome, resulting in the 

generation of distinct metabolic phenotypes. However, glucagon was not strongly associated 

with exercise-induced changes in appetite nor an important predictor of post-exercise energy 

intake. Instead GLP-1, acetate, lactate, and succinate were identified as putative mediators of 

exercise-induced suppression of appetite and energy intake, which could ultimately be 

targeted in the development of weight lost therapeutics.  

Nevertheless, the studies conducted in chapters 2, 3, and 4 were all limited by their 

investigation of acute effects. The results observed in these studies may therefore not 

translate to long-term effects when exercise is performed chronically (e.g. multiple exercise 

sessions per week, for multiple weeks). Large-scale changes to the hormonal milieu and 

plasma metabolome in response to exercise are unlikely to occur during chronic exercise 

interventions. However, exercise training studies show a possible augmentation of post-

exercise release of appetite-suppressing hormones16, which may extend to other circulating 

factors. Future work should therefore explore the potential appetite regulating properties of 

acetate, lactate, and succinate, utilising pre-clinical and clinical investigations, while also 

looking into how the post-exercise response of these metabolites changes during chronic 

exercise interventions and if these are related to individual differences in appetite regulation 

and body weight.  Despite no apparent role in exercise-induced changes in appetite and 

energy intake, further investigation is also needed in order to clarify the role of glucagon in 

appetite regulation in humans. Ideally, this work would use both physiological and 

supraphysiological doses, thereby permitting the identification of effects that are only observed 

at physiological and supraphysiological glucagon concentrations.  

In summary, acute exercise is a potent stimulator of glucagon release into this systemic 

circulation, irrespective of whether exercise is performed in the fed or fasted state. The 

available evidence indicates that glucagon is however unlikely to play a role in exercise-

induced suppression of appetite and energy intake, with its anorexic potential when 

administered pharmacologically remaining unclear. Dietary carbohydrate and exercise exhibit 

independent and antagonistic effects of multiple components of the plasma metabolome, with 
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changes in GLP-1, acetate, lactate, and succinate concentrations associated with changes in 

exercise induced suppression of appetite and/or energy intake. Future work should clarify the 

effect of glucagon in appetite regulation and energy balance in humans, and explore the role 

of acetate and succinate in exercise-induced changes in appetite and energy intake.  
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Chapter 6: Non-digestible carbohydrate, short-chain fatty acid 
production and skeletal muscle metabolism 

 

6.1 Non-digestible carbohydrate and the gut microbiota 

The gut microbiota constitutes the community of microbes present within the gastrointestinal 

tract. This microbial ecosystem plays an important role in host health, facilitating the 

metabolism of dietary nutrients, synthesizing micronutrients, and cofactors, modulating the 

mucosal immune system and influencing energy balance1.  

This is achieved in part by the ability of the gut microbiota to produce bioactive metabolites 

from ingested dietary material2, for example, the production of short-chain fatty acids (SCFAs) 

from non-digestible carbohydrate sources such as dietary fibre3. Pre-clinical and clinical data 

demonstrate that SCFAs can modify host metabolism and are therefore hypothesised to play 

an important role in gut microbiota-host crosstalk4. 

Growing evidence indicates that changes in the gut microbiota away from a healthy 

phenotype, e.g. a reduction in taxa diversity and/or microbial gene richness, may play a role 

in the pathogenesis of cardiometabolic diseases, such as type 2 diabetes5. Decreased SCFA 

production is hypothesised to mediate - at least in part - this relationship between gut 

microbiota dysbiosis and cardiometabolic disease5. Understanding how SCFAs influence 

human metabolism may therefore be useful in the development of therapeutics aimed at the 

prevention, management and treatment of these diseases.  

6.2 Short-chain fatty acids 

The three primary SCFAs are acetate, propionate, and butyrate. Acetate, propionate and 

butyrate are produced in the approximate ratio 3:1:1 following the fermentation of non-

digestible carbohydrate by resident gut microbes3. SCFAs are produced primarily in the colon, 

with concentrations showing little difference between the ascending (123 mmol/kg of luminal 

content), transverse (117 mmol/kg), descending (80 mmol/kg) and sigmoid colon (100 

mmol/kg)6. In contrast, SCFA production in the ileum is relatively low (13 mmol/kg)6. Daily 

SCFA production is estimated to be ~100 mmol per 10g of dietary fibre consumed, and 

therefore individuals consuming a high-fibre diet can produce approximately 400-800 mmol of 

SCFAs per day6.  

Following their generation in the gut lumen, acetate, propionate and butyrate are almost 

entirely absorbed by colonocytes (only 5–15 mmol per day is excreted in the faeces) and 

subsequently metabolized or transported via the portal vein to the liver7. Interestingly, SCFAs 

produced in the distal colon may bypass hepatic metabolism and directly enter the systemic 

circulation via the internal iliac vein8. Butyrate is a key energy source for colonocytes, and 
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consequently concentrations in the portal vein, hepatic vein and systemic circulation are 

relatively low (Table 6.1). In contrast, acetate and propionate concentrations remain largely 

unaffected by colonocyte metabolism but are subject to substantial hepatic metabolism (Table 

6.1). Circulating levels of acetate and propionate are therefore considerably lower relative than 

portal vein concentrations (Table 6.1).  

Table 6.1: Portal (P), hepatic (H), arterial (A), and venous (V) short-chain fatty acid 

concentrations.  

Investigations have measured the hepatic uptake and systemic availability of short chain fatty acids by 

comparing concentrations between the portal (P), hepatic (H), arterial (A) and venous (V) plasma in 

sudden death victims 116 and patients undergoing abdominal surgery 117–120. The mean (x̄) from the five 

investigations has been calculated. U, undetectable.  

 

All three SCFAs are available as precursors for lipid or carbohydrate synthesis. Acetate and 

butyrate enter the tricarboxylic acid cycle as acetyl-CoA and are used as substrates for hepatic 

de novo lipogenesis. Propionate enters the tricarboxylic acid cycle as succinyl-CoA and is 

used as a precursor for hepatic gluconeogenesis9,10. SCFAs can therefore contribute up to 

10% of total energy requirements in humans11.  

In addition to their role as an energy source, acetate, propionate and butyrate may also 

influence host metabolism via activation of the G-protein coupled receptors GPR41 (also 

known as free fatty acid receptor 3, FFAR3) and GPR43 (also known as free fatty acid receptor 

2, FFAR2). Both these receptors are sensitive to SCFA concentrations but differ in their affinity 

for each SCFA. Propionate is the most potent agonist of both FFAR2 and FFAR3, with acetate 

being more active at the FFAR2 (vs FFAR3) and butyrate more active at the FFAR3 (vs 

FFAR2)12. Many of the effects of SCFAs on host metabolism are thought to be mediated by 

FFAR activation. This includes FFAR-dependent modulation of intracellular kinases (such as 

protein kinase B) and release of hormones (such as GLP-1, PYY and leptin) that are involved 

in glucose and lipid metabolism7. 

 Acetate (µmol·l-1) Propionate (µmol·l-1) Butyrate (µmol·l-1) 

 
P 
 

H 
 

A 
 

V 
 

P 
 

H A 
 

V 
 

P H A 
 

V 
 

Cummings et al.116 258 115 - 70 88 21 - 5 29 12 - 4 

Peters et al. 117 128 - - 67 34 - - 4 18 - - U 

Bloemen et al. 118 263 220 173 - 30 7 4 - 30 12 8 - 

van der Beek et al. 119 182 71 126 - 30 1 2 - 15 1 1 - 

Neis et al. 120 41 24 22 - 25 3 1 - 21 3 1 - 

𝑿 174 108 107 69 41 8 2 5 23 7 3 4 
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FFAR2 and FFAR3 are expressed in a wide variety of organs and tissues, including the liver, 

adipose, brain, gastrointestinal tract and skeletal muscle13; suggesting SCFAs possess 

diverse physiological functions within the human body. Skeletal muscle is arguably the largest 

organ in the body (~40% of total body mass) and plays a crucial role in whole-body energy 

metabolism14. Despite these characteristics, there is comparatively little research investigating 

the effect of SCFAs on skeletal muscle metabolism and the underlying mechanisms involved.  

6.3 Skeletal muscle 

The human body contains over 600 different skeletal muscles15. These muscles are highly 

vascularised, and unlike cardiac muscle, they are innervated by the somatic nervous system 

permitting voluntary contraction. Skeletal muscle is a highly plastic organ, being able to 

remodel itself in response to a variety of external stimuli (e.g. resistance exercise)15.  

Furthermore, skeletal muscle possesses an extraordinary regenerative capacity. Skeletal 

muscle function and structure can be fully restored in a matter of weeks following major tissue 

damage15.  

6.3.1 Skeletal muscle composition and structure 

Skeletal muscle is primarily composed of water (75%) and protein (20%), with inorganic salts, 

minerals, lipids and carbohydrates making up the remaining 5%14. Skeletal muscle is a highly 

organized organ comprising bundles of myofibers (each bundle is called a skeletal muscle 

fascicle and can contain up to 150 myofibers16). Within each myofiber there are bundles of 

myofibrils (each myofiber is made of thousands of myofibrils). Each myofibril comprises 

bundles of myofilaments; thick myofilaments contain the protein myosin, and thin 

myofilaments contain the proteins actin, troponin, and tropomyosin.  

Skeletal muscles, skeletal muscle fascicles and myofibers are each encapsulated by a layer 

of connective tissue referred to as the epimysium, perimysium, and endomysium, respectively.  

These connective structures account for up to 15% of skeletal muscle volume and act as a 

“skeletal muscle skeleton” that helps to regulate its activity17.  

The myofiber is considered as the ‘skeletal muscle cell’ and contains all three classical cell 

components: a cell membrane (sarcolemma), a cytoplasm (sarcoplasm) and a nucleus 

(myonucleus). However, unlike many other cells, myofibers are multinucleated and contain 

between 100-200 myonuclei. Myofibers are consequently considered the largest cell in the 

human body17.  

Myofibers are typically classified based on the myosin heavy chain (MHC) isoform that is 

predominantly expressed. In humans, type I myofibers predominantly express the MHC I 

isoform, type II myofibers predominantly express MHC IIA, and type IIX myofibers 
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predominantly express MHC IIX18. These myofiber classes possess different properties which 

are summarised in Table 6.2.  

Table 6.2: Properties of skeletal muscle fibre types 

 Slow-twitch Fast-twitch 

Fibre type type 1 type 2a type 2x type 2b 

Speed of fatigue slow fast fast fast 

Speed of 

contraction 
slow fast fast fast 

Metabolic type oxidative oxidative glycolytic glycolytic 

Representative 

myosin 
MYH7 MYH2 MYH1 MYH4 

Fibre types are presented from slowest to fastest (left to right). Adapted from Talbot and Maves18.  

6.3.2 Skeletal muscle metabolism 

Skeletal muscle contraction is an energy intensive activity, requiring large amounts of ATP. 

Consequently, skeletal muscle plays a major role in energy homeostasis19.  

ATP for skeletal muscle contraction is primarily generated within skeletal muscle by two 

metabolic pathways: (i) glycolysis and (ii) oxidative phosphorylation20. Glycolysis involves the 

catabolism of glucose into pyruvate, which can then (depending on oxygen availability) be 

converted to acetyl-CoA and undergo oxidative phosphorylation via the tricarboxylic acid cycle 

(sufficient oxygen), or it can be converted to lactate (when there is insufficient oxygen)21. In 

contrast, oxidative metabolism involves the catabolism of both lipids and glucose into acetyl-

CoA, which can then also enter the tricarboxylic acid cycle and subsequently undergo 

oxidative phosphorylation21. Skeletal muscle contraction in the form of physical activity 

(including exercise) causes an increased demand in ATP and a subsequent upregulation of 

these processes20. The contribution of glycolytic and oxidative metabolism to ATP generation 

is dependent on the intensity and duration of the activity; long, lower-intensity activities rely 

primarily on oxidative metabolism, whereas short, higher-intensity activities rely primarily on 

glycolytic metabolism20,22.  

Skeletal muscle acts as a major storage depot for glucose, lipids, and amino acids. Glucose 

is stored as glycogen within skeletal muscle, with skeletal muscle being the largest glycogen 

store in the human body (~500g)23. Skeletal muscle is also considered the primary site of 

insulin-stimulated glucose uptake24. Indeed, skeletal muscle contraction can induce 

translocation of GLUT4 (the primary glucose transporter in skeletal muscle) and thus increase 

glucose uptake25. Lipids are stored as triglycerides in lipid droplets within skeletal muscle 

(referred to as intramyocellular lipids)26. These lipid droplets can be stored just below the 
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sarcolemma (subsarcolemmal lipid droplets) and between myofibrils (intermyofibrillar lipid 

droplets)27. Intramyocellular lipid accounts for ~1-4% of total skeletal muscle fibre area 

depending on adiposity status28. Lastly, amino acids are stored as proteins within skeletal 

muscle, with ~75% of all body proteins stored in skeletal muscle29. These proteins can be 

mobilised via skeletal muscle proteolysis to provide gluconeogenic substrates under 

conditions of metabolic stress29.  

6.3.3 Skeletal muscle metabolism, insulin resistance and cardiometabolic disease 

pathogenesis 

In healthy individuals, skeletal muscle can efficiently switch between glucose and lipid 

utilization when exposed to glucose abundance (increased insulin concentrations) and 

scarcity (decreased insulin concentrations); a characteristic referred to as ‘metabolic 

flexibility’30. Conversely, individuals at risk of developing cardiometabolic disease (e.g. type 2 

diabetes) display an attenuated capacity to be able to switch between glucose and lipid 

utilization in response to changes in insulin concentrations i.e. ‘metabolic inflexibility’30.  The 

degree of metabolic flexibility an individual possesses is therefore related to the degree to 

which skeletal muscle responds to insulin: metabolically flexible individuals possess a higher 

level of skeletal muscle insulin sensitivity (low insulin resistance), whereas metabolically 

inflexible individuals possess a lower level of skeletal muscle insulin sensitivity (high insulin 

resistance)30.  

Defects in skeletal muscle glucose and lipid metabolism have both been hypothesised to be 

major causes of skeletal muscle insulin resistance. With regards to glucose metabolism, a 

decreased rate of skeletal muscle glycogen synthesis - the primary pathway for non-oxidative 

glucose metabolism - is thought to be a significant contributor to this increase in insulin 

resistance31. This has been primarily attributed to a decrease in the activation of GLUT431.   

Skeletal muscle insulin resistance is also associated with intramyocellular lipid accumulation. 

This lipid accumulation is believed to be due to decreased lipid oxidation and/or increased 

lipid uptake32. As mitochondria are the primary site of fatty acid oxidation, impaired 

mitochondrial function is hypothesised to be a key characteristic of intramyocellular lipid 

accumulation and thus skeletal muscle insulin resistance33. This is supported by observations 

that mitochondrial content, function, and oxidative capacity are decreased in individuals with 

insulin resistance, obesity and/or type 2 diabetes34,35. Increases in intramyocellular lipid 

content interfere with intramyocellular insulin signalling following insulin receptor activation, 

ultimately resulting in a reduction in GLUT4 activity and glucose uptake31. Dysregulation of 

intramyocellular lipid metabolism may therefore be a key feature of skeletal muscle insulin 

resistance.  
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Changes in protein metabolism may also be involved in the development of skeletal muscle 

insulin resistance. Chronically higher rates of protein degradation relative to protein synthesis 

would cause a reduction in skeletal muscle mass36. This would result in a reduction in tissue 

capable of storing glucose and lipids, thereby exacerbating the changes in metabolism 

implicated in the pathogenesis of skeletal muscle insulin resistance37.  

Unsurprisingly, skeletal muscle insulin resistance has been implicated in the development of 

several cardiometabolic diseases, including type 2 diabetes, the metabolic syndrome and non-

alcoholic fatty liver disease (NAFLD)38–40. The decrease in glucose uptake and glycogen 

synthesis characteristic of skeletal muscle insulin resistance results in higher circulating levels 

of glucose (hyperglycaemia) and a consequent shift in glucose-derived energy towards 

hepatic de novo lipogenesis, promoting dyslipidaemia and NAFLD38,40. Therapeutic 

interventions that decrease intramyocellular lipid accumulation and increase GLUT4 activity 

may be therefore useful in the prevention and/or treatment of diseases associated with skeletal 

muscle insulin resistance.  

6.4 Short-chain fatty acids and skeletal muscle metabolism 

SCFAs have been shown to influence lipid, glucose, and protein metabolism in skeletal muscle 

tissues both in vitro and in vivo. This metabolic link between SCFAs and skeletal muscle has 

driven the development of the concept of a of a gut–muscle axis41,42 and highlights the potential 

of SCFAs as a therapeutic agent in the treatment, prevention and management of skeletal 

muscle insulin resistance and associated comorbidities.  

6.4.1 Lipid metabolism 

SCFAs modulate several aspects of skeletal muscle lipid metabolism, including lipid uptake, 

oxidation and storage. In vitro studies have demonstrated that fatty acid oxidation increases 

by approximately 30% after butyrate administration (0.5 mM) in L6 myotubes (rat-derived 

terminally differentiated skeletal muscle cells)53. Similarly, fatty acid uptake increases by ~30% 

after 0.5 mM acetate treatment in this same cell line43. In keeping with the increase in fatty 

acid oxidation, L6 myotubes incubated with acetate and 0.6 µM palmitic acid (an agent used 

to induce an insulin-resistant state) for 24–48 hours exhibit a ~15–30% decrease in triglyceride 

accumulation relative to the level of triglyceride accumulation observed after treatment with 

palmitic acid alone43. 

Ex vivo, gastrocnemius muscle isolated from C57BL/6J mice supplemented with butyrate (5% 

(w/w)) after 13 weeks on a high-fat diet shows a 200% increase in fatty acid oxidation, 

measured as 14C-labelled CO2 production after administration of 14C-labelled palmitic acid53. 

Complementary decreases in skeletal muscle lipid accumulation have also been reported in 

vivo. In C57BL/6J mice fed a high-fat diet, Hong et al.54 have reported a decrease in skeletal 
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muscle triglyceride and cholesterol concentrations after 10 days of alternate-day 

supplementation with butyrate (oral gavage with 80 mg). Likewise, skeletal muscle triglyceride 

concentrations decrease in rabbits after 4 days of subcutaneous acetate injections (2 g per kg 

body weight per day)55. Long-term supplementation with butyrate (5% (w/w)) for 10 months 

also prevents intramuscular lipid accumulation in C57BL/6J mice fed a standard diet56. 

Changes in the skeletal muscle expression of enzymes integral to lipid metabolism tend to 

support these changes in lipid uptake, oxidation and storage. The expression of lipoprotein 

lipase, an enzyme that hydrolyses circulating triglycerides and provides free fatty acids to cells, 

has been reported to increase in rodents and rabbits after SCFA supplementation54,55, though 

not all studies have found this result57. The expression of hormone-sensitive lipase, an enzyme 

responsible for the hydrolysis of intracellular fatty acids, appears to also be increased in SCFA-

supplemented mice54,58. Acetyl-CoA carboxylase, an enzyme whose primary function is 

malonyl-CoA synthesis and the consequent promotion of fatty acid biosynthesis, has been 

reported to be downregulated by SCFA administration in C57BL/6J mice and L6 myotubes43,58. 

However, this change has not been observed in C2C12 myotubes (mouse-derived terminally 

differentiated skeletal muscle cells) 24 hours after SCFA administration57. 

In summary, the available evidence indicates that SCFAs increase fatty acid uptake and 

oxidation while preventing lipid accumulation in skeletal muscle. 

6.4.2 Glucose metabolism 

Skeletal muscle glucose uptake appears to be enhanced by SCFA administration. Acetate 

and propionate increase insulin-independent glucose uptake in L6 and C2C12 myotubes, 

respectively43,44. Furthermore, insulin-stimulated glucose uptake in these myotubes is 

increased by the coadministration of propionate, an effect partly mediated by the SCFA 

receptor GPR4144. 

Acetate has also been demonstrated to enhance skeletal muscle glycogen synthesis in 

various murine models. Acute oral administration of acetate in Sprague-Dawley rats after food 

deprivation or exhaustive exercise increases the rate of skeletal muscle glycogen synthesis 

but does not increase glycogen content above resting levels45–47. However, in KK-A(y) mice, 

a model of obesity and type 2 diabetes, feeding of a standard diet supplemented with acetate 

for 8 weeks increases skeletal muscle glycogen levels tenfold relative to those in mice 

consuming a standard diet alone48. Interestingly, SCFAs do not appear to affect glycogen 

synthase gene expression, protein expression or enzymatic activity45,49. SCFAs might possibly 

upregulate glycogenesis instead via the inhibition of glycolysis and the consequent 

accumulation of glucose 6-phosphate45,47. Indeed, rats given acetate display a decrease in the 
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fructose 1,6-bisphosphate/fructose 6-phosphate ratio45,47 an indicator of phosphofructokinase 

1 activity and thus of glycolysis50. 

The enhancement in glucose uptake and glycogen repletion is likely to be facilitated by the 

effects of SCFAs on the expression of GLUT4, which is the primary glucose transporter protein 

in skeletal muscle and thus plays a pivotal role in skeletal muscle glucose uptake and 

metabolism51. In OLETF rats (a model of non-insulin-dependent diabetes mellitus) injected 

with 5.2 mg acetate 5 days per week for 6 months, the skeletal muscle mRNA expression of 

GLUT4 has been found to be approximately twofold greater than that in controls52. In 

accordance with this finding, Maruta et al.43 have reported increased GLUT4 mRNA and 

protein expression in L6 myotubes after acute treatment (10 min) with 0.5 mM acetate. The 

expression of Krüppel-like factor 1552 and myocyte-specific enhancer factor 2A43, two proteins 

involved in GLUT4 transcription, is also upregulated after acetate administration in vivo and in 

vitro, respectively. However, this stimulatory effect on GLUT4 expression may not be exhibited 

by all SCFAs, because no changes in GLUT4 gene or protein expression have been reported 

in L6 myotubes after a 24-hour incubation with 5 mM butyrate49. 

6.4.3 Insulin sensitivity 

Measures of whole-body insulin sensitivity improve after SCFA administration in various 

murine models53,59. Given that skeletal muscle is the primary site of insulin-stimulated glucose 

uptake60, the observed improvements in whole-body insulin sensitivity may be partly 

attributable to SCFA-induced changes in skeletal muscle physiology. 

Despite the observed effects of SCFAs on GLUT4 expression, few studies have specifically 

investigated the effects of SCFAs on the skeletal muscle insulin-signalling pathway. Butyrate 

administration has been shown to mitigate the insulin-resistant state induced by palmitate in 

L6 myotubes49, as demonstrated by increased phosphorylation of protein kinase B and 

mitogen-activated protein kinase (the two major branches of intracellular insulin signalling) 

and elevated expression of insulin receptor substrate 149. Insulin signalling appears to also be 

improved by butyrate in vivo: C57BL/6J mice fed a high-fat diet exhibit increased 

phosphorylation of protein kinase B and insulin-receptor substrate 1 when the diet is 

supplemented with butyrate53.  

These findings, coupled with the previously discussed effects of SCFAs on glucose uptake, 

GLUT4 expression and intramuscular lipid accumulation, strongly support an insulin-

sensitizing role of SCFAs on skeletal muscle. 
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6.4.4 Protein Metabolism 

There are currently no studies that have investigated the direct effects of SCFAs on protein 

metabolism in skeletal muscle. Nonetheless, changes in skeletal muscle mass and phenotype 

are ultimately brought about by changes in protein metabolism; for example, increased 

skeletal muscle accretion is the result of skeletal muscle protein synthesis exceeding muscle 

protein breakdown36. Changes in mass and phenotype can therefore be used to infer changes 

in protein metabolism within skeletal muscle. 

6.4.4.1 Skeletal muscle mass 

Several authors have reported data demonstrating the ability of SCFAs to influence skeletal 

muscle mass in vivo53,56,61,62. Initial data suggest that chronic supplementation with butyrate 

preserves skeletal muscle in rodents when incorporated into a high-fat diet at 5% (w/w)53. 

However, this study reported changes in skeletal muscle mass as a percentage of total body 

mass, a measurement confounded by the large increase in body mass observed in the control 

rodents. Kondo et al.61 have detected no differences in absolute skeletal muscle mass or the 

skeletal muscle mass/body mass ratio in C57BL/6J mice fed a high-fat diet with versus without 

acetate supplementation. Similarly, Henagan et al.62 have reported no significant difference in 

absolute skeletal muscle mass values between butyrate-supplemented mice and control mice 

on a high-fat diet. 

When used to supplement a non-obesogenic diet over a 40-week period, butyrate has been 

reported to prevent skeletal muscle atrophy during ageing in mice56. Changes in skeletal 

muscle mass in that study are again expressed as a percentage of total body mass, and the 

values may consequently be confounded by differences in body mass between treatments. 

Nevertheless, the body mass did not appear to differ between groups, thus suggesting that 

butyrate may be capable of maintaining skeletal muscle mass during the ageing process. 

Jørgensen et al.63 have also reported that infusion of an SCFA mixture containing acetate, 

butyrate and propionate into growing pigs increases nitrogen retention when the pigs are fed 

below the energy requirement for maximum weight gain. Similarly, Imoto and Namioka64 have 

observed a dose–response relationship between the amount of acetate incorporated into the 

diet and nitrogen retention in growing pigs. SCFAs might not influence skeletal muscle mass 

under conditions of energy surplus but instead may be beneficial under conditions of metabolic 

stress or increased metabolic demand, such as those experienced during ageing, energy 

restriction or developmental growth. This notion is supported by recent in vitro and in vivo work 

by Lahiri et al.65, which has demonstrated that an SCFA cocktail decreases dexamethasone-

induced atrophy in C2C12 myotubes and increases skeletal muscle mass in germ-free mice 

lacking a gut microbiota. 
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6.4.4.2 Skeletal muscle phenotype 

Growing evidence indicates that SCFA supplementation promotes an oxidative skeletal 

muscle phenotype (elevated oxidative capacity, mitochondrial content and proportion of type 

I fibres) in rodents fed a high-fat diet53,58,62. This effect has been demonstrated via increased 

expression of type I myosin heavy chain proteins after both butyrate53,62 and acetate 

supplementation58, and of key enzymes involved in beta oxidation, including carnitine 

palmitoyltransferase-1b53,58, cytochrome c oxidase subunit I53 and cytochrome c oxidase 

subunit IV54. The expression of myoglobin—a marker of oxidative type I fibres—has also been 

reported to be upregulated in vitro by SCFAs43 and in vivo52,53 after SCFA administration. 

However, other studies have reported no change in skeletal muscle fibres in mice fed a 

standard diet supplemented with butyrate54,56. The reason for this incongruence is unclear but 

may be related to the study durations and diets used. Hong et al.54 have used a protocol in 

which butyrate was incorporated into diets for only 10 days, a time period possibly insufficient 

to induce a shift in fibre composition. By comparison, studies showing a shift in fibre 

composition have administered SCFAs for 8–16 weeks in the context of a high-fat diet53,58,62. 

Walsh et al.56 have supplemented mice with butyrate for up to 26 months and observed an 

absence of effects on the skeletal muscle phenotype; however, the mice received a standard 

diet, whereas other studies have used a high-fat diet53,58,62. The effects of SCFAs on skeletal 

muscle fibre composition may therefore be context dependent; that is, SCFAs may preserve 

an oxidative phenotype in rodents consuming a high-fat diet but may confer no benefit in 

rodents consuming a standard diet. 

6.5 Mechanisms of short-chain fatty acid-induced changes in skeletal muscle 
metabolism and function 

6.5.1 Increased phosphorylation of AMP-activated protein kinase 

AMP-activated protein kinase (AMPK) is a fundamental regulator of cellular metabolism that 

is activated by a decline in intracellular ATP production relative to increases in AMP or ADP 

generation66. After phosphorylation, AMPK promotes catabolic pathways that generate more 

ATP while simultaneously curbing anabolic processes66. 

Several studies have demonstrated the ability of SCFAs to induce the phosphorylation of 

AMPK in myotubes53 and skeletal muscle52–54,58, probably because of the ability of SCFAs to 

increase AMP concentrations and the AMP/ATP ratio within skeletal muscle tissue52,67. 

Importantly, AMPK activation can produce a metabolic milieu similar to that generated by 

SCFA administration. This milieu is characterized by an increase in fatty acid uptake and 

oxidation, glucose uptake and glycogenesis, and an inhibition of lipogenesis and glycolysis66. 

AMPK phosphorylation may therefore be a key mechanism through which SCFAs exert 

changes in skeletal muscle metabolism (Figure 6.1). 
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Figure 6.1: The effect of short chain fatty acids on metabolic signalling pathways in skeletal muscle. AMP, adenosine monophosphate; ATP, 

adenosine triphosphate; AMPK, AMP-activated protein kinase; FA, fatty acid; HDAC, histone deacetylase; HFD, high-fat diet; IRS1, insulin 

receptor substrate 1 MCT, monocarboxylate transporter; PGC1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPAR-

D, peroxisome proliferator-activated receptor-delta; SCFA, short-chain fatty acid. 
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Downstream targets of AMPK in skeletal muscle are also phosphorylated after SCFA 

administration, including p38 mitogen-activated protein kinases (p38 MAPKs)53 and 

peroxisome proliferator–activated receptor gamma coactivator 1α (PGC1α)43,53,58. AMPK and 

p38 MAPK both increase PGC1α phosphorylation in skeletal muscle68,69, and the AMPK 

activation of PGC1α may be partly mediated by p38 MAPK25. PGC1α is a master regulator 

of mitochondrial biogenesis and function70, and therefore its upregulation may play a crucial 

role in the promotion of an oxidative skeletal muscle phenotype observed after SCFA 

administration71. 

6.5.2 Increased expression of peroxisome proliferator-activated receptors 

Peroxisome proliferator-activated receptors (PPARs) are a family of ligand-dependent nuclear 

receptors that act as transcription factors. Three PPAR isotypes have been identified: PPAR-

α, PPAR-δ and PPAR-γ. All three isoforms are expressed in skeletal muscle and share 

structural and functional similarities72. 

Butyrate has been found to increase the expression of PPAR-δ in both L6 myotubes and 

skeletal muscle in C57BL/6J mice in vivo53. PPAR-δ, the most abundant isoform in skeletal 

muscle, has been implicated as a key regulator of lipid and glucose metabolism, as well as 

skeletal muscle fibre type72,73. Moreover, PPAR-δ activation has recently been shown to 

prolong running time in mice via the suppression of glycolysis and a consequent delay in 

hypoglycaemia onset74. These changes in metabolism, exercise capacity and skeletal muscle 

phenotype observed after SCFA administration may therefore be partly mediated by increased 

expression of PPAR-δ (Figure 6.1). A relationship between PPAR-δ and AMPK may also exist, 

as evidenced by increased AMPK activity after PPAR-δ agonist treatment, and the 

dependence of PPAR-δ induced glucose uptake on the presence of AMPK in primary human 

myotubes73,75. 

The effects of SCFAs on PPAR-α and PPAR-γ are less clear. These receptors are believed 

to be involved in skeletal muscle lipid metabolism and insulin sensitivity, respectively76,77. 

Henagan et al.62 have reported a significant increase in skeletal muscle PPAR-γ expression 

in C57BL/6J mice supplemented with butyrate. However, den Besten et al.57 have reported no 

effects of acetate, propionate and butyrate on PPAR-γ expression in vitro or in vivo. Hong et 

al.54 have reported a significant increase in skeletal muscle PPAR-α mRNA expression but no 

effect on protein expression in mice supplemented with butyrate for 10 days. 

6.5.3 Inhibition of histone deacetylases 

Histone deacetylases (HDACs) - also known as lysine deacetylases—are a class of enzymes 

that regulate gene transcription via the removal of acetyl groups from lysine residues on 

histones (and other proteins), thus closing chromatin DNA to transcription factors78. These 
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activities directly oppose the function of histone acetyltransferases—enzymes that acetylate 

lysine residues on histones and thus open chromatin DNA to transcription factors78. 

Modulation of HDACs and histone acetyltransferases can therefore influence protein 

expression via chromatin remodelling. 

HDACs have been associated with numerous aspects of skeletal muscle metabolism and 

function. For example, HDAC1 and HDAC4 promote skeletal muscle atrophy in response to 

disuse/nutrient deprivation79 and denervation80, respectively. HDAC4 and HDAC5 regulate 

myoblast differentiation81, and HDAC3 suppresses mitochondrial biogenesis82. HDAC4 and 

HDAC5 may also modulate skeletal muscle glucose and lipid oxidation83. 

The three primary SCFAs—acetate, propionate and butyrate—have been identified as HDAC 

inhibitors in various tissues and cell lines84–86. The HDAC-inhibitory activity of butyrate 

specifically in skeletal muscle has been confirmed both in vitro49 and in vivo53,54,56. Gao et al.53 

have reported a 50% decrease in HDAC activity in nuclear extracts of skeletal muscle samples 

from mice supplemented with butyrate. This response is associated with an increase in 

skeletal muscle fatty acid oxidation and the promotion of an oxidative skeletal muscle 

phenotype. Similarly, butyrate decreases expression of HDAC1 and increases acetylation of 

histone H3 Lys 9 in mice54. In contrast, HDAC4 expression in mice does not appear to be 

affected by butyrate supplementation56. Butyrate increases H3 acetylation at both histone H3 

Lys 9 and Lys 14 residues in L6 myotubes throughout the differentiation process, and induces 

hyperacetylation of histone H3 in fully differentiated L6 myotubes49. The acetylation of histone 

H3 after butyrate supplementation is associated with increased mRNA and protein expression 

of insulin receptor substrate 149, thus suggesting that SCFA-induced improvements in insulin 

sensitivity may be partly mediated via HDAC inhibition (Figure 6.1). To our knowledge, no data 

are available regarding the HDAC-inhibitory potential of either acetate or propionate in skeletal 

muscle tissue. 

Interestingly, SCFA-induced modulation of HDACs may be partly mediated through activation 

of AMPK. AMPK can influence HDACs and histone acetyltransferases either directly via 

phosphorylation, or indirectly by the production of acetyl CoA and NAD+, which act as 

substrates for both these enzyme classes87. Therefore, changes in skeletal muscle attributed 

to increased AMPK phosphorylation might possibly be achieved via modulation of HDACs, as 

has already been demonstrated in primary human myotubes, in which AMPK phosphorylation 

of HDAC5 leads to its export from the nuclei, thus increasing GLUT4 expression88.  
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6.6 Indirect effects of short-chain fatty acids on skeletal muscle metabolism 

6.6.1 Blood flow 

Research conducted in anesthetized dogs has demonstrated the vasodilatory properties of 

acetate in skeletal muscle89,90. Infusion of acetate decreases vascular resistance and 

produces vasodilation in a dose-dependent manner, an effect that appears to be partly 

mediated by an increase in tissue adenosine content89,90. This increase in blood flow observed 

with SCFA administration may also augment the rate of nutrient delivery to skeletal muscle 

tissue and therefore play a role in the SCFA-induced upregulation of glucose and fatty acid 

uptake. 

6.6.2 Hormonal responses to short-chain fatty acids 

SCFAs can trigger the release of hormones from several organ sites into the systemic 

circulation (Figure 6.2). These hormones therefore have access to skeletal muscle tissue and 

largely include peptide or protein hormones involved in appetite regulation and glucose 

homeostasis, such as glucagon-like peptide-1 (GLP-1), insulin and leptin7,91. Importantly, 

these hormones have well-established effects on skeletal muscle metabolism. In skeletal 

muscle, GLP-1 can increase the recruitment of microvasculature, glucose uptake, metabolism 

and glycogen synthesis92–96. Insulin is a key regulator of skeletal muscle protein balance, 

glycogenesis and lipolysis, as well as amino acid, glucose and fatty acid uptake97,98. Leptin 

has also been shown to increase skeletal muscle lipid and glucose oxidation, possibly via an 

AMPK-dependent mechanism99. 

Beyond appetite regulation, SCFA supplementation can restore systemic levels of insulin-like 

growth factor 1 (IGF-1) in antibiotic-treated mice100. IGF-1 is synthesized by various tissues 

(including the liver and skeletal muscle) and is widely acknowledged as a major governor of 

skeletal muscle growth, differentiation and regeneration101. However, local production of IGF-

1 within skeletal muscle (rather than systemic IGF-1) is believed to be a key regulator of 

skeletal muscle anabolism102. Systemic IGF-1 concentrations may instead play a greater role 

in skeletal muscle metabolism and insulin sensitivity103. 

6.6.3 Anti-inflammatory properties of short-chain fatty acids 

SCFAs also regulate systemic inflammation. Acetate, propionate and butyrate all display anti-

inflammatory properties, likely mediated by GPR42/GPR43 activation or HDAC inhibition104,105. 

Increased production of inflammatory cytokines has been implicated as a key driver of skeletal 

muscle wasting, insulin resistance and altered lipid metabolism106,107. Increased production of 

SCFAs may therefore dampen the inflammatory response and prevent or mitigate its negative 

effects on skeletal muscle. 
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Figure 6.2: The contribution of short chain fatty acids to the gut-muscle axis. Non-digestible carbohydrate is fermented by the gut microbiota to 

produce short chain fatty acids (SCFAs). SCFAs trigger the release of GLP-1 (colon), leptin (adipose) and insulin (pancreas). These hormones, 

alongside SCFAs, enter the systemic circulation and subsequently interact with skeletal muscle to influence lipid, carbohydrate and protein 

metabolism. GLP-1, glucagon-like peptide 1; SCFA, short-chain fatty acid. 
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6.7 Pitfalls of rodent myoblast models 

To date, most in vitro research investigating the effects of SCFAs on skeletal muscle has used 

immortalized cell lines from rodents, primarily C2C12 myoblasts from mice44,57,108 and L6 

myoblasts from rats43,49,53. Although these models are useful, they raise the issue of 

interspecies differences between rodents and humans. For example, inflammatory responses 

and gene expression in rodent myoblasts significantly differ from those in human myoblasts109. 

A human equivalent of these cell lines, LHCN-M2 myoblasts, has been available since 2007110 

and, together with primary human skeletal muscle cells obtained from biopsy, could be used 

to investigate the potential translational relevance of the effects observed in rodent models. 

This possibility is particularly relevant given the absence of human data on the influence of 

SCFAs on skeletal muscle.  

6.8 Absence of acetate research in humans 

Systemic concentrations of acetate are considerably higher than those of either propionate or 

butyrate (Table 6.1). Acetate is thus regarded as the principal SCFA metabolized by skeletal 

muscle tissue. Despite this observation, there is a clear absence of data investigating the 

effects of acetate on skeletal muscle metabolism, particularly in humans, probably because 

acetate is a well-known end product of hepatic ethanol metabolism111, and ethanol ingestion 

is associated with skeletal muscle dysregulation112. However, the negative effects of ethanol 

ingestion on skeletal muscle appear to be mediated by either the direct action of ethanol 

itself113 or its metabolite acetaldehyde114. Given the natural bioavailability of acetate to skeletal 

muscle (Table 6.1), and the established safety of (sodium) acetate administration115, future 

research investigating the effects of acetate on skeletal muscle is therefore a logical next step. 

6.9 Synopsis and general aims 

Non-digestible carbohydrate (which mostly comprises dietary fibre) escapes host digestion 

and is available for fermentation by the resident gut microbiota. Fermentation of non-digestible 

carbohydrate results in the production of bioactive metabolites, including the SCFAs acetate, 

propionate, and butyrate. These SCFAs can enter the systemic circulation and influence 

numerous organs and tissues, including skeletal muscle.  

Preclinical data has shown that SCFAs can have beneficial effects on glucose, lipid and 

protein metabolism, which may translate into improvements in insulin sensitivity, skeletal 

muscle mass and function. However, there is very limited data on the effect of non-digestible 

carbohydrate and SCFAs on skeletal muscle metabolism and function in humans. In particular, 

there is limited clinical research investigating the impact of acetate, the most abundant SCFA 

in the systemic circulation, on glucose and protein metabolism.  
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6.9.1 General aims: 

Chapter 7: 

• To explore the relationship between dietary fibre and skeletal muscle mass and 

function in a population at risk of skeletal muscle atrophy  

 

An additional aim of this PhD research project was to investigate the effect of acute acetate 

supplementation on glucose and protein metabolism in humans.  However, due to the COVID-

19 pandemic, this project was not completed within the timeline of the PhD and is presently 

ongoing. This is discussed further in Chapter 8.  
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Chapter 7: Higher dietary fibre intake is associated with increased 
skeletal muscle mass, strength, and improved glucose 

homeostasis in adults aged 40 years and older: A cross-sectional 
analysis using NHANES 2011-2018. 

 

7.1 Introduction 

Increased dietary fibre intake is associated with a reduction in cardiometabolic disease risk 

and all-cause mortality1. This relationship is likely mediated in part by the effect of dietary fibre 

on decreasing body mass2. However, human intervention studies demonstrate that increasing 

dietary fibre intake can lower adiposity without changing body mass3,4, indicating that 

increased dietary fibre intake can also raise lean body mass. The improvements in 

cardiometabolic outcomes in these studies are typically attributed to a decrease in total and 

regional fat mass, whilst the impact of raised lean body mass is often neglected.      

Skeletal muscle is the largest and most malleable component of lean body mass (accounting 

for ~50% of lean body mass5) and hence changes in lean body mass can be primarily 

attributed to skeletal muscle mass. The maintenance of skeletal muscle is fundamental to 

locomotion, energy homeostasis and overall quality of life6,7. Skeletal muscle is of particular 

importance to cardiometabolic disease risk, acting as the primary site of insulin-stimulated 

glucose uptake in the human body8. Indeed, skeletal muscle insulin resistance has been 

proposed as the principal defect in type 2 diabetes9. Skeletal muscle mass and associated 

strength, however, begin to decline after the fifth decade of life10,11, with adults losing ~20% of 

their skeletal muscle mass between the ages of 40-80 years12, this directly contributes to the 

metabolic dysregulation and functional impairments observed in the elderly population. 

Consequently, strategies that promote or protect skeletal muscle mass in middle-age are 

needed to help maintain functional independence and cardiometabolic health in later life. 

In most countries there is a substantial ‘dietary fibre-gap’ between reported intakes in adult 

populations and the amount recommended by national dietary guidelines and health institutes. 

For example, in the U.S. mean intake is approximately 17 g/day and the recommended intake 

of 14g/1000 kcal (~28-34 g/day) is met by <10% adults13,14. However, the relationship between 

dietary fibre intake and skeletal muscle mass, strength and associated glycaemic parameters 

in adults at increased risk of skeletal muscle atrophy is currently unknown. Furthermore, any 

relationship could be mediated by increased production of SCFAs as discussed in Chapter 6.    

We therefore used nationally representative U.S. population data from 2011 to 2018 to 

investigate associations between dietary fibre intake and body mass components, glucose 

homeostasis, and skeletal muscle strength in adults aged 40 years and older. We 
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hypothesised that a higher intake of dietary fibre would be associated with improved body 

composition (increased lean body mass and decreased fat mass). Furthermore, we 

hypothesised that this difference in body composition would be paralleled by an enhancement 

in glucose homeostasis and skeletal muscle strength with increasing dietary fibre intake. The 

findings from this study will help to inform whether interventions to raise dietary fibre intake 

are a worthwhile avenue for the prevention of age-associated declines in skeletal muscle mass 

and strength.  

7.2 Methods 

This manuscript was written in accordance with the Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) statement for cross-sectional studies15. 

7.2.1 Study design 

This study used publicly available data from the National Health and Nutrition Examination 

Survey (NHANES). NHANES is a continual cross-sectional survey designed to evaluate the 

health and nutritional status of the civilian, non-institutionalised population of the United States 

of America. NHANES employs a complex, multistage, probability sampling design with 

oversampling of specified population subgroups to increase the reliability and precision of 

estimates. Participants completed in-home interviews, physical examinations (including the 

collection of blood and urine samples), and dietary interviews. Comprehensive descriptions of 

methodology and data collection are provided elsewhere16. NHANES was conducted in line 

with the Declaration of Helsinki and approved by the National Center for Health Statistics 

Ethics Review Board. Informed consent was obtained from all participants prior to 

involvement.   

7.2.2 Study participants 

This study involved participants aged ≥40 years from four consecutive survey cycles: 2011-

2012, 2013-2014, 2015-2016 and 2017-2018 (each survey cycle represents an independent 

sample from the population). A cut-off age of ≥40 years old was chosen based on evidence 

that loss of skeletal muscle mass may begin to accelerate after this age10,11.  

7.2.3 Dietary intake 

NHANES uses in-person 24-hour dietary recall interviews using the United States Department 

of Agriculture (USDA) Automated Multiple-Pass Method to quantify food and beverage intake. 

Nutrient intakes are then calculated from food and beverage data using the USDA Food and 

Nutrient Database for Dietary Studies17,18. Energy intake (kcal), dietary fibre, alcohol, and 

macronutrient intake (grams) per day were then determined. The accuracy of this method has 

been repeatedly assessed and shown to produce estimates within 10% of true intake19,20. 
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7.2.4 Outcomes 

Outcomes included in this study were body mass, body mass index (BMI), total lean mass 

(excluding bone mineral content), appendicular lean mass (excluding bone mineral content), 

total fat, trunk fat, fasting glucose, fasting insulin, insulin resistance as calculated by the 

updated homeostasis model assessment (HOMA2-IR), and combined grip strength. However, 

several outcomes were only measured in specific survey cycles and subsamples.  Analyses 

were therefore performed using three distinct datasets:  

7.2.4.1 Body mass components dataset  

Body mass (kg) and BMI (kg/m2) were measured for all survey cycles (2011-2018) and 

collected in the mobile examination center. 

For all survey cycles (2011-2018), total lean mass (g), total fat (g) and trunk fat (g) were 

measured using in eligible participants. Appendicular lean mass (g), a well-recognised proxy 

for skeletal muscle mass21, was calculated by summing the lean mass (excluding bone mineral 

content) of the right and left leg, and the right and left arm as measured by DEXA. All variables 

measured by DEXA were expressed relative to body mass (g per kg of body mass; g/kg BM) 

to account for the influence of body mass on differences in these outcomes. Participants older 

than 59 years were not eligible for DEXA measurements and therefore the age range of all 

body mass components dataset variables (including body mass and BMI) was limited to 40-

59 years.  

7.2.4.2 Glucose homeostasis dataset 

For all survey cycles (2011-2018), fasting measures of glucose (mmol/L) and insulin (pmol/L) 

were taken in a subsample of eligible participants.  Fasting glucose and insulin concentrations 

were then used to calculate HOMA2-IR22 (arbitrary units; AU).   

7.2.4.3 Skeletal muscle strength dataset 

For survey cycles 2011-2012 and 2013-2014 only, skeletal muscle strength was measured 

through a grip test using a handgrip dynamometer in eligible participants. Grip strength is a 

widely used objective measure of global skeletal muscle strength that predicts functional 

impairment and all-cause mortality23.  Combined grip strength (kg) was calculated by summing 

the largest reading from the right and left hand, and expressed relative to body mass (kg/kg 

BM).    

7.2.5 Covariates 

Covariates included in this study were sex, age, ethnicity, social economic status, smoking 

status, sedentary activity, total daily energy intake, total alcohol intake, and the percentage of 

energy contributed by fat, carbohydrate and protein to total daily energy intake. All covariates 
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were assumed to confound the relationship between dietary fibre intake and outcome 

variables.  

Age (years), sex (male, female), ethnicity, socioeconomic status, and smoking status (smoker, 

non-smoker) were self-reported during in-home interviews. Ethnic groups included Mexican 

American, other Hispanic, non-Hispanic White, non-Hispanic Black, and other. Social 

economic status was classified using the ratio of family income to poverty (PIR), with 

participants being categorized as low (PIR ⩽1.3), middle (PIR >1.3 to ⩽3.5) or high (PIR >3.5) 

socioeconomic status. Sedentary activity (minutes) was calculated from the physical activity 

questionnaire and was preferred over other measures of physical activity due to its high 

response rate. Total daily energy intake (kcal) and total daily alcohol intake (grams) were 

derived from the 24-hour dietary recall (first day). The percentage of energy contributed by fat 

(%), carbohydrate (%) and protein (%) to total daily energy intake was calculated using the 

amount of each macronutrient consumed (g) derived from the 24-hour dietary recall (first day). 

This amount was multiplied by its energy content (4 kcal/g for carbohydrate and protein, 

9kcal/g for fat) and then divided by total daily energy intake to provide a percentage.  

7.2.6 Statistical analysis 

All statistical procedures were performed in Stata 16 (StataCorp, USA) and accounted for the 

complex survey design used in the NHANES (stratification and clustering). Taylor series 

linearization methods were used for variance estimation.  

Four- (2011-2014) and eight-year sample weights (2011-2018) were generated by combining 

two-year sample weights for each survey cycle as previously described24. Sample weights 

were applied to all analyses to produce nationally representative estimates. Eight-year dietary 

day one sample weights were used for the body mass components dataset, eight-year fasting 

subsample weights were used for the glucose homeostasis dataset, and four-year dietary day 

one sample weights were used for the skeletal muscle strength dataset.  

7.2.6.1 Multiple imputation of missing data 

As recommended in the NHANES analytic guidelines24, outcome variables for which >10% of 

data are missing for eligible participants require adjustment prior to analysis. Consequently, 

multiple imputation with chained equations was used to impute missing values for total lean 

mass, right leg lean mass, left leg lean mass, right arm lean mass, left arm lean mass, total 

fat, and trunk fat. Full details of the imputation model are provided in Appendix 7.1.   

7.2.6.2 Participant eligibility 

For the body mass components dataset, participants who were not eligible for DEXA 

measurements or did not undertake the 24-hour dietary recall interviews (day 1) were 
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excluded from analysis. Participants with missing values for body mass components outcomes 

(body mass, BMI, trunk fat, total fat, total lean mass, appendicular lean mass), dietary fibre 

intake, and/or covariates were, however, not excluded, as multiple imputed values were used. 

This resulted in 6454 eligible participants for the body mass components dataset (Appendix 

7.2).       

Within the glucose homeostasis dataset, participants with missing data for fasting glucose, 

fasting insulin, HOMA2-IR, dietary fibre intake, or covariates were excluded from analysis. 

Similarly, participants with missing data for combined grip strength, dietary fibre intake, or 

covariates were excluded from analysis within the skeletal muscle strength dataset. This 

resulted in 5032 and 5326 eligible participants for the glucose homeostasis and skeletal 

muscle strength datasets, respectively (Appendix 7.2).  

7.2.6.3 Association of dietary fibre intake with outcomes 

Simple and multiple linear regression analyses were used to examine the association between 

dietary fibre intake (treated as continuous variable) and all outcome variables. Model 1 was 

an unadjusted model. Model 2 adjusted for socio-demographic and behavioural variables: sex, 

age, ethnicity, socioeconomic status, smoking status, and sedentary activity. Model 3 adjusted 

for socio-demographic, behavioural, and dietary variables: sex, age, ethnicity, socioeconomic 

status, smoking status, sedentary activity, total energy intake, total alcohol intake, percent 

energy from protein, percent energy from carbohydrate, and percent energy from fat. The 

results from Model 3 are presented as the main results. Restricted cubic splines were used to 

model non-linear relationships between dietary fibre intake and outcomes, with three knots 

placed at the 10th, 50th and 90th percentiles25. 

Results from regression analyses are presented as regression coefficients (β) and 

corresponding 95% confidence intervals (CI), P values, and coefficients of determination (R2). 

Significant differences were defined as P < 0.05.  

7.3 Results 

Population-weighted means of socio-demographic and behavioural characteristics for each 

dataset are presented in Table 7.1. Mean dietary fibre intake was ≈ 17g/day for all datasets.  

7.3.1 Dietary fibre intake and body mass components 

Dietary fibre intake showed a significant negative association with body mass and BMI (Table 

7.2). Assuming linearity, each 5g increase in daily dietary fibre intake was associated with a 

decrease of 0.98 kg (95% CI, -1.39 to -0.55 kg) and 0.38 kg/m2 (95% CI, -0.52 to -0.24 kg/m2) 

in body mass and BMI, respectively.  
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Table 7.1: Population-weighted socio-demographic and behavioural characteristics of the 

glucose homeostasis, body mass components, and skeletal muscle function datasets. 

 

Characteristics 

 Body mass 

components 

dataseta 

N=6454 

Glucose 

homeostasis 

datasetb 

N=5032 

Skeletal muscle  

strength  

datasetc 

N=5326 

Sex (%)   
  

Male  48.3 (0.9) 47.9 (0.6) 48.0 (0.9) 

Female  51.7 (0.9) 52.1 (0.6) 52.0 (0.9) 

Age (years)  49.9 (0.1) 

[40 – 59] 

58.0 (0.3) 

[40 – 80d] 

57.7 (0.2) 

[40 – 80d] 

Ethnicity (%)   
  

Mexican American   8.5 (1.0) 6.1 (0.7) 5.5 (1.0) 

Other Hispanic   6.1 (0.7) 5.0 (0.6) 4.5 (0.7) 

Non-Hispanic White   64.3 (1.9) 72.0 (1.7) 73.1 (2.3) 

Non-Hispanic Black  11.8 (1.0) 9.7 (0.9) 10.3 (1.4) 

Other  9.4 (0.6) 7.3 (0.5) 6.6 (0.6) 

Socioeconomic status (%)   
  

Low  20.2 (1.3) 18.3 (1.2) 19.5 (1.8) 

Middle  32.7 (1.3) 35.6 (1.2) 34.1 (1.4) 

High  47.1 (1.8) 46.1 (1.8) 46.4 (2.4) 

Sedentary activity (mins/day)  389.2 (5.0) 391.2 (4.5) 407.3 (4.9) 

Total daily energy intake (kcal)  2180 (18) 2126 (16) 2077 (18) 

Energy contribution from carbohydrate (%)  47.3 (0.3) 47.4 (0.3) 48.1 (0.3) 

Energy contribution from fat (%)  34.7 (0.2) 35.2 (0.2) 34.0 (0.2) 

Energy contribution from protein (%)  15.8 (0.1) 15.8 (0.1) 15.9 (0.1) 

Fibre (g)  17.4 (0.2) 17.2 (0.2) 17.6 (0.3) 

Data are %N (SE) or mean (SE) [range]. Weights used: aeight-year dietary day one sample weights (2011-2018); 

beight-year fasting subsample weights (2011-2018); cfour-year dietary day one sample (2011-2014); dindividuals 

aged over 80 years were top-coded as 80 years.  

Dietary fibre intake showed a significant positive association with relative total lean mass and 

relative appendicular lean mass (Table 7.2). Assuming linearity, each 5g increase in daily 

dietary fibre intake was associated with an increase of 3.44 g/kg BM (95% CI, 2.40 to 4.47 

g/kg BM) and 1.69 g/kg BM (95% CI, 1.13 to 2.25 g/kg BM) in relative total lean mass and 

relative appendicular lean mass, respectively.  

Dietary fibre intake showed a significant negative association with relative total fat and relative 

trunk fat (Table 7.2). Assuming linearity, each 5g increase in daily dietary fibre intake was  
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Table 7.2: Simple and multiple linear regression analyses of dietary fibre intake (g/day) and all outcomes. 

Outcomes Model 1a Model 2b Model 3c 

β (95% CI) P value R2  β (95% CI) P value R2  β (95% CI) P value R2 

Body mass  
(kg) 

  

0.05 (-0.01, 0.11) 0.093 <0.01  -0.04 (-0.10, 0.01) 0.127 0.16  -0.20 (-0.28, -0.11) <0.001 0.18 

BMI  
(kg/m2) 

  

-0.03 (-0.05, -0.01) 0.002 <0.01  -0.03 (-0.05, -0.01) 0.002 0.07  -0.08 (-0.10, -0.05) <0.001 0.09 

Relative total lean mass  
(g/kg BM) 

  

1.46 (1.20, 1.71) <0.001 0.04  0.59 (0.44, 0.73) <0.001 0.56  0.69 (0.48, 0.89) <0.001 0.57 

Relative appendicular lean mass  
(g/kg BM) 

  

0.84 (0.70, 0.97) <0.001 0.04  0.33 (0.25, 0.40) <0.001 0.62  0.34 (0.23, 0.45) <0.001 0.63 

Relative total fat  
(g/kg BM) 

 

-1.46 (-1.73, -1.19) <0.001 0.04  -0.59 (-0.74, -0.44) <0.001 0.55  -0.68 (-0.89, -0.47) <0.001 0.56 

Relative trunk fat  
(g/kg BM) 

-0.67 (-0.80, -0.55) <0.001 0.03  -0.44 (-0.54, -0.33) <0.001 0.28  -0.48 (-0.63, -0.33) <0.001 0.29 

            

Fasting glucose  
(mmol/L) 

  

-0.00 (-0.01, 0.01) 0.934 <0.01  -0.00 (-0.01, 0.00) 0.143 0.03  -0.01 (-0.02, -0.00) 0.017 0.04 

Fasting insulin  
(pmol/L) 

  

0.02 (-0.20, 0.25) 0.847 <0.01  -0.14 (-0.37, 0.09) 0.249 0.03  -0.71 (-1.01, -0.41) <0.001 0.05 

HOMA2-IR  
(AU) 

0.00 (-0.00, 0.01) 0.862 <0.01  -0.00 (-0.01, 0.00) 0.228 0.03  -0.02 (-0.02, -0.01) <0.001 0.05 

    
     

   

Relative combined grip strength  
(kg/kg BM) 

0.004 (0.003, 0.005) <0.001 0.03  0.002 (0.001, 
0.003) 

<0.001 0.39  0.002 (0.001, 0.003) <0.001 0.40 

aUnadjusted model. bAdjusted for gender, age, ethnicity, socioeconomic status, smoking status, and sedentary activity. cAdjusted for gender, age, ethnicity, socioeconomic status, 

smoking status, sedentary activity, total energy intake, total alcohol intake, percent energy from protein, percent energy from carbohydrate, and percent energy from fat. AU, 

arbitrary units; BMI, body mass index; HOMA2-IR, updated homeostasis model assessment - insulin resistance. 
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associated with a decrease of 3.40 g/kg BM (95% CI, -4.45 to -2.36 g/kg BM) and 2.40 g/kg 

BM (95% CI, -3.14 to -1.67 g/kg BM) in relative total fat and relative trunk fat, respectively. 

7.3.2 Dietary fibre intake and glucose homeostasis 

Dietary fibre intake showed a significant negative association with fasting glucose, fasting 

insulin, and HOMA2-IR (Table 7.2). Assuming linearity, each 5g increase in dietary fibre intake 

was associated with a decrease of 0.04 mmol/L (95% CI, -0.08 to -0.01 mmol/L), 3.55 pmol/L 

(95% CI, -5.03 to -2.07 pmol/L), and 0.08 AU (95% CI, -0.12 to -0.05 AU) in fasting glucose, 

fasting insulin, and HOMA2-IR, respectively.  

7.3.3 Dietary fibre intake and skeletal muscle strength 

Dietary fibre intake showed a significant positive association with relative combined grip 

strength (Table 7.2). Assuming linearity, each 5g increase in daily dietary fibre intake was 

associated with an increase of 0.012 kg/kg BM (95% CI, 0.006 to 0.018 kg/kg BM) in relative 

combined grip strength.  

7.3.4 Dose-response relationships 

Dose-response relationships between dietary fibre intake and all outcomes are shown in 

Figure 7.1 and 7.2. Outcomes were also analysed across levels of dietary guideline adherence 

(meeting recommended dietary fibre intake vs not meeting recommended dietary fibre intake), 

producing comparable findings to the main results (Appendix 7.3).    

7.4 Discussion 

The aim of the present analysis was to examine the relationship between dietary fibre intake 

and body mass components, glucose homeostasis, and skeletal muscle strength in adults 

aged 40 years and older. Using nationally representative data of the US population from the 

NHANES, we show that higher dietary fibre intakes in adults at increased risk of skeletal 

muscle mass loss are associated with an increase in relative total lean mass, relative 

appendicular lean mass, and relative combined grip strength. We also demonstrate that higher 

dietary fibre intakes are associated with a lower body mass, BMI, fasting glucose, fasting 

insulin, HOMA2-IR, relative fat mass, and relative trunk fat mass. To our knowledge, the 

association between dietary fibre and skeletal muscle mass and function has not been 

previously investigated in a cohort of this size and scope. Previous research in this area has 

used relatively small sample sizes, a narrower age range of study participants (65-79 years), 

and did not adjust for important covariates (e.g. socioeconomic status, physical activity level, 

smoking status, and alcohol intake)26. The findings of the present study indicate that the 

divergent changes in the lean and fat components of body mass associated with higher dietary 

fibre intakes are also allied to improvements in glucose homeostasis and skeletal muscle 

strength. Consequently, interventions that aim to increase dietary fibre intake, via  
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Figure 7.1: Dose-response relationship between dietary fibre intake and (A) body mass, (B) BMI, 

(C) relative total lean mass, (D) relative appendicular lean mass, (E) relative total fat, and (F) relative 

trunk fat. Values represent difference in predicted response in reference to a dietary fibre intake of 

zero. Red and blue solid lines represent linear and restricted cubic spline models, respectively. Black 

dotted line indicates no change from a dietary fibre intake of zero. Linear and spline models were 

adjusted for sex, age, ethnicity, socioeconomic status, smoking status, sedentary activity, total 

energy intake, total alcohol intake, percent energy from protein, percent energy from carbohydrate, 

and percent energy from fat. Grey shaded area represents 95% confidence interval from restricted 

cubic spline model predictions.   
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Figure 7.2: Dose-response relationship between dietary fibre intake and (A) fasting glucose, (B) fasting insulin, (C) HOMA2-IR, and (D) relative 

combined grip strength. Values represent difference in predicted response in reference to a dietary fibre intake of zero. Red and blue solid lines 

represent linear and restricted cubic spline models, respectively. Black dotted line indicates no change from a dietary fibre intake of zero. Linear 

and spline models were adjusted for sex, age, ethnicity, socioeconomic status, smoking status, sedentary activity, total energy intake, total alcohol 

intake, percent energy from protein, percent energy from carbohydrate, and percent energy from fat. Grey shaded area represents 95% confidence 

interval from restricted cubic spline model predictions.   



184 

 

supplementation or increased consumption of high-fibre foods, may be a viable strategy to 

prevent age-associated declines in lean body mass and associated strength.   

The finding that a higher dietary fibre intake is associated with a lower body mass and BMI is 

consistent with prior observational, prospective, and interventional studies1. Assuming a linear 

relationship between dietary fibre intake and body mass, our analysis suggests that the 

average US citizen (dietary fibre intake of ~15g/day) would be ~2 to ~4kg heavier than a similar 

individual (matched by covariates included in model 3) who met the recommended dietary 

fibre intake (~30g/day). The effect of dietary fibre on fat mass observed in the present analysis 

is also supported by previous research investigating this relationship27. Furthermore, 

increased total fat and trunk fat are associated with insulin resistance28, and therefore lower 

total fat and trunk fat likely contribute to the relationship between higher dietary fibre intakes 

and lower fasting glucose, fasting insulin and HOMA2-IR.  

Alongside its favourable effects on body mass and fat mass, higher dietary fibre intakes are 

associated with an increase in relative total lean mass and relative appendicular lean mass. 

This is congruent with the limited available evidence in humans showing fibre supplementation 

can modify lean body mass 3,4,29. Indeed, diets which have shown promise in preventing the 

age-related decline in skeletal muscle mass are typically characterised by a high intake of 

fibre-rich foods such as fruits, vegetables, and wholegrains30. The increase in relative 

appendicular lean mass (a proxy for skeletal muscle mass) with increasing dietary fibre intake 

likely contributes to the positive relationship between dietary fibre intake and improvements in 

glucose homeostasis outcomes (alongside the concurrent reduction in relative fat mass) as 

skeletal muscle is the primary site of glucose storage31. However, due to the scarcity of 

research in this area, the mechanisms responsible for the putative relationship between 

dietary fibre and skeletal muscle mass have been little explored or discussed. As dietary fibre 

exhibits pleiotropic effects on the human body, it may influence skeletal muscle mass via 

multiple avenues. For example, dietary fibre supplementation has been shown to decrease 

insulin resistance32,33 (in agreement with the findings of the present analysis) and 

concentrations of pro-inflammatory cytokines34,35; two factors that increase muscle protein 

loss36,37 and are implicated in the age-related decline in skeletal muscle mass and function 38.  

Dietary fibre intake also has a major impact on the composition and metabolic activity of the 

gut microbiome. For example, higher dietary fibre intake raises the abundance of saccharolytic 

gut bacteria and production of short-chain fatty acids (SCFAs)39,40, which have recently been 

proposed as regulators of skeletal muscle mass, metabolism, and function (this is extensively 

reviewed in Chapter 6)41. SCFAs are also implicated in energy balance and glucose 
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homeostasis42, and may therefore contribute to the relationship between higher dietary fibre 

intakes and lower body mass, BMI, fasting glucose, fasting insulin, and HOMA2-IR.  

The positive association between dietary fibre intake and relative combined grip strength is 

likely explained by the positive association between dietary fibre intake and relative 

appendicular lean mass, considering the strong linear relationship between skeletal muscle 

mass and strength43. This is in line with previous work showing elderly individuals in the 

highest tertile of skeletal muscle mass had significantly higher relative handgrip strength and 

physical function test scores than individuals in the lowest tertile26, and that chronic fibre 

supplementation (comprising inulin and fructooligosaccharides) could significantly improve 

hand grip strength in this same population44. Collectively, this would suggest that dietary 

strategies that impact skeletal muscle mass likely have downstream effects on skeletal muscle 

strength and function, and may therefore have important implications for the maintenance of 

skeletal muscle mass and function during the aging process.   

Dose-response curves suggest that most outcomes display an approximate linear relationship 

with dietary fibre intake and display no sign of a plateau over the range of dietary fibre intake 

explored. Despite some outcomes in the body mass components datasets showing a possible 

decrease in the strength of the relationship when dietary fibre intakes exceed 20 g/day, the 

data presented in the current analysis suggests that increasing dietary fibre intake above the 

current population intake (and towards recommended levels45) would likely be associated with 

improvements in body composition, glucose homeostasis, and strength in adults aged 40 

years and older.  

Nevertheless, the present analysis has several limitations. Firstly, this analysis only includes 

non-institutionalised participants from the US, and therefore it is unknown whether the 

relationship between dietary fibre and skeletal muscle mass and function are present in other 

populations or countries. The findings from this analysis were also partially limited by the age 

restrictions imposed on the DEXA measurements, resulting in total lean mass, appendicular 

lean mass, total fat, and trunk fat only being measured in individuals aged up to 59 years old. 

This may be problematic if the effect of dietary fibre on body composition is mediated by the 

gut microbiota, as reports have consistently identified age-related alterations to the 

composition and metabolic activity of the faecal microbiota46,47. However, previous research 

has shown that dietary fibre intake is a major factor influencing the composition of the gut 

microbiota in the elderly and correlates with decreased incidence of frailty48. Furthermore, the 

response of the gut microbiota to dietary fibre ingestion was shown to be comparable between 

middle-age (30-50 years) and older (≥70 years) adults49. Thus, any association between 

dietary fibre and body composition produced by the gut microbiota is still likely to be present 
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in adults aged >60 years. A further limitation of this analysis was the approach employed for 

dietary assessment. Dietary fibre intake and other diet-related variables were calculated using 

24-hour dietary recall; a method prone to misreporting50 and possibly not representative of an 

individual’s typical diet. Additionally, specific classes (e.g. soluble vs insoluble fibre) or sources 

(e.g. vegetable vs wholegrain) of dietary fibre may be more efficacious than others for 

particular applications45, but the method of dietary assessment employed did not differentiate 

between these. Lastly, inherent to all cross-sectional data analysis, a causal relationship 

between dependent and independent outcomes cannot be established.  

In summary, higher dietary fibre intakes are associated with a lower body mass and an 

improvement in body composition (characterised by a higher ratio of lean body mass to fat 

mass) in adults aged 40 years and older. Moreover, the improvements in body composition 

with higher dietary fibre intakes are allied with improvements in glucose homeostasis and 

skeletal muscle strength. Future research should look to evaluate the therapeutic potential of 

increasing dietary fibre intake (via diet modification and/or supplementation) on skeletal 

muscle and associated outcomes, with a focus on the preservation of skeletal muscle mass 

in adults aged 40 years and older.  
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Appendix 7.1: Multiple imputation procedure 

 

Multiple imputation procedures were based on previous work by Schenker et al.51.  Predictor 

variables included demographic and socioeconomic variables, body measurements, nutrient 

intakes, blood tests, health indicators, survey release cycle, sampling weights, strata, and 

primary sampling units (Table S7.1). 

Prior to imputation, four sex (male, female) by age (40-49, 50-59 years) groups were created. 

The imputation procedure was then performed separately within each sex-by-age group due 

to concerns that the distribution of variables included in the model, their availability, and 

reasons for missingness vary by sex and age.   

Multiple imputation with chained equations was used to impute missing values. Normally 

distributed continuous variables were modelled using linear regression, non-normally 

distributed continuous and ordinal variables were modelled using predictive mean matching 

(sampling from a pool of 10 donors52), and binary variables were modelled using logistic 

regression. Data were assumed to be missing at random.  

Based on the recommendations of White et al.53 that the number of imputations should be at 

least equal to the proportion of incomplete cases (average percentage of missing cases in 

imputed variables = 21%), 25 imputed datasets were created. Data were only imputed for non-

pregnant participants aged ≥40 and ≤59 years that were eligible for dual-energy X-ray 

absorptiometry measurements and undertook the 24-hour dietary recall interviews (day 1). 

Multiply imputed values for covariates were included in subsequent analyses. All estimates 

from imputed datasets were pooled using Rubin’s combination rules54. The coefficient of 

determination (R2) was calculated using the Fisher Z-transformation as recommended by 

Harel55.  
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Table S7.1: Variables included in the multiple imputation model 

Variable (units) NHANES 
variable 

labela 

% missing  Model 

age (years) ridageyr 0.00 - 

annual household income ($) indhhin2 6.38 PMM 

arm circumference (cm) bmxarmc 3.28 regression 

body mass index (kg/m2) bmxbmi 1.05 PMM 

body mass (kg) bmxwt 0.92 PMM 

bone mineral content (g) dxdtobmc 22.43 regression 

bone mineral density (g/cm2) dxdtobmd 22.43 regression 

calcium supplements (mg) dsqtcalc 63.01 PMM 

daily alcohol (g) dr1talco 7.22 PMM 

daily carbohydrate intake (g) dr1tcarb 7.19 PMM 

daily fat intake (g) dr1ttfat 7.19 PMM 

daily fibre intake (g) dr1tfibe 7.19 PMM 

daily protein intake (g) dr1tprot 7.19 PMM 

daily total energy intake (kcal) dr1tkcal 7.19 PMM 

data release cycle sddsrvyr 0.00 - 

diastolic blood pressure (mmHg) N/Ab 3.51 PMM 

education level dmdeduc2 0.03 PMM 

ethnicity ridreth1 0.00 - 

fasting glucose (mmol/L) lbdglusi 53.51 PMM 

fasting insulin (pmol/L) lbdinsi 54.72 PMM 

full sample 8 year dietary day 1 sample weight N/Ac 0.00 - 

full sample 8 year MEC exam weight N/Ac 0.00 - 

general health condition hsd010 9.26 PMM 

height (cm) bmxht 0.91 regression 

HOMA2-B (AU) N/Ad 54.80 PMM 

HOMA2-IR (AU) N/Ad 54.77 PMM 

HOMA2-S (AU) N/Ad 54.80 PMM 

LDL-cholesterol (mmol/L) lbdldlsi 56.07 PMM 

left arm lean excl BMC (g) dxdlale 15.19 regression 

left leg lean excl BMC (g) dxdllle 16.71 regression 

past 30 day milk product consumption dbq197 0.00 - 

primary sampling units sdmvpsu 0.00 - 

ratio of family income to poverty indfmpir 9.49 regression 

right arm lean excl BMC (g) dxdrale 15.92 regression 

right leg lean excl BMC (g) dxdrlle 17.08 regression 

sampling strata sdmvstra 0.00 - 

sedentary activity (mins) pad680 0.60 regression 

smoking status N/Ae 0.01 logistic regression 

systolic blood pressure (mmHg) N/Af 3.51 PMM 

testosterone (ng/dL) lbxtst 28.31 PMM 

total cholesterol (mmol/L) lbdtcsi 5.23 PMM 

total fat (g) dxdtofat 22.65 PMM 

total lean mass excluding BMC (g) dxdtole 21.21 regression 
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triglyceride (mmol/L) lbdtrsi 55.15 PMM 

trunk fat (g) dxxtrfat 18.10 PMM 

vitamin D (D2 + D3) supplements (mcg) dsqtvd 64.45 PMM 

waist circumference (cm) bmxwaist 4.20 regression 
 

 
  

Average % missing:  20.59 
 

arefers to the label used in the NHANES database (https://wwwn.cdc.gov/Nchs/Nhanes/search/default.aspx). 
bcalculated as an average of bpxdi1, bpxdi2, bpxdi3, and bpxdi4. Ccalculated using 2-year weights (see main text). 
dcalculated using the HOMA2 calculator (see main text). ecreated using smq020 and smq040 

(https://wwwn.cdc.gov/nchs/nhanes/tutorials/Module1.aspx; see ‘Skip Patterns in NHANES Data’). f bcalculated as 

an average of bpxsy1, bpxsy2, bpxsy3, and bpxsy4 as % missing was calculated from the number of missing 

values for participants that were eligible for dual-energy X-ray absorptiometry measurements and 24-hour dietary 

recall interviews (day 1), and aged between 40 and 59 years old (inclusive). Average % missing was calculated 

from variables that were imputed (i.e., % missing > 0). AU, arbitrary units; BMC, bone mineral content; HOMA2-B, 

updated homeostasis model assessment - beta cell function; HOMA2-IR, updated homeostasis model assessment 

- insulin resistance; HOMA2-S, updated homeostasis model assessment - insulin sensitivity; LDL, low-density 

lipoprotein; MEC, mobile examination center; N/A, not available; NHANES, national health and nutrition 

examination survey; PMM, predictive mean matching.  
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Appendix 7.2: Study inclusion flow chart. 
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Appendix 7.3: Dietary fibre intake guideline analysis 

 

Participants were divided into two groups: (i) participants meeting the USDA (14g dietary fibre 

per 1000kcal), and (ii) participants not meeting the USDA guidelines. This grouping was based 

on dietary fibre intake as estimated by the 24-hour dietary recall (day 1).  

Simple and multiple linear regression analyses were used to examine the association between 

dietary fibre intake guideline adherence and outcome variables. Model 1 was an unadjusted 

model. Model 2 was adjusted for gender, age, ethnicity, socioeconomic status, smoking status, 

and sedentary activity. Model 3 was adjusted for gender, age, ethnicity, socioeconomic status, 

smoking status, sedentary activity, total energy intake, total alcohol intake, percent energy 

from protein, percent energy from carbohydrate, and percent energy from fat. Results from 

analyses are presented by dataset in Table S7.2. 
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Table S7.2: Simple and multiple linear regression analyses of dietary fibre intake guideline adherence and all outcomes 

Outcomes Model 1a Model 2b Model 3c 

β (95% CI) P value R2  β (95% CI) P value R2  β (95% CI) P value R2 

Body mass  
(kg) 

  

-7.13 (-9.42, -4.84) <0.001 0.01  -4.71 (-6.84, -2.59) <0.001 0.16  -3.57 (-5.86, -1.27) 0.003 0.18 

BMI  
(kg/m2) 

  

-1.71 (-2.43, -0.99) <0.001 0.01  -1.75 (-2.48, -1.02) <0.001 0.08  -1.53 (-2.35, -0.72) <0.001 0.09 

Relative total lean mass  
(g/kg BM) 

  

-3.69 (-12.20, 4.82) 0.389 <0.01  10.01 (4.15, 15.88) 0.001 0.56  10.99 (4.58, 17.40) 0.001 0.57 

Relative appendicular lean mass  
(g/kg BM) 

  

-4.10 (-9.24, 1.04) 0.116 <0.01  4.37 (0.83, 7.92) 0.017 0.62  4.80 (0.99, 8.61) 0.014 0.62 

Relative total fat  
(g/kg BM) 

 

4.03 (-4.70, 12.76) 0.359 <0.01  -9.91 (-16.02, -
3.81) 

0.002 0.55  -10.72 (-17.40, -4.03) 0.002 0.56 

Relative trunk fat  
(g/kg BM) 

-3.41 (-8.10, 1.28) 0.151 <0.01  -9.84 (-14.52, -
5.17) 

<0.001 0.28  -9.85 (-15.00, -4.70) <0.001 0.29 

            

Fasting glucose  
(mmol/L) 

  

-0.20 (-0.36, -0.05) 0.013 <0.01  -0.27 (-0.42, -0.11) 0.001 0.03  -0.27 (-0.43, -0.10) 0.002 0.04 

Fasting insulin  
(pmol/L) 

  

-8.09 (-15.52, -0.65) 0.033 <0.01  -10.08 (-18.21, -
1.96) 

0.016 0.03  -9.88 (-18.12, -1.65) 0.019 0.04 

HOMA2-IR  
(AU) 

-0.21 (-0.37, -0.04) 0.014 <0.01  -0.25 (-0.43, -0.07) 0.007 0.03  -0.25 (-0.43, -0.07) 0.008 0.04 

 
           

Relative combined grip strength  
(kg/kg BM) 

  

-0.001 (-0.028, 0.025) 0.922 <0.01  0.029 (0.003, 
0.055) 

0.028 0.39  0.033 (0.007, 0.058) 0.013 0.40 

aUnadjusted model. bAdjusted for gender, age, ethnicity, socioeconomic status, smoking status, and sedentary activity. cAdjusted for gender, age, ethnicity, socioeconomic status, 

smoking status, sedentary activity, total energy intake, total alcohol intake, percent energy from protein, percent energy from carbohydrate, and percent energy from fat. AU, 

arbitrary units; BMI, body mass index; HOMA2-IR, updated homeostasis model assessment - insulin resistance.
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Chapter 8: General discussion (non-digestible carbohydrate, short-
chain fatty acid production and skeletal muscle metabolism) 

 

Non-digestible carbohydrate (which mostly comprises dietary fibre) escapes digestion and is 

subsequently available for fermentation by colonic bacteria, resulting in the production of 

metabolites such as short-chain fatty acids (SCFAs)1. These SCFAs can enter the systematic 

circulation and interact with multiple organ sites including skeletal muscle2. Pre-clinical 

evidence demonstrates that SCFAs may induce positive effects on skeletal muscle 

metabolism and function3.  

The results from chapter 7 demonstrated that increased intake of dietary fibre is associated 

with higher skeletal muscle mass and function, as well improvements in whole-body insulin 

sensitivity in humans. Furthermore, this relationship was observed in a population at risk of 

skeletal muscle atrophy. Despite this study being observational in nature and therefore unable 

to elucidate causality and any underlying mechanism, the data are in line with the hypothesis 

that increasing SCFA production via dietary fibre intake can exert beneficial changes in 

skeletal muscle metabolism and function4–7. 

In order to build upon these findings, future work should consist of interventional studies that 

use fermentable fibres (to raise SCFA concentrations, e.g. inulin8) or SCFAs directly to 

investigate their impact on skeletal muscle metabolism and function in humans. These studies 

should largely focus on the role of acetate in skeletal muscle metabolism, as acetate is found 

in higher concentrations relative to both propionate and butyrate, and is thus considered the 

principal SCFA metabolised by skeletal muscle3. 

Our initial intention was to conduct and complete a clinical study that investigated the effect of 

sodium acetate on glucose and protein metabolism in the fed and fasted state, as well as in a 

young (18 -30 years) and old (≥ 65 years) cohort (Appendix 8.1). However, due to the COVID-

19 pandemic and consequent national lockdowns, we were unable to complete this study prior 

to submission of this thesis. In addition to this clinical study, we intended to investigate the 

mechanisms by which acetate may mitigate the negative effects of chronic levels of pro-

inflammatory cytokines on skeletal muscle using in vitro models. This study planned to use 

immortalised human myoblasts (LHCH-M29) to explore how sodium acetate prevents tumour 

necrosis factor alpha-induced apoptosis10. Again, due to the COVID-19 pandemic, this study 

was not able to be completed. Preliminary work did, however, involve the development of 

tumour necrosis factor alpha model that produced a dose dependent reduction in myoblast 

proliferation (Figure 8.1A), as well as a proof-of-principle study showing that sodium acetate 

protects against tumour necrosis factor alpha-induced inhibition of myoblast proliferation 
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(Figure 8.1B). The aim of follow-on studies is to explore the impact of sodium acetate on the 

main signalling pathways that control myoblast proliferation (Pax7, Myf5 and MyoD) in different 

inflammatory environments. Our group intends to complete this series of studies in the coming 

years to evaluate the putative role of acetate as an important regulator of skeletal muscle 

metabolism and function.  

In summary, high dietary fibre intake is associated with improvements in skeletal muscle mass 

and function. However, clinical intervention studies are required to determine if this 

relationship is causal. Future work is also required to understand the mechanism underlying 

dietary fibre-induced changes in skeletal muscle mass and function (e.g. increased SCFA 

production).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1: The effect of tumour necrosis factor alpha and sodium acetate on myoblast 

proliferation. (A) The effect of increasing doses of tumour necrosis factor alpha on myoblast 

proliferation. (B) The effect of sodium acetate on tumour necrosis factor alpha induced 

suppression of myoblast proliferation. Treatments with a different letter are significantly 

different from each other (P < 0.05). Con, control. SA, sodium acetate. TNFa, tumour 

necrosis factor alpha.  
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