
1 
 

 

The role of plant-based food structures on 

gastrointestinal digestion, colonic 

fermentation and glucose homeostasis. 

 

 

A thesis submitted for the degree of Doctor of Philosophy, Imperial 

College London 

 

 

 

Aikaterini Petropoulou 

 

 

 

Nutrition Research Section 

Department of Medicine 

Imperial College London 

2019 

 

 

  



2 
 

 

 

 

 

In loving memory of my beloved friend, Amin 

  



3 
 

Abstract 

Evidence suggests that dietary resistant starch (RS) has a positive impact on controlling blood 

glucose levels possibly via increased colonic fermentation and production of short chain fatty 

acids (SCFA), and hence reducing susceptibility to T2D. Naturally occurring mutations of plants 

lacking the starch branching enzyme (SBE) result in lower digestible carbohydrate content and 

higher amounts of RS delivery to the colon (Bhattacharyya et al., 1990). Drawing on insights 

from basic plant science and genetics, this thesis aimed to improve our understanding of how 

the consumption of differently processed plant-based foods leads to physiological effects 

associated with health benefits. Wild type (RR) peas were used as the control and mutant (rr) 

peas as the intervention group. The effect of further processing and associated health 

outcomes was studied using and comparing pea flour and pea derived products from both 

genotypes (RR and rr). 

Study 1 investigated the effect of peas and pea flour on gastric emptying (GE) and acute 

glycaemia. GE analysis showed no differences between RR and rr peas or peas flour. However, 

analysis indicated different glucose kinetics. The rr genotype exhibited significantly lower 

glucose concentrations as opposed to the RR genotype. 

Study 2 investigated the effect of peas and pea flour on gastric and small intestinal digestion. 

Metabolomic profiling indicated different digestion patterns between the two genotypes: 

different glucose related biomarkers outcomes were observed with the rr genotype exhibiting 

lower concentrations.  

Study 3 investigated the effect of peas and pea flour consumption on colonic fermentation. 

The rr genotype significantly increased the production of SCFAs propionate and butyrate.  

Study 4 investigated the effect of 28 days of RR and rr pea derived products consumption on 

glucose homeostasis via a gut dependent mechanism. Glucose homeostasis parameters were 

not improved despite changes in gut microbiota composition between or within groups. 

The physico-chemical characteristics of the rr genotype coupled with limited starch 

digestibility (high RS content) had the greatest impact on lowering postprandial blood glucose 

in the acute studies.  Changes in gut microbiota are a consequence of lower carbohydrate 

digestion in the small intestine and increased delivery of RS to the colon and did not alter 

glucose homeostasis biomarkers over 4 weeks of consumption.  



4 
 

Copyright Declaration 

 

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non-Commercial 4.0 International License 

(CC BY-NC). Under this license, you may copy and redistribute the material in any medium or 

format. You may also create and distribute modified versions of the work. This is on the 

condition that: you credit the author and do not use it, or any derivative works, for a 

commercial purpose. When reusing or sharing this work, ensure you make the license terms 

clear to others by naming the license and linking to the license text. Where a work has been 

adapted, you should indicate that the work has been changed and describe those changes. 

Please seek permission from the copyright holder for uses of this work that are not included 

in this license or permitted under UK Copyright Law. 

  



5 
 

Declaration of Contributions 

 

The majority of the work in this thesis was performed by the author. All collaboration and 

assistance are detailed below. 

 

All the clinical studies were performed with the help of the research nurses and 

administration stuff at the NIHR/Wellcome Trust Imperial Clinical Research Facility.  

 

The pea seeds used in the clinical studies were provided by Prof. Claire Domoney and the John 

Innes Center, Norwich. The pea flour was produced by Campden BRI, Surrey. The 13C pea 

seeds were provided by Prof. Tom Preston.  

 

Chapter 3: The [13C] Octanoic acid was provided by Dr. Douglas Morrison, University of 

Glasgow. Mathematical modeling of 13C data was performed by Prof. Tom Preston and Dr 

Douglas Morrison, University of Glasgow. Dr Amin Alamshah assisted in samples collection. 

Insulin and GLP-1 radioimmunoassays were performed with the assistance of Dr. Amin 

Alamshah and Dr. Edward Chambers.  

 

Chapter 4: The study was carried out in collaboration with Rasha Alshaalan and Mai Khatib. 

Nasogastric and nasoduodenal tubes were placed throughout the duration of the study by Dr. 

Eleutheria Panteliou, Dr. Lilian Mendoza and Dr. Nicolas Penny. Insulin and GLP-1 

radioimmunoassays were performed with Rasha Alshaalan and Mai Khatib and the assistance 

of Dr. Edward Chambers. Micrographs were taken with the assistance of Dr. Louise Salt, 

Quadram Institute Bioscience, Norwich. Metabolomic profiling of gastric and small intestinal 

samples analysis was performed under the guidance of Dr. Isabel Garcia-Perez. The statistical 

analysis of these samples was performed by Dr. Isabel Garcia-Perez. 

 

Chapter 5: The study was carried out in collaboration with Mai Khatib. Insulin and GLP-1 

radioimmunoassays were performed with Mai Khatib and the assistance of Dr. Edward 

Chambers. Samples analysis and mathematical modeling of 13C plasma glucose and 13C urinary 

SCFAs was performed by Dr. Douglas Morrison and Prof. Tom Preston, University of Glasgow.  



6 
 

 

Chapter 6: Pea derived products were provided by Campden BRI, Surrey. Anna Cherta, Alia 

Sukkar, Mai Khatib and Rasha Alshaalan assisted in the 30 min serum insulin samples 

collection. Alia Sukkar performed 20 out of 100 study visits. Insulin and GLP-1 

radioimmunoassays were performed with Anna Cherta, Alia Sukkar and Mai Khatib and the 

assistance of Dr. Claire Byrne, Dr. Georgia Becker and Dr. Edward Chambers. Fructosamine 

analysis was performed by Abigail Stow, Sandwell at West Birmingham Hospitals NHS Trust. 

Analysis of fasting C-peptide and lipids was performed by the Biochemistry lab, Department 

of Hammersmith Hospital, London. Stool samples 16S rRNA gene sequencing analysis was 

performed by the guidance of Dr. Julie MacDonald.  

  



7 
 

Acknowledgments 

 

I would like to thank my supervisor, Professor Gary Frost for giving me the opportunity to 

undertake this work, guidance and resources throughout my PhD.  

Special thanks to my second supervisor, Dr. Edward Chambers for his valuable mentorship 

and his patient guidance during my PhD. 

This project was in collaboration with other universities and institutes across the UK. I would 

like to thank Prof. Claire Domoney, Prof. Tom Preston, Prof. Pete Wilde, Dr. Douglas Morrison, 

Dr. Isabel Garcia- Perez, Dr. Fred Warren, Dr. Louise Salt and Dr. Cathrina Edwards for their 

valuable comments and suggestions during data collection, analysis and for performing some 

of the analysis presented in this thesis. 

I am very grateful to all the staff within the Department of Medicine at Imperial College 

London and the staff at the NIHR/Imperial CRF and all the volunteers who took part in all the 

clinical studies outlined in this thesis.  

I am very fortunate to have completed my PhD with the help and support of an amazing group 

of friends within and outside of the lab. Special thanks to Zoe, Elias, Lena and Anna Ch and 

Anna.  

A very big thank you goes to my beloved friends Claire who was always there to support me 

and believe in me.  

Finally, I would like to thank my parents, my brother and my partner, Panos, for their 

unwavering support through the past four years and for developing an interest in wrinkled 

peas despite not knowing what I was doing with them. 

Finally, thank you to ‘’wrinkled peas’’ for giving us the opportunity to create so many pea-

puns.   



8 
 

Publications, Poster Presentations, Awards and Dissemination 

Events  

 

Publications 

K. Petropoulou, L. Salt, F Warren, C. Domoney, P. Wilde, G. Frost. 2017. ‘’A Seed Trait 

Studied by Gregor Mendel in Pisum Sativum L. (Pea): Potential Prevention of Type 2 

Diabetes’’. In J. C. Jimenez-Lopez (ed.) Legumes for Global Food Security (pp.129-156), Nova 

Science Publishers.  

K. Petropoulou et al., 2016. ‘’Identifying crop variants with high resistant starch content to 

maintain healthy glucose homeostasis.’’ Nutrition Bulletin, 41(4), pp.372-377.  

 

Manuscripts in preparation detailing the work presented in this thesis 

K. Petropoulou et al. ‘’ The influence of plant starch genetics on postprandial blood glucose: 

A complex relationship between plant structure and the intestinal environment.’’ 

Manuscript in preparation 

 

Poster Presentations 

Diet and Health Research Industry Club Dissemination Event (BBSRC), Oxford, June 2015. 

‘’The effect of dietary resistant starch on glucose homeostasis’’ 

Diet and Health Research Industry Club Dissemination Event (BBSRC), Northampton May 

2016. ‘’Does the increased resistant starch content of rr mutant peas modulate post 

prandial glycaemia by altering rates of gastric emptying?’’ 

Diet and Health Research Industry Club Dissemination Event (BBSRC), Birmingham, February 

2017. ‘’ A food product made from pea flour with increased resistant starch content 

 stimulates greater postprandial GLP-1 release’’ 

Diet and Health Research Industry Club Dissemination Event (BBSRC), Manchester, October 

2017. ‘’An in vivo method to investigate the effects of food structure on digestion and 

bioaccesibility at different sites of the gastrointestinal tract.’’ 



9 
 

Awards-Prizes 

STEM for BRITAIN, House of Commons, March 2019: Winner of the STEM for BRITAIN 

Physiological Society Award. ‘’Using Wrinkled-seeded peas to prevent Type 2 Diabetes’’ 

Imperial College, Department of Investigative Medicine Divisional Away Day, November 2018: 

Winner for the lay abstract competition within the division. ‘’A seed trait studied by Gregor 

Mendel in Pisum sativum L. (pea) offers potential for the prevention of Type 2 diabetes’’ 

 

Dissemination Events 

Imperial Science Festival, May 2015. ‘’Fantastic Fibre’’  

Imperial Fringe Festival, February 2016. ‘Food of Tomorrow’  

Science Museum, London, September 2016. ‘Messages from Your Gut’ event  

Imperial Science Festival, May 2017. ‘’Peas and Fibre’’  

 

Talks 

Agri-Tech East, Powering Pea Productivity, April 2019. ‘’Dietary resistant starch from peas 

for healthy glucose homeostasis; the potential or rr peas’’ 



10 
 

Nomenclature 

3-(trimethylsilyl)- [2,2,3,3, -2H4]-propionic acid   (TSP) 

Acetyl Coenzyme A       (acetyl CoA) 

Adenosine Diphosphate      (ADP) 

Adenosine Triphosphate     (ATP) 

ADP-glucose Pyrophosphorylase     (AGPase) 

Alkaline Phosphate      (AP) 

Bioelectrical Impedance Analysis    (BIA) 

Body Mass Index      (BMI) 

Bovine Serum Albumin     (BSA) 

Cardiovascular Disease      (CVD) 

Central Nervous System      (CNS) 

Cholecystokinin      (CCK) 

Clinical Research Facility     (CRF) 

Coefficient of Variation      (CV) 

Cyclohexanediyldinitrilo Tetraacetic Acid    (CDTA) 

Debranching Enzyme      (DBE) 

Degree of Polymerization      (DP) 

Diabetes Prevention Programme     (DPP) 

Dipeptidyl Peptidase -4     (DPP-4) 

Enzyme-linked Immunosorbent Assay    (ELISA) 

Ethylenediaminetetraacetic acid     (EDTA) 

Fat Free Mass       (FFM) 

Free Fatty Acids       (FFA) 

Free Fatty Acid Receptor     (FFAR) 

Gas Chromatography      (GC) 

Gas chromatography/mass spectrometry    (GCMS) 

Gas chromatography/combustion/isotope ratio/ 

mass spectrometry       (GC/C/IRMS) 

Gastric Emptying       (GE) 

Gastrointestinal       (GI) 



11 
 

Gastrointestinal tract       (GIT) 

Glucagon-Like Peptide-1      (GLP-1) 

Glucagon-Like Peptide-1 Receptor     (GLP-1R)  

Glucose Transporter      (GLUT)  

Glucose-Dependent Insulinotropic Peptide   (GIP) 

Glucose-Dependent Insulinotropic Peptide Receptor (GIPR) 

Glycaemic Index       (GI) 

Haemoglobin A1c       (HbA1c) 

Hetero-nuclear Multiple-Bond Correlation    (HMBC) 

Hetero-nuclear Single Quantum Coherence    (HSQC) 

High Density Lipoprotein      (HDL) 

High pressure liquid chromatography   (HPLC) 

Homeostatic Model Assessment Insulin Resistance  (HOMA IR) 

Horseradish Peroxide      (HRP) 

Hydrochloric Acid      (HCl) 

Incremental Area Under the Curve    (iAUC) 

Isotope Ratio Mass Spectrometry    (IRMS) 

Isotope ration mass spectrometry     (LC/IRMS) 

Kilocalories        (Kcal) 

Liquid Chromatography     (LC) 

Low Density Lipoprotein      (LDL) 

Mass spectrometry      (GC/C/IRMS) 

Mixing Time       (MT) 

Monocarboxylate Transporters     (MCT)  

Monte Carlo cross-validation      (MCCV) 

Nicotinamide adenine dinucleotide Hydrogen  (NADH) 

Non-esterified fatty Acids      (NEFAs) 

Non-metric Multidimensional Scaling    (NMDS) 

Non-starch Polysaccharides      (NSP) 

Nuclear Magnetic Resonance     (NMR) 

Oral Glucose Tolerance Test      (OGTT) 

 Orthogonal Partial Least Square Analysis    (OPLS-DA) 



12 
 

Pancreatic Polypeptide      (PP) 

Partial-least-squares– discriminant analysis    (PLS-DA)  

Peptide Tyrosine Tyrosine     (PYY) 

Principal Components Analysis     (PCA)  

Radio Frequency       (RF) 

Radioimmunoassay       (RIA) 

Rapidly Digestible Starch      (RDS) 

Relative Centrifugal Force     (RCF) 

Relaxation Delay      (RD) 

Research Ethics Committee     (REC) 

Resistant Starch       (RS) 

Revolutions per Minute     (RPM) 

Short Chain Fatty Acid      (SCFA) 

Slowly Digestible Starch      (SDS)  

Sodium Glucose Co-transporters     (SGLT) 

Solid Phase Extraction      (SPE) 

Standard Error of Means     (SEM) 

Starch Branching Enzyme      (SBE) 

Starch Synthase      (SS) 

Statistical TOtal Correlation Spectroscopy   (STOCSY)  

Strong Anion Exchange     (SAX) 

SubseT Optimization by Reference Matching   (STORM) 

Total Body Weight      (TBW) 

TOtal Correlation SpectroscopY     (TOCSY) 

Type 2 Diabetes       (T2D) 

World Health Organization      (WHO) 

β-cell Function Insulin Sensitivity Glucose Tolerance Test (BIGTT) 

 

  



13 
 

Table of Contents 

Abstract .................................................................................................................................... 3 

Copyright Declaration .............................................................................................................. 4 

Declaration of Contributions ................................................................................................... 5 

Acknowledgments ................................................................................................................... 7 

Publications, Poster Presentations, Awards and Dissemination Events ................................ 8 

Publications .......................................................................................................................... 8 

Manuscripts in preparation detailing the work presented in this thesis ........................... 8 

Poster Presentations ............................................................................................................ 8 

Awards-Prizes ....................................................................................................................... 9 

Dissemination Events ........................................................................................................... 9 

Talks ...................................................................................................................................... 9 

Nomenclature ........................................................................................................................ 10 

List of Tables .......................................................................................................................... 23 

List of Figures ......................................................................................................................... 24 

Chapter 1 ................................................................................................................................ 28 

Introduction ........................................................................................................................... 28 

1.1 Type 2 Diabetes (T2D) ...................................................................................................... 29 

1.1.1 T2D definition and causes ......................................................................................... 29 

1.1.2 Prevalence and economic burden ............................................................................ 30 

1.1.3 Current treatments ................................................................................................... 30 

1.1.4 Prevention of hyperglycemia and T2D through lifestyle interventions .................. 31 

1.1.5 Carbohydrates and plasma glucose .......................................................................... 33 

1.2 Regulation of glucose homeostasis ................................................................................. 35 

1.2.1 The Role of Pancreas in Glucose Homeostasis ......................................................... 37 

1.2.2 The role of insulin in glucose homeostasis ............................................................... 38 



14 
 

1.2.2.1 Insulin pulsatility ................................................................................................ 39 

1.2.3 The role of gut hormones in glucose homeostasis ................................................... 40 

1.2.3.1 Glucose-dependent insulinotropic polypeptide (GIP) ....................................... 41 

1.2.3.2 Glucagon-like peptide-1 (GLP-1) ........................................................................ 42 

1.2.4 Glucose transport and uptake .................................................................................. 43 

1.2.5 Problems Maintaining Glucose Homeostasis ........................................................... 44 

1.2.5.1 Insulin Pulsatility Defects ................................................................................... 46 

1.3 Carbohydrate Food Structures, Digestion and Glucose Homeostasis ............................ 48 

1.3.1 Carbohydrates Classification .................................................................................... 48 

1.3.2 Food Structure at the Molecular Level ..................................................................... 50 

1.3.2.1 Monosaccharides and Disaccharides ................................................................. 50 

1.3.2.2 Starch .................................................................................................................. 50 

1.3.3 Food Structure at the Cellular Level ......................................................................... 60 

1.3.4 Food Structures Altered by Processing ..................................................................... 62 

1.3.5 Food Structures and Digestion in Humans ............................................................... 64 

1.3.5.1 Oral Digestion ..................................................................................................... 64 

1.3.5.2 Gastric Digestion ................................................................................................ 65 

1.3.5.3 Small Intestinal Digestion ................................................................................... 66 

1.3.5.4 Large intestinal Process of Digestion ................................................................. 68 

1.4 Short Chain Fatty Acids Production and Absorption ...................................................... 70 

1.5 Resistant Starch and Glucose Homeostasis .................................................................... 72 

1.6 Identifying Dietary Tools with High Resistant Starch Content ....................................... 76 

1.6.1 Natural Mutations and Starch Synthesis .................................................................. 76 

1.6.2 Wrinkled (rr) and Wild Type Pea (RR) ....................................................................... 78 

1.7 Thesis Summary and Rationale ....................................................................................... 81 

1.8 Thesis Hypothesis ............................................................................................................ 82 



15 
 

1.9 Thesis Aims ...................................................................................................................... 83 

Chapter 2 - Experimental Materials and Methods ................................................................ 84 

2.1 Introduction ..................................................................................................................... 85 

2.2 Food Materials ................................................................................................................. 87 

2.3 Biological Samples Collection and Storage ..................................................................... 89 

2.4 Biological Samples Analysis ............................................................................................. 90 

2.4.1 Colorimetric Assay .................................................................................................... 90 

2.4.1.1 Blood Glucose Samples ...................................................................................... 90 

2.4.1.2 Small Intestinal Glucose Analysis ....................................................................... 92 

2.4.2 Radioimmunoassays ................................................................................................. 93 

2.4.2.1 Insulin Analysis ................................................................................................... 93 

2.4.2.2 GLP-1 Analysis .................................................................................................... 96 

2.4.3 Enzyme-linked Immunosorbent Assay (ELISA) ......................................................... 98 

2.4.3.1 GIP Assay ............................................................................................................ 99 

2.4.4 Biochemistry Analysis ............................................................................................. 101 

2.4.5 Gastric Emptying (GE) ............................................................................................. 102 

2.4.5.1 13C Octanoic Acid Breath Samples Analysis ..................................................... 102 

2.4.6 Quantification of 13C Biological Samples ................................................................ 104 

2.4.6.1 Quantification of 13C Plasma Glucose .............................................................. 104 

2.4.6.2 Quantification of 13C SCFA ................................................................................ 105 

2.4.7 Metabolomics Analysis of Gastric and Small intestinal Samples ........................... 106 

2.4.7.1 Samples Extraction Preparation ....................................................................... 106 

2.4.7.2 1H NMR Spectroscopy Treatment .................................................................... 107 

2.4.7.3 NMR Compound Identification ........................................................................ 108 

2.4.7.4 Statistical Analysis ............................................................................................ 109 

2.4.8 Microscopic Analysis ............................................................................................... 110 



16 
 

2.4.9 Microbial Composition Analysis of Stool Samples ................................................. 111 

Chapter 3 .............................................................................................................................. 112 

The effects of RR and rr peas and pea flour on gastric emptying and postprandial 

glycaemia during a mixed meal test in healthy volunteers: A pilot study ......................... 112 

3.1 Introduction ................................................................................................................... 113 

3.1.1 Gastric Emptying (GE) ............................................................................................. 113 

3.1.2 Impact of GE on Glycaemia, Insulin and Incretin Hormones ................................. 114 

3.2 Purpose of the Study ..................................................................................................... 117 

3.2.1 Hypothesis ............................................................................................................... 117 

3.2.2 Aims ......................................................................................................................... 117 

3.2.3 Outcomes Measures ............................................................................................... 117 

3.3 Methodology Study Design ........................................................................................... 118 

3.3.1 Volunteers Recruitment .......................................................................................... 118 

3.3.1.1 Inclusion Criteria ............................................................................................... 118 

3.3.1.2 Exclusion Criteria .............................................................................................. 118 

3.3.2 Randomization ........................................................................................................ 119 

3.3.3 Dietary Intervention/Test meal .............................................................................. 119 

3.3.4 Study Visit Overview ............................................................................................... 121 

3.3.4.1 Study Visit Preparation .................................................................................... 121 

3.3.4.2 Study Visit Protocol .......................................................................................... 121 

3.3.4.3 Samples Collection, Processing and Analysis ................................................... 122 

3.3.5 Statistics .................................................................................................................. 123 

3.4 Results ............................................................................................................................ 124 

3.4.1 Volunteer Characteristics ........................................................................................ 124 

3.4.2 Gastric Emptying (GE) ............................................................................................. 124 

3.4.3 Acute Glycaemia and Insulinaemia ........................................................................ 126 



17 
 

Peas Intervention .......................................................................................................... 126 

Flour Intervention ......................................................................................................... 128 

3.4.4 Gut Hormones ......................................................................................................... 130 

Peas Intervention .......................................................................................................... 130 

Flour Intervention ......................................................................................................... 132 

3.5 Discussion ....................................................................................................................... 133 

3.5.1 Summary of findings ............................................................................................... 133 

3.5.2 Detailed Discussion ................................................................................................. 133 

Pea Intervention ........................................................................................................... 134 

Flour Intervention ......................................................................................................... 135 

3.6 Conclusion ...................................................................................................................... 136 

Chapter 4 .............................................................................................................................. 137 

The effect of RR and rr peas and pea flour on small intestinal digestion .......................... 137 

4.1 Introduction ................................................................................................................... 138 

4.1.1 Tracking Digestion in Humans ................................................................................ 138 

4.1.2 Small Intestinal Digestion and Plant-Based Foods ................................................. 138 

4.2 Purpose of the Study ..................................................................................................... 142 

4.2.1 Hypothesis ............................................................................................................... 142 

4.2.2 Aims ......................................................................................................................... 142 

4.2.3 Outcome Measures ................................................................................................. 142 

4.3 Methodology .................................................................................................................. 143 

4.3.1 Volunteers Recruitment .......................................................................................... 143 

4.3.1.1 Inclusion Criteria ............................................................................................... 143 

4.3.1.2 Exclusion Criteria .............................................................................................. 143 

4.3.2 Randomization ........................................................................................................ 144 

4.3.3 Dietary Intervention/Test Meal .............................................................................. 144 



18 
 

4.3.4 Study Visit Overview ............................................................................................... 145 

4.3.4.1 Study Visit Preparation .................................................................................... 145 

4.3.4.2 Study Visit Protocol .......................................................................................... 145 

4.3.4.3 Samples Collection, Processing and Analysis ................................................... 148 

4.3.5 Statistics .................................................................................................................. 148 

4.4 Results ............................................................................................................................ 149 

4.4.1 Volunteer Characteristics ........................................................................................ 149 

4.4.2 Metabolomic Analysis of Gastric and Small Intestinal Samples ............................ 150 

Peas Intervention-Gastric and Small Intestinal Metabolomic Profiles ....................... 150 

Flour Intervention Gastric and Small Intestinal Metabolic Profiles ............................ 153 

4.4.3 Acute Glycaemia and Insulinaemia ........................................................................ 159 

Peas Intervention .......................................................................................................... 159 

Flour Intervention ......................................................................................................... 161 

4.4.4 Small Intestinal Glucose .......................................................................................... 163 

Peas Intervention .......................................................................................................... 163 

Flour Intervention ......................................................................................................... 165 

4.4.5 Gut Hormones Secretion ......................................................................................... 167 

Peas Intervention .......................................................................................................... 167 

Flour Intervention ......................................................................................................... 169 

4.4.6 Structural Characteristics ........................................................................................ 171 

Peas Intervention-Uncooked Structures ...................................................................... 172 

Peas Intervention Cooked ............................................................................................. 173 

4.5 Discussion ....................................................................................................................... 176 

4.5.1 Summary of Findings ............................................................................................... 176 

4.5.2 Detailed Discussion ................................................................................................. 176 

Peas Intervention .......................................................................................................... 176 



19 
 

Flour Intervention ......................................................................................................... 179 

4.6 Conclusion ...................................................................................................................... 181 

Chapter 5 .............................................................................................................................. 182 

The effect of 13C-enriched RR and rr peas and pea flour on colonic fermentation and short 

chain fatty acids production ................................................................................................ 182 

5.1 Introduction ................................................................................................................... 183 

5.2 Purpose of the Study ..................................................................................................... 186 

5.2.1 Hypothesis ............................................................................................................... 186 

5.2.2 Aims ......................................................................................................................... 186 

5.2.3 Outcomes Measures ............................................................................................... 186 

5.3 Methodology .................................................................................................................. 187 

5.3.1 Volunteer Recruitment ........................................................................................... 187 

5.3.1.1 Inclusion Criteria ............................................................................................... 187 

5.3.1.2 Exclusion Criteria .............................................................................................. 187 

5.3.2 Randomization ........................................................................................................ 188 

5.3.3 Dietary Intervention/Test Meal .............................................................................. 188 

5.3.4 Study Visit Overview ............................................................................................... 189 

5.3.4.1 Study Visit Preparation .................................................................................... 189 

5.3.4.2 Study Visit Protocol .......................................................................................... 189 

5.3.4.3 Post Study Visit Protocol .................................................................................. 190 

5.3.4.4 Samples Collection, Processing and Analysis ................................................... 191 

5.3.5 Statistics .................................................................................................................. 191 

5.4 Results ............................................................................................................................ 192 

5.4.1 Volunteer Characteristics ........................................................................................ 192 

5.4.2 Exogenous 13C Plasma Glucose ............................................................................... 192 

Peas Intervention .......................................................................................................... 192 



20 
 

Flour Intervention ......................................................................................................... 194 

5.4.3 Excretion of 13C SCFA in urine ................................................................................. 195 

Peas Intervention .......................................................................................................... 195 

Flour Intervention ......................................................................................................... 196 

5.4.4 Breath Hydrogen Concentrations ........................................................................... 197 

Peas Intervention .......................................................................................................... 197 

Flour Intervention ......................................................................................................... 198 

5.4.5 Plasma Glucose and Serum Insulin ......................................................................... 199 

Peas Intervention .......................................................................................................... 199 

Flour Intervention ......................................................................................................... 201 

5.4.6 GLP-1 Concentrations .............................................................................................. 203 

Peas Intervention .......................................................................................................... 203 

Flour Intervention ......................................................................................................... 204 

5.5 Discussion ....................................................................................................................... 205 

5.5.1 Summary of Findings ............................................................................................... 205 

5.5.2 Detailed Discussion ................................................................................................. 206 

Peas Intervention .......................................................................................................... 206 

Flour Intervention ......................................................................................................... 208 

5.5.3 Conclusion ............................................................................................................... 209 

Chapter 6 .............................................................................................................................. 210 

The effect of consuming pea derived food products for 28 days on gut microbiota and 

glucose homeostasis. ........................................................................................................... 210 

6.1 Introduction ................................................................................................................... 211 

6.1.1 Insulin Pulsatility ..................................................................................................... 211 

6.1.2 Long term Consumption of Resistant Starch and β-cell function .......................... 213 

6.1.3 Gut Microbiome-Dependent Mechanism ............................................................... 214 



21 
 

6.2 Purpose of the Study ..................................................................................................... 217 

6.2.1 Hypothesis ............................................................................................................... 217 

6.2.2 Aims ......................................................................................................................... 217 

6.2.3 Outcomes Measures ............................................................................................... 217 

6.3 Methodology Study Design ........................................................................................... 218 

6.3.1 Volunteers Recruitment .......................................................................................... 218 

6.3.1.1 Inclusion Criteria ............................................................................................... 218 

6.3.1.2 Exclusion Criteria .............................................................................................. 218 

6.3.2 Randomization ........................................................................................................ 219 

6.3.3 Dietary Intervention Products and Supplementation Periods .............................. 220 

6.3.4 Study Visit Overview ............................................................................................... 222 

6.3.4.1 Study Visit Preparation .................................................................................... 222 

6.3.4.2 Study Visit Protocol .......................................................................................... 222 

6.3.4.3 Samples Collection, Processing and Analysis ................................................... 223 

6.3.5 Statistical Analysis ................................................................................................... 224 

6.3.5.1 Estimation of Insulin Pulsatility and β-cell function ........................................ 224 

6.4 Results ............................................................................................................................ 226 

6.4.1 Volunteer Characteristics ........................................................................................ 226 

6.4.2 16S rRNA Gene Sequencing .................................................................................... 227 

6.4.3 Glucose Homeostasis .............................................................................................. 229 

6.4.3.1 Insulin Pulsatility .............................................................................................. 229 

6.4.3.2 Homeostatic Model Assessment 2 Analysis .................................................... 231 

6.4.3.3 Plasma Glucose and Serum Insulin .................................................................. 232 

6.4.3.4 C-Peptide and Fructosamine ............................................................................ 234 

6.4.3.5 GLP-1 Concentrations ....................................................................................... 235 

6.4.3.6 Fasting Lipid Profiles ......................................................................................... 236 



22 
 

6.5 Discussion ....................................................................................................................... 238 

6.5.1 Summary of Findings ............................................................................................... 238 

6.5.2 Detailed Discussion ................................................................................................. 239 

6.5.3 Conclusion ............................................................................................................... 241 

Chapter 7: General Discussion ............................................................................................. 242 

7.1 Summary of Findings .................................................................................................. 243 

7.2 Introduction ................................................................................................................ 244 

7.3 Detailed Discussion and Findings ............................................................................... 245 

7.4 Limitations and future recommendations ................................................................. 249 

7.5 Conclusion .................................................................................................................. 250 

References ............................................................................................................................ 251 

Appendices ........................................................................................................................... 272 

 

  



23 
 

List of Tables 

Table 1. 1 Classification of carbohydrates based on their digestibility effects .................... 49 

Table 1. 2 Resistant starch classification ............................................................................... 52 

 

Table 2. 1 Nutritional information of RR and rr peas ........................................................... 88 

Table 2. 2 Methodology for the collection and processing of samples ................................ 89 

Table 2. 3 Coefficient Variation Data for Insulin Assays ....................................................... 95 

 

Table 3. 1 Nutritional information of Study 1 mixed meal test .......................................... 120 

Table 3. 2 Volunteers demographic characteristics ............................................................ 124 

 

Table 4. 1 Macronutrient profile of RR and rr peas (50 g dry weight portion) .................. 144 

Table 4. 2 Demographic characteristics data1 ..................................................................... 149 

Table 4. 3 Amylopectin/Maltose found in gastric samples associated with differences 

between RR and rr peas1 ..................................................................................................... 152 

Table 4. 4 Glucose found in small intestinal samples associated with differences between 

RR and rr peas1 ..................................................................................................................... 152 

Table 4. 5 List of metabolites found in gastric samples associated with differences 

between RR and rr pea flour at 15’ (A) and 30’(B) minutes post ingestion1,2 .................... 155 

Table 4. 6 List of metabolites found in small intestinal samples associated with differences 

between RR and rr pea flour1 .............................................................................................. 158 

 

Table 5. 1 Nutritional Information of Study 3 mixed meal test1 ........................................ 189 

Table 5. 2 Demographic characteristics data1 ..................................................................... 192 

 

Table 6. 1 Macronutrient profile of RR and rr mushy peas and pea hummus (100 g portion)

 .............................................................................................................................................. 220 

Table 6. 2 Volunteers characteristics1 ................................................................................. 226 

 



24 
 

List of Figures 

Figure 1. 1 Organs and tissues involved in glucose homeostasis ......................................... 36 

Figure 1. 2 Model of proposed mechanism of disordered insulin secretion on insulin 

sensitivity. .............................................................................................................................. 47 

Figure 1. 3 Amylose and amylopectin chains ........................................................................ 53 

Figure 1. 4 Starch crystallinity of Type A, B and C ................................................................. 54 

Figure 1. 5 Starch granule morphology ................................................................................. 56 

 

Figure 2. 1 Representative pictures of peas and pea flour used in the studies ................... 87 

Figure 2. 2 Wrinkled pea hummus production preparation. ................................................ 87 

Figure 2. 3 Schematic Representation of Glucose Assay ...................................................... 91 

Figure 2. 4 Schematic Representation of Randox (GLUC/PAP) Glucose Assay .................... 92 

Figure 2. 5 Schematic Representation of Insulin Assay ........................................................ 94 

Figure 2. 6 Schematic Representation of GLP-1 Assay .......................................................... 96 

Figure 2. 7 Schematic Representation of 4 Different Types of ELISA. .................................. 98 

Figure 2. 8 Schematic Representation of GIP Assay .............................................................. 99 

Figure 2. 9 [13C] Octanoic Acid Breath Test Representation. .............................................. 103 

 

Figure 3. 1 Experimental Test Meal ..................................................................................... 120 

Figure 3. 2 Schematic Representation of Exploratory Study 1 ........................................... 122 

Figure 3. 3 Gastric Emptying rates following the consumption of peas and pea flour of 

different genotypes (RR and rr) ........................................................................................... 125 

Figure 3. 4 Plasma glucose and serum insulin concentrations following the consumption of 

RR and rr peas. ..................................................................................................................... 127 

Figure 3. 5 Plasma glucose and serum insulin concentrations following the consumption of 

RR and rr pea flour. .............................................................................................................. 129 

Figure 3. 6 GLP-1 and GIP concentrations following the consumption of RR and rr peas. 131 

Figure 3. 7 GLP-1 gut hormone concentrations following the consumption of RR and rr pea 

flour groups. ......................................................................................................................... 132 

 

Figure 4. 1 Schematic Represenation of Exploratory Study 2 ............................................. 146 



25 
 

Figure 4. 2 CORTRAK Enteral Access Placement System..................................................... 147 

Figure 4. 3 Metabolomic profiling of gastric and small intestinal aspirated samples for RR 

and rr peas. .......................................................................................................................... 151 

Figure 4. 4 Metabolomic profiling of gastric aspirated samples for RR and rr pea flour. .. 154 

Figure 4. 5 Metabolomic profiling of small intestinal aspirated samples for RR and rr pea 

flour. ..................................................................................................................................... 157 

Figure 4. 6 Effect of acute consumption of 50 g dry weight RR and rr peas on plasma 

glucose and corresponding serum insulin levels ................................................................ 160 

Figure 4. 7 Effect of acute consumption of 50 g dry weight RR and rr pea flour on plasma 

glucose and corresponding serum insulin. .......................................................................... 162 

Figure 4. 8 Small intestinal glucose levels for RR and rr peas. ............................................ 164 

Figure 4. 9 Small intestinal glucose levels for RR and rr pea flour. .................................... 166 

Figure 4. 10 Effect of acute consumption of 50 g dry weight RR and rr peas on GLP-1 and 

GIP concentrations ............................................................................................................... 168 

Figure 4. 11 Effect of acute consumption of 50 g dry weight peas on GLP-1 and GIP gut 

hormone concentration for RR and rr pea flour. ................................................................ 170 

Figure 4. 12 Micrographs of raw RR and rr pea cells separated using the CDTA method. 172 

Figure 4. 13 Micrographs showing cooked for 1 hour in boiling water RR and rr pea cells.

 .............................................................................................................................................. 173 

Figure 4. 14 Micrographs showing gastric aspirated digested samples 180 minutes post 

ingestion. .............................................................................................................................. 174 

Figure 4. 15 Micrographs showing small intestinal aspirated digested samples 60 minutes 

post ingestion. ..................................................................................................................... 175 

 

Figure 5. 1 Schematic representation of the study ............................................................. 190 

Figure 5. 2 Exogenous 13C plasma glucose data following consumption of 13C-enriched RR 

and rr peas. .......................................................................................................................... 193 

Figure 5. 3 Exogenous 13C plasma glucose data following consumption of 13C-enriched RR 

and rr pea flour. ................................................................................................................... 194 

Figure 5. 4 Fractional recovery in urinary concentrations of 13C acetate (A), 13C propionate 

(B) and 13C butyrate (C) after consumption of 13C-enriched RR peas and rr peas.............. 195 



26 
 

Figure 5. 5 Fractional recovery in urinary concentrations of 13C acetate (A), 13C propionate 

(B) and 13C butyrate (C) after consumption of 13C-enriched RR and rr pea flour test meals.

 .............................................................................................................................................. 196 

Figure 5. 6 Breath H2 excretion rates after consumption of 13C-enriched RR and rr peas. 197 

Figure 5. 7 Breath H2 excretion rates after consumption of 13C-enriched RR and rr pea flour.

 .............................................................................................................................................. 198 

Figure 5. 8 Plasma glucose and serum insulin concentrations following the consumption of 

13C-enriched RR and rr peas. ................................................................................................ 200 

Figure 5. 9 Plasma glucose and serum insulin concentrations following the consumption of 

13C-enriched RR and rr pea flour. ........................................................................................ 202 

Figure 5. 10 GLP-1 concentrations following the consumption of 13C-enriched RR and rr 

peas. ..................................................................................................................................... 203 

Figure 5. 11 GLP-1 concentrations following the consumption of RR and rr pea flour meal 

tests. ..................................................................................................................................... 204 

 

Figure 6. 1 Enrolment of the volunteers and completion of the study .............................. 219 

Figure 6. 2 Dietary Intervention Products ........................................................................... 221 

Figure 6. 3 Study Visits and Supplementation Overview .................................................... 221 

Figure 6. 4 Schematic representation of the study ............................................................. 223 

Figure 6. 5 Nonmetric multidimensional scaling (NMDS) analysis plots describing the 

bacterial community within and between groups before and after RR and rr pea 

supplementation periods. Points more closely suited are more similar in local community 

composition than more distant points. PERANOVA was used to detect any effect within or 

between groups. RR visit 1; , RR Visit 2 , rr Visit 1 , rr Visit 2  (n=22) ............. 227 

Figure 6. 6 Effects of 28 days of RR and rr pea products supplementation on 

Bifidobacterium and Bacteroides read counts. ................................................................... 228 

Figure 6. 7 Insulin pulsatility data collection during 30 min for RR and rr groups. ............ 229 

Figure 6. 8 Insulin Pulsatility parameters before and after 28 days of RR and rr pea 

supplementation. ................................................................................................................ 230 

Figure 6. 9 Evaluation of β-cell function, insulin resistance and peripheral insulin sensitivity 

calculated by HOMA2 model before and after 28 days of RR and rr pea supplementation.

 .............................................................................................................................................. 231 



27 
 

Figure 6. 10 Plasma glucose concentrations following 28 days of RR and rr pea 

supplementation. ................................................................................................................ 232 

Figure 6. 11 Serum insulin concentrations following 28 days of RR and rr pea 

supplementation. ................................................................................................................ 233 

Figure 6. 12 C-peptide and fructosamine concentrations following 28 days of RR and rr pea 

supplementation. ................................................................................................................ 234 

Figure 6. 13 GLP-1 concentrations following 28 days of RR and rr pea supplementation. 235 

Figure 6. 14 Fasting lipids concentrations following 28 days of RR and rr pea 

supplementation. ................................................................................................................ 237 

 

  



28 
 

Chapter 1 

Introduction 

  



29 
 

1.1 Type 2 Diabetes (T2D) 

 

1.1.1 T2D definition and causes  

 

The overconsumption of relatively cheap and calorie-dense highly palatable foods (high in 

saturated fats and added sugars), with a disrupted food structure due to high processing, in 

combination with a sedentary lifestyle has resulted in an uncontrolled rise in nutrition related 

chronic metabolic diseases.  

One such metabolic disease is type 2 diabetes (T2D). T2D has a complicated and multiple 

aetiology, characterized by prolonged high blood glucose and it is diagnostically defined in 

relation to abnormal glucose homeostasis. Diabetes UK supports the following diagnostic 

criteria published by the World Health Organization (WHO) in 2006 (WHO, 2006): 

1. Fasting plasma glucose concentration ≥ 7 mmol/L (no food intake for at least 8 hours). 

2. Postprandial plasma glucose concentration ≥ 11mmol/L (2 hours after a 75 g during 

an oral glucose tolerance test (OGTT). 

3. A random plasma glucose sample of ≥ 11mmol/L with classical symptoms of 

hyperglycemia. 

4. Haemoglobin A1c (HbA1c) ≥ 6.5% (48 mmol/mol) 

 A series of metabolic processes play a role in the development of the disease and can lead to 

serious complications such as organ damage and failure, blindness, kidney disease, limb 

amputation. T2D is frequently associated with several comorbidities, including obesity, 

dyslipidemia, cardiovascular disease (CVD) and inflammation, collectively referred to as the 

metabolic syndrome. Additionally, CVD accounts for most of the increased morbidity and 

mortality associated with disturbances in glucose homeostasis (Ceriello et al., 2004). Out of 

the comorbidities listed above, obesity seems to be a major driver in the development of T2D 

(Bellou et al., 2018).  
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1.1.2 Prevalence and economic burden 

 

Although T2D is particularly prevalent among the middle age and older population, an 

increasing number of young people are being diagnosed with T2D (Bloomgarden, 2004). The 

National Paediatric Diabetes Audit (NPDA) report that the number of young people up to 25 

years old being diagnosed with T2D in England and Wales increased from 507 in 2013 to 715 

in 2016, indicating a 41% increase (Iacobucci, 2018). Additionally, T2D prevalence starts to 

become a growing problem not only in developed countries, but in developing middle-and 

low-income countries (Scully, 2012). The WHO states that the global prevalence of T2D has 

risen from 4.7% in 1980 (108 million patients) to 8.5% in 2014 (422 million patients) (WHO, 

2013). People have been advised to eat less and exercise more to promote weight loss; 

however, cases of T2D are still rising globally making it a serious public health issue with a 

need for an urgent public health solution. A report published in the journal of Diabetic 

Medicine estimated that the cost for treating diabetes in the UK would increase from 9.8 

billion to 16.9 billion over the next 25 years (Hex et al., 2012). This projection means that NHS 

would be spending 17% of its budget to treat T2D (Diabetes, 2018). 

 

1.1.3 Current treatments 

 

Current treatments for T2D include lifestyle modifications, such as changes in eating habits, 

regular exercise, weight loss, diabetes medication and possibly insulin administration as well 

as bariatric surgery in severely obese patients (Hays et al., 2008, Laville and Disse, 2009). 

Treatments aim to prevent some of the complications but do not always manage to reverse 

T2D or reduce all the adverse consequences. This is because the diagnosis in many cases is 

delayed and patients go on to develop health problems (Avogaro, 2011). 

Generally, metformin is the most common medicine prescribed for T2D treatment (Eurich et 

al., 2005). It works by reducing the amount of glucose released by the liver as well as making 

patients with diabetes more sensitive to insulin. However, sometimes it can cause adverse 

events such as nausea and diarrhea.  Another common medicine prescribed for T2D is 

sulphonylureas. Sulphonylureas aim at increasing the amount of insulin being produced by 

the pancreas (McIntosh et al., 2005). Evidence has shown that sulphonylureas in some 
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patients can cause hypoglycemia as well as other side effects similar to metformin (Turner et 

al., 1998). Other medicines include Pioglitazone, Gliptins (Dipeptidyl Peptidase 4 (DPP-4 

Inhibitors), Sodium-glucose CoTransport-2 (SGLT2 inhibitors), Glucagon-like Peptide-1 (GLP-

1) agonists, Acarbose, Nateglinide and Repaglinide.  

Despite these and other treatments, meeting normoglycaemia targets, as judged by HbA1c, 

among patients with T2D worldwide has not been very successful. A recent report using data 

from the USA showed that between 2010 and 2017 52.5% of people with T2D achieved an 

HbA1c <7% (<53 mmol/mol) (Casagrande et al., 2013). Interestingly, the group reported that 

younger individuals were less likely to meet HbA1c targets (Casagrande et al., 2013). In the 

UK alone, reports from the National Diabetes Audit indicated that 66% of patients with T2D 

have HbA1c of 7.5% (≤58 mmol/mol) (Chaplin, 2016). Since current pharmacological methods 

for treating T2D remain inadequate perhaps, long-term prevention of hyperglycemia, at a 

population level through lifestyle interventions might be a more successful approach. 

 

1.1.4 Prevention of hyperglycemia and T2D through lifestyle interventions 

 

Epidemiological and clinical evidence suggests that significant changes in dietary and exercise 

habits can help control the onset of T2D more effectively than drugs (Misra, 2009). The 

Diabetes Prevention Programme (DPP), a multicenter, randomized, controlled trial was 

designed to investigate whether diabetic drugs (metformin-850 mg/given twice daily) or an 

intensive lifestyle intervention can have a significant effect on either preventing or delaying 

T2D as opposed to placebo. The targets for the subjects assigned to the lifestyle intervention 

were:  

➢ achieving and maintaining 7% weight loss via a healthy low-calorie, low-fat diet 

➢ engaging in physical activity or moderate intensity such as: 150 min of exercise weekly 

➢ participating in 16-lesson curriculum covering diet, exercise and behaviour 

modification 

This was a well-designed, rigorous and sufficiently powered trial including 3234 non-diabetic 

overweight subjects with elevated fasting and post prandial glucose. The average follow-up 

time frame was 2.8 years. Results indicated that dietary lifestyle changes and intensive 

physical activity changes had a risk reduction of 58% (95% CI 44% to 66%) as opposed to the 
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drug intervention which was 31% (95% CI 17% to 33%) compared to placebo. Weight loss 

contributed by 16% in the risk reduction of T2D, the effectiveness was the same across all 

ethnic groups and higher in those who were 60 years old or above (Knowler et al., 2002). 

Researchers concluded that both interventions reduced T2D risk, however, the lifestyle 

intervention was significantly more effective.  

In a study conducted by Tuomilehto et al., 522 overweight volunteers with impaired glucose 

tolerance were assigned to an intervention receiving individualized counselling with the aim 

to reduce body weight, total fat and saturated fat intake and increase dietary fibre intake and 

physical activity levels; some volunteers were assigned to a control group. All subjects were 

followed for approximately 3.2 years. Results showed that the cumulative incidence of T2D 

after 4 years was 11% (95% CI 6% to 15%) for the intervention group and 23% (95% CI 17% to 

29%) for the control group. Researchers reported that the risk of developing T2D in the 

intervention group was reduced by 58% and this reduction was attributed to lifestyle changes 

(Tuomilehto et al., 2001). 

Many other studies have tested the hypothesis whether lifestyle modifications can 

successfully prevent T2D (Crandall et al., 2008). The common message coming from these 

experimental studies is that well-designed dietary plans in combination with an increase in 

physical activity, that promote weight loss, could be an effective strategy to prevent or delay 

T2D.  

Although these results are encouraging, adherence to intensive lifestyle interventions can be 

a huge challenge. As mentioned above, people have been advised to eat less and exercise 

more however T2D rates continue to climb and perhaps more effective approaches are 

needed for those who cannot follow intensive lifestyle therapies. There is evidence in the 

literature supporting that low glycaemic index (GI) and high dietary fibre diets which lower 

postprandial glucose and insulin responses can improve long-term glycaemic control and the 

risk of developing T2D (Riccardi et al., 2008).  
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1.1.5 Carbohydrates and plasma glucose 

 

Carbohydrates are the main dietary source of metabolic energy. Almost all carbohydrate-

based foods are derived from plant sources consisting principally of sugars, starches and 

dietary fibre (non-starch polysaccharides). To become available for human metabolism, 

carbohydrates, must be broken down by the digestive tract. The glycaemic index was 

developed in 1981 (Jenkins et al., 1981) with the aim to undestand how the human 

gastrointestinal tract (GIT) handles different carbohydrate sources and their effects on post 

prandial glycaemia. High GI carbohydrates are those which are rapidly digested and absorbed 

by the luminal environment and low GI carbohydrates are those being digested and absorbed 

slowly as well as showing a low glycaemic response (Jenkins et al., 1981).  However, due to 

the different plant structural properties and to domestic and industrial processing there is 

huge variation in post prandial plasma glucose responses and while digestion appear to be a 

straight forward process there are many different factors that can regulate post prandial 

plasma glucose levels (Mishra et al., 2012). Additionally, the average Western diet is a huge 

contrast to the diet consumed by our ancestors. Evidence suggests  that the human lineage 

consumed diets high in plant material, eating  almost 100 g of dietary fibre per day (Eaton, 

2006) compared with less  than 14 g per day  consumed today in the UK, 12-18 g in the US 

and 16-29 g in Europe (Bates et al., 2014, King et al., 2012, EFSA, 2010). The processed foods 

individuals consume in modern Western diets are far removed from the fibrous composite 

properties of a diet high in plant material, thus becoming highly digestible (Foster, 2011). 

Epidemiological observations suggest that processing of cereal-based foods (grains) with 

removal of dietary fibre components are key determinants for cardio-metabolic diseases 

(Reynolds et al., 2019).  Industrial food processing mainly uses a mixture of different 

ingredients (mostly sugars and saturated fats), which have undergone chemical, mechanical 

or thermal processing resulting in carbohydrate foods with a disrupted food structure, high 

in energy density and highly palatable (Foster, 2011). As a result, energy intake overcomes by 

far daily energy requirements and this gradually leads to a nutrition related disease epidemic.  

Evidence in the literature supports that carbohydrate quality (i.e. dietary fibre and some 

starches) are associated with health benefits (Reynolds et al., 2019). Guidelines typically 

encourage regular consumption of whole fruits and vegetables, cereals, legumes and pulses 

which are sources high in dietary fibre, but UK diet is currently low in dietary fiber. Results 
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from a systemic review examining the relationship between the most widely studied 

indicators of carbohydrate quality such as: dietary fibre, whole grains, pulses, dietary 

glycaemic index or glycaemic load provided convincing evidence for nutrition 

recommendations to replace refined grains with whole grains and increase the daily dietary 

fibre intake to at least 25-29 g (Reynolds et al., 2019).  

The increased evidence of dietary strategies that reduce post prandial glucose and their 

association with positive long-term health effects calls for more research in the field of 

nutrition. Getting information about unique plant-based food structures, high in fibre and 

slowly digestible/resistant starches, will improve our understanding of the interplay between 

metabolites, the human GIT and the role of gut bacteria in glucose homeostasis. Identifying 

the structural components that make foods escape early digestion and become material for 

fermentation will allow scientists to find new ways and manipulate commonly consumed 

carbohydrate-based foods aiming at lower postprandial glucose responses throughout life. 

 

The following sections of the introduction will focus on a detailed discussion of: 

1. Glucose homeostasis 

2. Problems with glucose homeostasis 

3. Carbohydrate food structures and digestion 

4. Resistant starch and health outcomes 

5. Identifying dietary tools to prevent the onset of T2D  
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1.2 Regulation of glucose homeostasis 

 

Maintaining glucose homeostasis is critical to normal physiological functioning. To 

understand the relationship between glucose homeostasis and carbohydrate-based foods it 

is important to map out the contribution of individual tissues and organs playing a role in 

glucose homeostasis. Figure 1.1 shows organs and tissues being involved in the regulation 

and utilization of plasma glucose via insulin sensing.  

A simple function determines plasma glucose concentration in the circulation and this is the 

balance between the glucose entering the circulation (glucose appearance) and the removal 

rate of glucose from the circulation (glucose disappearance). Glucose is considered an 

essential metabolic substrate of all mammalian cells. An important reason for this is the need 

to provide a constant source of energy for tissues in which the rate of glucose utilization is 

regulated primarily by the extracellular glucose concentration (Frayn, 2009). 

Glucose is derived by three major sources and will vary depending on an individual’s fed or 

fasted status. During the fed state glucose will be derived by intestinal absorption and blood 

glucose levels in the circulation will increase. Dietary glucose and other monosaccharides 

enter the intestinal cells and travel via the hepatic portal vein to liver cells and other tissues 

(Szablewski, 2011). How quickly glucose will appear in the circulation during the fed state is 

also determined by the rate of gastric emptying among other factors (Aronoff et al., 2004).  

During the fasted state, glucose, will be derived by glycogenolysis; the breakdown of 

glycogen, and gluconeogenesis; the formation of glucose from precursors such as lactate, 

pyruvate, amino acids and glycerol (Cydulka and Maloney Jr, 2002). 

Maintenance of the normal plasma glucose concentration requires precise matching of 

glucose use and endogenous glucose production or dietary glucose delivery. To avoid 

hyperglycemia, the body adjusts blood glucose levels by a variety of regulatory mechanisms 

in the cell that maintain systemic glucose balance. The mechanisms involve hormonal, 

neurohormonal and autoregulatory factors (Cydulka and Maloney Jr, 2002). The pancreas is 

a key organ in this process as it secretes gluco-regulatory hormones, including insulin and 

glucagon, two hormones that have opposite effects on glucose regulation. 

Whereas insulin is an anabolic agent that reduces blood glucose concentration, glucagon is a 

catabolic agent that increases blood glucose concentration (Cydulka and Maloney Jr, 2002). 
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Insulin stimulates the liver to convert glucose in to glycogen via glycogenesis and stimulates 

the glucose uptake by skeletal muscle and adipose tissues aiming to lower circulating plasma 

glucose levels. There are other gluco-regulatory hormones that play a significant role in 

glucose homeostasis. These are glucagon-like peptide-1 (GLP-1), glucose-dependent 

insulinotropic peptide (GIP), amylin, epinephrine, cortisol and growth hormone (Aronoff et 

al., 2004). This thesis will focus on insulin and the incretin gut hormones GLP-1 and GIP.  

 

 

 
Figure 1. 1 Organs and tissues involved in glucose homeostasis 
After glucose ingestion, β-cells of the pancreas sense the rise in glucose and secrete insulin. 
Insulin receptors can be found in the liver, adipose tissue and skeletal muscles. Insulin 
stimulates the uptake of glucose. In the liver, there is increased glycogenesis and reduced 
gluconeogenesis and glucose excretion. In skeletal muscles and adipose tissue, insulin 
enhances glucose uptake. Specifically, in skeletal muscles, glycogenesis is stimulated by 
enhancing glycogen synthase activity. In adipocytes, lipogenesis is increased by converting 
glucose to lipids.  
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1.2.1 The Role of Pancreas in Glucose Homeostasis 

 

The pancreas is a gland having both an endocrine and exocrine function. As an endocrine 

gland, it secretes hormones directly into the blood circulation via different cell types. Glucose 

receptors on the β-cells of the pancreas sense elevations in blood glucose concentrations and 

trigger insulin release. Other cell types found in the pancreas are: α-cells, responsible for the 

release of glucagon, GLP-1 and GIP; γ-cells which release pancreatic polypeptide (PP); δ-cells 

which release somatostatin; and ε-cells which release ghrelin (Röder et al., 2016). These 

hormones regulate glucose homeostasis however this thesis will focus on insulin actions.  

As an exocrine gland, the pancreas releases a series of digestive enzymes and peptides for 

food breakdown. Exocrine cells are responsible for the pancreatic juice secretion into the 

pancreatic ducts (Röder et al., 2016). The pancreatic juice contains digestive enzymes such as 

amylase, pancreatic lipase, and trypsinogen (Röder et al., 2016). It also contains bicarbonate 

which neutralizes acid entering the small intestine from the stomach (Frayn, 2009).  
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1.2.2 The role of insulin in glucose homeostasis 

 

Insulin is the primary glucoregulatory hormone and is produced by the β-cells of the pancreas, 

in the islets of Langerhans, in response to increased blood glucose and amino acid ingestion. 

It is a protein composed of two polypeptide chains consisting of 51 amino acids. When blood 

glucose levels increase more than 5 mmol/L, β-cells increase their output of insulin 

(Szablewski, 2011). Specifically, the circulated blood glucose is sensed in the pancreas by a 

glucose transporter 2 (GLUT2) which is found on the surface of the β-cells (Röder et al., 2016). 

Once glucose is in the cell, it undergoes glycolysis. This increases the ATP/ADP ratio in the 

cytosol due to glucose oxidation (Röder et al., 2016). This causes the ATP-dependent K+ 

channels to close causing the depolarization of the cell and the voltage-dependent Ca2+ 

channels to open in the membrane causing an influx of calcium ions into the β-cell (Turner, 

2013). The amount of glucose sensed by the β-cell will determine the amount of insulin being 

secreted. Under normal circumstances, insulin is rapidly degraded through the liver and 

kidneys. The half-life of insulin is 3 to 10 minutes in the circulation (Cydulka and Maloney Jr, 

2002). 

During the fed state the secretion of insulin is biphasic. The first phase includes the initial 

rapid release of insulin, driven by an in increase in blood glucose, peaking at around 5 minutes 

after the glucose stimulus (Röder et al., 2016). During the second, slower phase, the 

remaining insulin is released in a more sustained way for as long as plasma glucose levels 

remain high (Aronoff et al., 2004). Second phase insulin release is secreted from a reserve 

pool of secretory vesicles which need time for translocation (Wang and Thurmond, 2009). 

Insulin receptors can be found in the liver, skeletal muscles and white adipose tissue. Insulin 

exerts its actions via reducing hepatic glucose output in the liver, facilitating the 

transportation of glucose into skeletal muscles and adipose tissues and inhibiting glucagon 

release (Szablewski, 2011).  

The secretion rate of insulin varies based on gastric emptying rates, the amount of food 

consumed, as well as on hormonal and neural factors (Aronoff et al., 2004). Mainly, 

preformed insulin is secreted immediately as a response to high plasma glucose after 

ingestion but also as a response to different amino acids, GLP-1 and GIP release from L-cells 

and K-cells, as well as stimulation of the vagus nerve by nutrients and gastric relaxation 

(Szablewski, 2011).  
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During the fasting state, glucose must remain within a normal range (on average 5 mmol/L) 

to ensure normal glucose delivery to the brain and related glucose dependent tissues. To 

achieve this regulation in plasma glucose, insulin is secreted into the portal vein in a pulsatile 

fashion. 

 

1.2.2.1 Insulin pulsatility  

 

In 1923, Karen Hansen performed an experiment where she measured two series of plasma 

glucose levels and identified oscillations of plasma glucose in the peripheral concentrations 

(Hansen, 1923). When the same experiment was repeated in T2D patients she identified both 

rapid and slower oscillations (Hansen, 1923).  Experimental studies 50 years later showed that 

rapid oscillations in plasma glucose were correlated with oscillations in the peripheral serum 

insulin levels (Anderson et al., 1967, Koerker et al., 1978, Lang et al., 1982, Lang et al., 1979, 

Goodner et al., 1977). This mode of pulsatile insulin secretion it was found to agree with islet 

pulsatile glucagon as well as somatostatin (Goodner et al., 1977, Lang et al., 1982, Matthews 

et al., 1987, Samols and Stagner, 1990). Evidence in the literature shows the importance of 

this coordinated pulsatile pattern for optimal insulin secretion, action and for possible 

developments of T2D (Pørksen et al., 2002).  

Post ingestion β-cells of the pancreas follow an individual unique pulse pattern and as soon 

as they are formed in aggregates with other β-cells, pulses become more synchronous 

(approximately 4 min. cycles) (Schofield and Sutherland, 2012). Therefore, single islets are 

responsible for pulsatile insulin secretion coordination and the integration of all islets is 

important for normal insulin secretion. The molecular mechanisms describing insulin 

pulsatility have been discussed by Ainscow et al. (Ainscow and Rutter, 2002).  
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1.2.3 The role of gut hormones in glucose homeostasis 

 

The digestion and absorption of nutrients is related with increased secretion of different gut 

peptides that act on specific sites to endorse the efficient uptake and storage of energy 

(Drucker, 2007). In the GIT there are more than 20 different regulatory peptides sensitive to 

gut nutrient content. For some gut hormones levels rapidly increase within minutes of 

nutrient intake, and fall quickly thereafter (Murphy and Bloom, 2006). Gut hormones are 

synthesized by specialized enteroendocrine cells located in the epithelium of the stomach, 

small and large intestine and are being secreted at low levels during the fasted state.  Evidence 

in the literature supports that gut hormones activate neural circuits that communicate 

effectively with peripheral organs such as the liver, muscle tissue, adipose tissue and β-cells 

of the pancreas in order to facilitate overall energy intake and assimilation (Drucker, 2007). 

Perley and Kipnis demonstrated that oral administration of glucose resulted in higher insulin 

concentrations than parenteral administration (Perley and Kipnis, 1967). They interpreted 

their results as a manifestation of the so called ‘’incretin effect’’ phenomenon, which involves 

the release of incretin gut hormones. A gut hormone is considered an incretin if it satisfies 

following criteria: stimulation of insulin release, uptake of glucose by muscle tissue and the 

liver, inhibition of glucagon secretion by the α-cells of the pancreas, maintenance of β-cell 

mass, inhibition of feeding as well as suppress endogenous hepatic glucose output (Drucker, 

2007). It is estimated that 50-70% of insulin secreted in response to exogenous glucose is 

attributed to the incretin effect (Kim and Egan, 2008). This effect enhances the importance of 

the incretin phenomenon, as it suggests that signals from the gut are of high importance in 

the hormonal regulation of glucose clearance from the circulation. Currently, GLP-1 and GIP 

are the two known incretins and they are secreted in a nutrient-dependent manner to 

stimulate glucose-dependent insulin secretion (Drucker, 2007).   
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1.2.3.1 Glucose-dependent insulinotropic polypeptide (GIP) 

 

GIP is a 42-amino acid hormone released from K-cells in the small intestine after food 

ingestion (Murphy and Bloom, 2006). It has been reported in the literature that, in humans, 

ingestion of fat stimulates more GIP secretion whereas carbohydrates are more effective 

secretagogues in other species (Drucker, 2007). GIP exerts its effects by binding to GIP 

receptor (GIPR), a member of the 7-transmembrane domain, heterotrimeric G protein-

couples glucagon receptor superfamily (Röder et al., 2016, Usdin et al., 1993, Mayo et al., 

2003). GIP receptors have been found in the pancreas, stomach, small intestine and adipose 

tissue among other tissues (Usdin et al., 1993). GIP contains an alanine at position 2 which is 

a favorable substrate for enzymatic inactivation by DDP4 (Mentlein et al., 1993). Evidence in 

the literature reports that the half-life of active GIP is less than 7 minutes in healthy subjects 

and less than 5 minutes in patients with T2D (Deacon et al., 2000). In rats it has been 

estimated at 2 minutes (Deacon et al., 2000). The predominant action of GIP is to stimulate 

glucose-dependent insulin release and this effect is mediated by direct action on pancreatic 

islets (Seino et al., 2010). Durpe J. et al., showed that GIP administration together with glucose 

stimulated insulin secretion in healthy volunteers (Dupre et al., 1973). Additionally, GIP 

promotes biosynthesis of insulin, exhibits growth factor-like activity on β-cells, activates 

antiapoptotic pathways in β-cells in vitro experiments, and enhances β-cell survival (Trümper 

et al., 2001, Trumper et al., 2002, Kim et al., 2005, Gromada et al., 1998) 
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1.2.3.2 Glucagon-like peptide-1 (GLP-1) 

  

GLP-1 is a 31-amino acid proglucagon-derived hormone that is circulated in several 

equipotent forms; the most common circulating form in humans is GLP-17-36 amide (Murphy 

and Bloom, 2006, Ørskov et al., 1994). GLP-1 is secreted by the enteroendocrine L cells (Seino 

et al., 2010) and exerts its effects by binding to Glucagon-like Peptide-1 receptor (GLP-1R), 

belonging to the G-protein coupled receptor family (Röder et al., 2016, Drucker, 2007). L-cells 

are found within the lower intestine and colon (Seino et al., 2010). L-cells act as nutrient 

sensors to release GLP-1 in response to glucose, amino acids and fatty acids appearance 

(Drucker, 2007). It has been reported in the literature that high fibre diets, protein 

hydrolysates and short chain fatty acids increase levels of mRNA encoding proglucagon in L-

cells (Reimer and McBurney, 1996, Tappenden et al., 1996, Tappenden et al., 1998). In the 

fasting state, plasma levels of full-length GLP-1 are between 5-10 pmol/L and an increase of 

<50 pmol/L has been observed post meal ingestion (Ørskov et al., 1994, Vilsbøll et al., 2001). 

Evidence suggests that patients with T2D or obesity exhibit lower levels of GLP-1 meal-

stimulated secretion between 1-2 hours post ingestion (Vilsbøll et al., 2001). Clearance of 

GLP-1 from the circulation has received much attention by the research community mainly 

due to the anti-diabetic therapeutic potential. The half-life of circulating native bioactive GLP-

1 has been found to be >2 minutes mainly because as in the case of GIP, it is degraded by 

DDP4 (Deacon et al., 1995, Hansen et al., 1999).  GLP-1 stimulates insulin secretion in a 

glucose-dependent manner (Hansen et al., 1999, Kreymann et al., 1987, Mojsov et al., 1987). 

GLP-1 increases transcription of the gene encoding insulin, increases biosynthesis of insulin, 

and improves β-cell function via increased expression of sulfonylurea receptor (Kreymann et 

al., 1987, Mojsov et al., 1987, Ørskov et al., 1988). Additionally, evidence in the literature 

supports the role of GLP-1 in the control of energy intake (Drucker, 2007).  
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1.2.4 Glucose transport and uptake 

 

Glucose transport is mediated by cellular glucose transporters which facilitate diffusion down 

concentration gradients, in contrast to energy-dependent uptake of glucose in the gut or the 

kidneys (Cushman, 2002). There are two categories of glucose transporters: the glucose 

transporters (GLUT)  and sodium glucose transporters (SGLT) (Frayn, 2009).  Each one of them 

comprise a number of homologous proteins synthesized from different genes and leading to 

different kinetic properties (Frayn, 2009). The expression of these transporters is tissue 

specific and their properties are an integral part of the regulation of glucose homeostasis in 

the particular tissue (Frayn, 2009). GLUT1 and 3 can be found in the plasma membrane of 

cells in the whole body and their primary function is to maintain a steady glucose uptake 

keeping the blood glucose in the circulation around 5 mmol/ml (Frayn, 2009). GLUT2 can be 

found in the plasma membrane of hepatocytes and β-cells and are responsible for glucose 

sensing (De Vos et al., 1995). Insulin sensitive transporters GLUT4,  can be found in muscle 

and adipose tissue (Frayn, 2009). The role of GLUT4 is to facilitate post prandial uptake of 

excess glucose from the circulation (Leney and Tavare, 2009).   
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1.2.5 Problems Maintaining Glucose Homeostasis 

 

Pathogenic processes involved in abnormal glucose metabolism include insulin resistance 

(insulin failing to act normally on its target tissues) and impaired pancreatic β-cell function. 

Evidence in the literature supports that loss of the effect of insulin in specific tissues may 

attributed to abnormal insulin release from β-cells of the pancreas (Ferrannini et al., 2004). 

Indeed, experimental evidence confirms that patients with impaired glucose tolerance, lose 

first phase insulin secretion and, in contrast with healthy subjects, higher insulin secretion 

demands are needed to lower blood glucose from the circulation (Seltzer et al., 1967).  

It has been reported in the literature that patients with abnormal glucose metabolism have a 

high incidence of obesity and hypertriglyceridemia (Cydulka and Maloney Jr, 2002). 

Additionally, insulin resistance is occurring for many years before the initial T2D diagnosis and 

hyperinsulinemia has also been observed  for years before T2D diagnosis (Cydulka and 

Maloney Jr, 2002). This might be happening as a normal compensation procedure of the body 

to tackle insulin resistance, defective insulin secretion or turnover in response to dietary 

influences (Schofield and Sutherland, 2012). 

Insulin resistance has been defined as the decreased tissue effect of insulin per unit delivery 

(i.e. reduced cellular and tissue insulin sensitivity) (Schofield and Sutherland, 2012). Despite 

the fact the actual mechanisms causing insulin resistance haven’t been fully understood, the 

literature has identified some factors (which individually or in combination) are linked to 

insulin resistance.  

These are: 

➢ Endocrine; such as disturbances in insulin, glucagon as well as adipokines secreted by 

adipose tissue. 

➢ Chemical mediators of inflammation 

➢ Nutrients such as glucose and free fatty acids (FFA) in the circulation 

➢ Age (Schofield and Sutherland, 2012) 

Insulin is being delivered via the portal vein to the liver and minute to minute variations in 

the portal levels of insulin are important for hepatic insulin signaling (Matveyenko et al., 

2012). Since insulin fails to respond, insulin related tissues fail to clear glucose from the 

circulation and hepatic glucose concentrations are increased (Matveyenko et al., 2012).  
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When skeletal muscles and adipocytes fail to take up glucose, after ingestion, the remaining 

glucose passes into the liver (King et al., 1992). Glucose uptake in the liver is not insulin 

dependent and thus increased glucose in the circulation will result in increased glucose 

uptake by the liver (Saltiel and Kahn, 2001). Glucose in the liver is being converted to FFA or 

free cholesterol (Cahill Jr et al., 1959). Moreover, proteins and lactate stimulate 

gluconeogenesis (Cahill Jr et al., 1959). As a result, free fatty acids concentrations increases 

in the circulation and therefore fat accumulation in skeletal muscles, which in turn and 

disrupts their functionality (Zivkovic et al., 2007).   
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1.2.5.1 Insulin Pulsatility Defects 

  

Theoretically that insulin resistance could be avoided by higher insulin release, from the β-

cells of the pancreas, then people will not go on developing insulin resistance. Therefore, 

abnormalities in β-cells of the pancreas is core to the development of T2D. Experimental 

evidence confirms that, T2D patients have larger individual β-cells and a 65% reduction in β-

cell mass. Therefore, not only there is loss in the pulsatile coordinated function but also  β-

cells are less in mass resulting in increased basal insulin secretion and an increase in total 

insulin levels passing to the portal vein (Del Prato et al., 2002, Ravier et al., 2002, Schofield 

and Sutherland, 2012, Temple et al., 1989, Hunter et al., 1996).  Additionally, T2D patients 

have a higher proinsulin to insulin secretion (Temple et al., 1989) and lack the anti-

synchronous insulin-glucagon secretion pattern, observed in individuals without T2D (Menge 

et al., 2011).  This might influence hepatic and peripheral insulin sensitivity as abnormal 

continuous insulin exposure is strongly related to the development of insulin resistance.  

Results from in vitro studies, using hepatocytes and adipocytes exposed to insulin in a normal 

oscillating pulsatile mode, indicated an improvement in insulin receptor signaling and in 

glucose uptake (Goodner et al., 1988, Marshall and Olefsky, 1980). Results from experimental 

studies involving animals, have shown the high importance of insulin delivery mode in the 

portal vein and relation to insulin resistance in cases of loss of pulsatility (McGuinness et al., 

1990, Stapelfeldt et al., 1984). 

In vivo physiological experimental studies in healthy, as well as, in patients with T2D, have 

shown that normal pulsatile insulin oscillations improve the glucose-lowering ability when 

compared with a continuous infusion mode (Bratusch-Marrain et al., 1986, Komjati et al., 

1986).  

Schofield et al., proposed a model summarizing the effects of non-pulsatile insulin release on 

glucose metabolism (Figure 1.2): they suggested that environmental influences on prone β-

cells result in disordered insulin secretion. Disordered insulin secretion causes reduced insulin 

signaling by associated tissues and as a result this causes hepatic insulin resistance and 

reduced insulin clearance from the circulation. This therefore leads to hyperinsulinemia and 

thus peripheral insulin resistance as well as high blood glucose in the circulation and further 

damage on β-cells (Schofield and Sutherland, 2012).  
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Figure 1. 2 Model of proposed mechanism of disordered insulin secretion on insulin 

sensitivity.  

Adapted from (Schofield and Sutherland, 2012) 

 

This section has described the mechanism through which the human body achieves glucose 

homeostasis, and the potential problems that may lead to T2D. Carbohydrates are the key 

energy source for the human body and play a fundamental role in this mechanism. The next 

Section discusses how the digestion of carbohydrates releases glucose, which is absorbed by 

the human body, and describes how different carbohydrate structures lead to differential 

glucose effects.  
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1.3 Carbohydrate Food Structures, Digestion and Glucose 

Homeostasis 

 

1.3.1 Carbohydrates Classification 

  

The term ‘dietary carbohydrate’ cover a diverse group of compounds varying in their 

chemical, physical and physiological properties (Cummings and Stephen, 2007). The primary 

classification of dietary carbohydrates has been determined based on chemistry and includes 

different scales such as individual monomers, degree of polymerization (DP) and type of the 

linkage.  This divides carbohydrates into three main groups: sugars with a DP between 1-2, 

oligosaccharides and short chain carbohydrates with a DP between 3-9, and polysaccharides 

with a DP higher than 10 (Cummings and Stephen, 2007).  

While the specification of chemical properties is highly important it is not very informative 

when it comes to the assessment of health outcomes. This is mainly due to the complex 

physical and structural characteristics found in carbohydrate-based foods. Physical properties 

include the degree of solubility in water and hydration properties, gel formation properties 

as well as crystalline structures, association with other macronutrients (e.g. protein and lipid 

complexes) and formation of structures inside the cell wall of plants or other specialized 

structures (Cummings and Stephen, 2007). All these properties make apparent the need for 

another categorization of carbohydrates such as simple or complex carbohydrates, rapidly or 

slowly digested, dietary fibre, resistant starch, available and non-available carbohydrates. 

Table 1.1 presents carbohydrates classification based on digestibility as adapted from Aller et 

al. (Aller et al., 2011). 

Monosaccharides and disaccharides are classified in rapidly digestible and absorbable 

carbohydrates. Polysaccharides, depending on their structure, are classified as rapidly 

digestible starch (RDS), slowly digestible starch (SDS), resistant starch and dietary fibre, and 

non-starch polysaccharides (NSP). This literature review will extensively focus on the 

classification of starches, and on their molecular and physical structure. 
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Table 1. 1 Classification of Carbohydrates based on their digestibility effects 

 Table was adapted from (Aller et al., 2011)  

 

C
ar

b
o

h
yd

ra
te

s 
Monosaccharides 

(1 sugar unit) 

Fructose ➢ Metabolized without insulin secretion 

Glucose Rapidly absorbed ➢ High insulin release 

➢ Hypoglycemia 

➢ Feeling of hunger 

➢ Overconsumption 

Disaccharide 

(2 sugar units) 

Sucrose 

Lactose 

Rapidly absorbed 

 

 

 

Polysaccharides 

(>10 sugar units) 

 

 

 

Starch 

Rapidly Digestible Starches 

(RDS) 

➢ Rapid absorption-digestion 

➢ High glucose release 

➢ High insulin release 

➢ Low blood glucose 

Slowly Digestible Starches 

(SDS) 

➢ Slow absorption-digestion 

➢ Sustained glucose secretion 

➢ Low insulin secretion 

Dietary fibre  

Resistant Starches  

➢ Undigested 

➢ Colonic fermentation 

➢ SCFAs formation & release Non-Starch Non-Starch Polysaccharides 

(NSP) 
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1.3.2 Food Structure at the Molecular Level 

 

1.3.2.1 Monosaccharides and Disaccharides 

 

In the case of short chain sugars, monosaccharides can cross the gut lumen via active 

membrane transport systems, whereas disaccharides have to be broken down into 

monosaccharides to be absorbed (Wright et al., 2003). The structural limitation on digestion 

to monosaccharides is mainly dependent on the glyosidic linkage within the monosaccharide 

units (Wright et al., 2003). Specialized enzymes in the small intestine that break down 

complex sugars into simple sugars (such as disaccharides) are involved in this process. 

However, this process does not secure full break down and completion of absorption. For this 

to happen, the structure of monosaccharides has to be recognized by the gut lumen 

membrane (Mishra et al., 2012). GLUT2 and SGLT1 transporters are able to transfer glucose 

across the membrane via active ATP driven facilitated transport against a gradient (Frayn, 

2009). On the other hand, fructose moves entirely via facilitated diffusion and this process 

utilizes a different transporter (GLUT5). The rate of absorption of fructose is slower than 

glucose and less effective. As a result, this causes movement of fructose in the lower gut 

causing discomfort in the intestinal region via fermentation by gut microbiota population 

(Gibson et al., 2004). Similarly, in cases of reduced lactose break down, caused by reduced 

lactase activity overflow the lower gut with lactose and will lead to unpleasant 

gastrointestinal problems (Mishra et al., 2012). 

 

1.3.2.2 Starch 

 

Starch is the principal carbohydrate and the most abundant carbohydrate in plant seeds and 

tubers and poses a different challenge for digestion and absorption by the human body as 

opposed to monosaccharides and disaccharides. It is the main source of energy in the human 

diet and the average UK diet comprises 30% starches (Wang et al., 1998). The botanical 

source, granule morphology, water uptake and domestic and industrial processing are 

significant factors controlling starch break down during digestion. Most commonly consumed 
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starch-based foods include white flour-based products such as bread, cakes etc. which 

contain a high amount of rapidly digestible starches.  

Rapidly digestible starches pose a challenge for the human body as they result in rapid break 

down and absorption by the GIT, therefore resulting in high blood glucose responses 

triggering  insulin release and tissue-specific intracellular uptake of glucose that leads to low 

plasma glucose in the circulation (Birt et al., 2013). It has been proposed that this repetitive 

cycle of high and low plasma glucose release in the circulation may contribute to insulin 

resistance, metabolic syndrome and T2D (Birt et al., 2013).  

Slowly digestible starches have a low and more attenuated mode of digestion, absorption and 

plasma glucose release in the circulation, as opposed to rapidly digestible starch, leading to a 

more attenuated energy availability (Cummings and Stephen, 2007).  

Resistant starch has been extensively studied and reviewed in the literature. They are defined 

as the portion of starch that passes the upper GIT undigested, arriving to the colon for 

fermentation by gut microbiota (Birt et al., 2013).  Resistant starch can be found in pulses and 

legumes, vegetables and fruits and whole-meal cereals. Currently, there are 5 categories of 

resistant starches presented in Table 1.2.  

Given the key role played by starch structure in the formulation of the hypotheses of the 

studies presented in this work, the remaining parts of this section will focus on different 

parameters affecting digestibility in starches with emphasis on molecular and cellular food 

structure as well as the effects during alterations via processing. 
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Table 1. 2 Resistant Starch Classification  

Resistant Starch Types Description Type of Foods 

I Physically Inaccessible 

Starch 

Legumes and pulses, 

wholegrain, seeds and pasta 

II Raw Starch Granules with B 

and C polymorph 

Starches with high amylose 

content (maize starch), raw 

potatoes and green bananas 

III Retrograded Starch Cooked and cooled foods 

containing starch 

IV Chemically Modified 

Starches 

Cross linked starches 

V Amylose-Lipid Complex Steric acid-complexed 

starch with high amylose 

content 

Adapted from (Birt et al., 2013) 
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1.3.2.2.1 Amylose-Amylopectin Ratio  

 

Starches consist of two structural forms which are glucose polymers: amylose and 

amylopectin. Amylose is formed by long linear chains of α-D-(1-4)-linked glucose monomers 

and amylopectin from large linear α-D-(1-4)-linked chains and additional α-D-(1-6) bonds 

resulting in a highly branched structure (Figure 1.3) (Lovegrove et al., 2017). Starches found 

in carbohydrate foods are mostly branched (70% amylopectin-30% amylose) and have a 

molecular weight of 50-500 million and a degree of polymerization in the millions depending 

on the botanical source (French, 1984, James et al., 2003, Hoover, 2001). 

 

 

Figure 1. 3 Amylose and amylopectin chains 

These long regular structural forms of glucose units seen in both amylose and amylopectin 

form the unique crystalline starch granules named A, B, C or V type and can be visible using 

X-ray diffraction (Wang et al., 1998). The formation of these structures is associated with the 

chain length forming the amylopectin lattice, the density of packing within the starch granules 

and the hydration properties; these structures also play a significant role in the inhibition of 

pancreatic enzymes during digestion (Hsein-Chih and Sarko, 1978).  

Type A, consists of highly packed amylopectin varying in chain length between 23 to 29 

glucose units (Sajilata et al., 2006). The hydrogen bonding between the hydroxyl groups of 

the amylopectin molecule chains helps form the outer double helical structure. Between the 

double hellical structure there are packed amylose moieties resulting in hydrogen bond 
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formation (Sajilata et al., 2006). This crystilline structure is commonly found in cereal products 

and starch granules of these products tend to look like small and polyhendric (Sajilata et al., 

2006, Annison and Topping, 1994).  

Type B consists of less tighly packed double helical amylopectin, ranging in chain length 

between 30 to 44 glucose units. Water is inter-spread and fills the centre of the hexagonal 

structure. Products that exhibit this kind of crystaline structure are green bananas and raw 

potatoes and starch granules in these products form large shperical granule shapes (Sajilata 

et al., 2006, Annison and Topping, 1994).  

Type C is a combination of type A and B: its structure is formed by amylopectin with a chain 

length of 26 to 29 glucose molecules. It is usually seen in legumes and pulses such as peas and 

beans (Sajilata et al., 2006). Starch granules from C type products are kidney-shaped (Annison 

and Topping, 1994).  

Type V structure is formed in swollen starch granules. Figure 1.4 presents type A and B and C 

type of starches indicating the water content as adapted from Salijata et al. (Sajilata et al., 

2006). 

 

 

Figure 1. 4 Starch Crystallinity of Type A, B and C  

Adapted from (Sajilata et al., 2006) 
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The ratio of amylose-amylopectin can vary greatly between plant species and is mainly 

influenced by genetic and environmental factors. Plant based food with higher amylose to 

amylopectin ratio tend to be digested more slowly, resulting in slower glucose release in the 

circulation, leaving a proportion of non-hydrolyzed starch to travel to the colon for 

fermentation by gut microbiota (Botham et al., 1996). 

 

1.3.2.2.2 Starch Granule Morphology  

 

An important factor affecting digestibility at the molecular level is the starch granule 

morphology and how the starch is organized during development and growth in plants. Starch 

granules consist of concentric rings of amorphous and pseudo-crystalline structures which are 

being developed during granule growth and can been observed by the typical Maltese cross 

birefringence pattern in polarized light (Figure 1.5) (Donald, 2004, Mishra et al., 2012). In the 

crystalline regions, starches are highly organized with closely packed and short branches with 

approximately 10-20 glucose subunits in length (Saltiel, 2000, Ratnayake and Jackson, 2007, 

Waigh et al., 2000). In the amorphous region, starches contain highly branched points, at α 1-

6 glycosidic bonds, in the amylopectin molecule and also interspersed with amylose (Donald, 

2004). The crystalline regions are more resistant to pancreatic enzymes than the amorphous 

regions and additionally protein and lipid coating found in the starch granule surface can 

induce further resistance and act as a barrier against hydrolysis and pancreatic enzymes 

penetration (Donald, 2004, Debet and Gidley, 2006). Despite the resistant coating found in 

the granule surface, formed by proteins and lipids, it is important to mention that most starch 

granules have surface pores which act a cavities along the center of the starch granule (Huber 

and BeMiller, 2000). Fannon et al., reported that pores observed in maize appeared to have 

a random distribution and each granule had different number of pores (Fannon et al., 1992). 

Additionally, Juszczak et al., reported that although maize pores were obvious using atomic 

force microscopy, in potato and tapioca they were almost invisible and smaller (Juszczak et 

al., 2003). In terms of starch digestion, this feature can be highly important as big and open 

pores might allow enzymatic penetration quicker resulting in glucose leaching from inside out 

of the cell. This effect has been observed in native granules (Copeland et al., 2009, Oates, 

1997, Gallant et al., 1992). 
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Figure 1. 5 Starch granule morphology  

Adapted from (Nazarian-Firouzabadi and Visser, 2017) 
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1.3.2.2.3 Gelatinization and Retrogradation  

 

Another important factor that can influence the rate of digestibility is the so-called 

gelatinization effect which occurs when starch granules are cooked in excess water. 

Gelatinization is the process where starch granules swell and lose their pseudo-crystalline 

structure form. Amorphous regions tend to swell and cause the crystalline structures to 

separate (Donald, 2004). As mentioned above, amorphous regions are consisted of 

connecting glycosidic bonds with semi crystalline regions. Swelling and opening, leads to 

accessibility of the pancreatic enzymes to the glyosidic bonds thus making the starch more 

digestible by increasing the release of hydrolyzed products quicker as well as increasing their 

glycaemic impact. Different factors can affect starch gelatinization levels and swelling. The 

amount and distribution of pores found in the surface area will allow water into the center of 

the starch granule (Mishra et al., 2012).  

Starch gelatinization classification separates starches into those which: 

➢ swell immediately 

➢ show medium swelling  

➢ have a protein and lipid coating in the surface  

➢ containing high amylose which are not fully gelatinized until well above 1000 C (Debet 

and Gidley, 2006) 

Indeed, the starch granule structure found in starches with high amylose (such as the r mutant 

pea (see later)) does not allow fully gelatinization until well above 100°C. This unique property 

leads to far more resistance during enzymatic digestion (Tahir et al., 2010, Bogracheva et al., 

1999). Additionally, an important factor controlling gelatinization point is the water 

availability and water uptake. Not enough water will reduce gelatinization rate and 

consequently this will lead to lower digestion rates. Legumes and pulses offer a great example 

to describe this phenomenon as starches trapped within a matrix or intact resistant plant cell 

walls may not fully gelatinize during cooking. If during cooking the cell walls remain intact, the 

densely packed starches, will not have enough space to swell and this will result in less 

gelatinization thus minimizing digestibility to a greater extent (Tovar et al., 1990, Tovar et al., 

1992). 

When cooked starches are cooled down they tend to recrystallize. This is known as 

retrogradation and can significantly affect digestion rates. Both amylose and amylopectin 
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tend to retrograde. However, amylose due to less branched chains, recrystallizes more 

readily, and thus become more resistant by limiting the penetration of pancreatic enzymes. 

Amylopectin due to high branching will retrograde to a lesser extent and the rate of 

pancreatic enzymes penetration and digestion will be higher. This effect has been seen in 

starch-based food such as pasta and potatoes (Najjar et al., 2004). 
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1.3.2.2.4 Modified and Complex Starches  

 

Starch modification is an alternative strategy to induce delayed digestion and absorption. The 

chemical modifications aiming at structural changes at the molecular level of starch granules 

results to altered digestion profiles as well as rheological properties (Mishra et al., 2012). 

Modifications include depolymerization by acid or enzymes, addition of substituent groups, 

cross-linking, alter gelatinization or retrogradation properties (Mishra et al., 2012).   

Complex starches are created when amylose and amylopectin interact with lipids and 

formation of single-helical complexes with fatty acids and fatty alcohols is occurring (Birt et 

al., 2013). This interaction causes a protective effect against pancreatic enzyme penetration, 

reducing water uptake and thus swelling (Birt et al., 2013). The rate of digestion of amylose-

lipid complex structures has been found to be less than digestion of amylose alone but higher 

than retrograded amylose starches (Holm et al., 1983). 
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1.3.3 Food Structure at the Cellular Level 

 

Plant based foods are composed of plant cells walls. Plant cell walls are supramolecular 

matrices consisting of cellulose, hemicellulose, pectin, lignin, protein and water (Grundy et 

al., 2016). Depending on the botanical origin and state of maturity/harvesting of plants, 

existence of components mentioned above will vary significantly. This is mainly the reason 

why there is wide variation in the properties of the cell wall matrices during digestion (e.g. 

porosity, cell separation, fragmentation, rupture and viscosity) (Burton et al., 2010, Grundy 

et al., 2016). These properties are important as they can control nutrient bioaccesibility, 

gastric emptying, reduced rates of digestion and absorption as well as the amount of 

undigested components that pass into the colon for fermentation by gut microbiota (Grundy 

et al., 2016). Bioavailability refers to the proportion of a nutrient broken down during 

digestion and its availability for absorption and use by the human body. Three factors play a 

role with regards to bioavailability of a nutrient. Such factors are; the fraction of a nutrient 

that is released from the food, ( the so called term ‘’bioaccesibility’’), the rate of absorption 

by intestinal cells and the amount of nutrients being transported to target body cells (Boland 

et al., 2014). For nutrients to be digested, they have to come in contact with pancreatic 

enzymes. This can occur via rupture of the cells walls or by diffusion of pancreatic enzymes 

via the cell walls. In most cases during digestion, cell walls and extra layers of cells act as 

barriers to protect the starch granule from enzymatic penetration (Palafox‐Carlos et al., 2011, 

Mandalari et al., 2008, Fillery-Travis et al., 2010). This leads to starch encapsulation and this 

can be considered as an important mechanism where, intact plant tissues are protected, 

leading to more attenuated and slower digestion rates and postprandial plasma glucose 

appearance in the circulation (Berry et al., 2008, Edwards et al., 2015, Gidley, 2013, Grundy 

et al., 2016). However, due to relative variability in components accompanied cells walls in 

plant food structures there are differences in digestion profiles. When cells walls are highly 

permeable or sensitive to mastication the release will be immediate and the digestion rate 

higher. Thicker cell walls that are less permeable or less susceptible to rupture lead to slower 

and more attenuated release of nutrients (Grundy et al., 2016). Cereal products such as 

mature grains, wheat and some legumes tend to have a structural organization of protein and 

starch that results in an extensive hard endosperm and under mastication they fragment into 

particles. The bigger the size of particles the less the enzymatic penetration. However, in 
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dense particles, penetration will be slow, and a significant amount of the food will escape 

digestion in the upper GIT.  

Pulses have a different structure from cereals. Pulses consist of thick and resistant cell walls 

which act as a barrier during gelatinization and reduces swelling. The cell walls of pulses are 

mainly composed of pectin and during processing the thick and resistant cell walls will 

degrade to an extend and cells will start separating (Mishra et al., 2012). As a result, this will 

cause starches to swell and separate, increasing enzymes penetration (Woo and Seib, 2002). 

This is usually happening in very high heating temperature >100oC. In domestic cooking 

usually, the thick cell walls are able to remain intactness with encapsulated starch to remain 

in place. This special feature reduces digestion rate and lower their glycemic effect in contrast 

with other plant-based foods (Venn and Mann, 2004). Specifically, when thermal processing 

is limited and fragmentation of food during mastication is limited particles are able to escape 

digestion and thus travel to the colon for fermentation.   
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1.3.4 Food Structures Altered by Processing 

 

So far, the discussion has focused on different structural properties found in plant-based 

foods at the molecular and cellular level and their impact on digestion. Other factors 

influencing the digestion rates and glycaemic responses of starch-based foods include 

mechanical disruption of food structures during food processing (e.g. cooking, thermal 

processing), during mastication and during gastrointestinal break down. This section will focus 

on processing being adopted by domestic and industrial applications. 

During domestic and industrial processing there is disruption in structure integrity and starch 

damage leading to a formation of a secondary structure. Using advanced microscopic 

techniques, scientists have been able to identify several types of damage. In some cases, 

entire starch granules have been damaged whereas in other cases specific regions of the 

granule is disrupted (Ziegler et al., 1971). Processing of plant base foods may result in loss of 

the protective tissues found in plants, loss of the barrier function being created by proteins 

and lipids in starch granule surface areas and loss of the molecular packing of starch within a 

starch granule (Mishra et al., 2012). Intact starch granules are surrounded by a hull that limits 

water uptake and enzymatic degradation, de-hulling will lead to increased water uptake 

making the starch rapidly digestible. Additional evidence indicates that pores and crashes 

seen in processed starch granules will result in acute attack from pancreatic digestive 

enzymes and higher amounts of water absorption (Donald, 2004). As a result, domestic and 

industrial processing will reduce structural integrity and increase digestibility. The digestion 

profile rates will then be determined by a new, secondary structure formation based on food 

particles being created during and after food processing.  

Mechanical disruption in food structures can been seen in products that have been milled (i.e. 

production of flour). Milling involves grinding by applying shearing forces. This procedure 

results in breakdown of the seed coating area and break down of inner part of the seed, the 

endosperm. The formation of the new product will affect digestibility to a large extent, mainly 

due to an increase in food particles. Smaller particles will increase the rapidly digestible starch 

and decrease the resistant starch (Hallfrisch and Behall, 2000). Depending on the nature of 

the food, industrial processing will result in open porous structures leading to a high internal 

surface area causing acute, almost immediate, entrance of digestive enzymes. Foods with 

open porous structures are bread, cakes, snacks etc. which have a high amount of rapidly 
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digestible starch (Mishra et al., 2012). Other kind of foods which tend to be more solid, such 

as pasta based, will be affected by their surface area properties and the time it will take for 

pancreatic enzymes to cross superficial (Mishra et al., 2012).  

Mushing and chopping or kibbling are alternative ways of processing. These ways of 

processing will not result in tissue disruption as seen during milling and digestibility rates will 

not affected to the same extent (Mishra et al., 2012). This is because the plant tissue damage 

is less affected in cases of cutting/chopping and the extra layers encapsulating starch will 

remain undisrupted making enzyme penetration more difficult (Mandalari et al., 2008). 

Various studies in the literature have demonstrated these effects using nuts, especially 

almond seeds. Detailed studies evaluating bioaccesibility and bioavailability from fragments 

of almonds indicate that cell walls act as a thick barrier against small intestinal digestion, and 

loss of nutrients even after 12 hours of digestion reaches only three to five cell layers deep of 

the fractured surface (Palafox‐Carlos et al., 2011, Mandalari et al., 2008).  
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1.3.5 Food Structures and Digestion in Humans 

 

1.3.5.1 Oral Digestion 

 

The human gastrointestinal tract consists of the oral cavity, esophagus, stomach, small 

intestine (duodenum, jejunum and ileum) and the large intestine which includes the 

ascending, transverse and descending colon, rectum and anus. The digestive system works on 

two levels: mechanical and chemical. The presence of carbohydrates in the mouth stimulates 

nerve receptors both mechanically and chemically, through nerve receptors, to reinforce the 

stimulus to saliva production.  

This is the first stage of carbohydrate digestion. Saliva contains the enzyme α-amylase, a 

glucosidase, that specifically hydrolyzes α (1-4) glycosidic linkages and initiates the 

breakdown of dietary starches (Gropper and Smith, 2012). Saliva also contains the 

glycoprotein mucin which acts as a bolus lubricator (Frayn, 2009).  

When dietary starches are being consumed, salivary amylase partially hydrolyzes amylose and 

amylopectin and thus reducing their viscous properties (Boland et al., 2014).  Mastication is 

the first step in the digestion process. There are three important functions happening in the 

mouth with regards to food structure. These are: the mechanical breakdown of complex 

carbohydrates (release of nutrients), food is now changing structure and the size of food 

fragments is increasing so it can be easily swallowed and get ready for esophagus. Lubrication 

of food with saliva contents is the last step aiming at forming a well-lubricated semi-solid 

bolus that can easily pass via mouth to the esophagus (Mishra et al., 2012). Due to the short 

period that the food remains into the mouth, before passing to the esophagus, there is a small 

number of monosaccharides and disaccharides being formed. Therefore, mastication is the 

natural way of increasing carbohydrate availability by reducing food structure and increase 

the particle surface area of an ingested food. The rate of break down by digestive enzymes 

will be defined by either the increase or elimination of the surface area of food particles. The 

degree of mastication can differ significantly among individuals and may contribute to the 

inter-individual variation observed in glycaemic response to a food mainly due to the impact 

on food structure with emphasis on food particle size. Zhu et al., examined the effect of 

mastication behaviour in relation to glucose metabolism. They compared 15 with 40 chewing 
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movements before food passes to the esophagus and measured plasma glucose, serum 

insulin and GIP concentrations. Results indicated that post prandial plasma glucose, insulin 

and GIP concentrations were higher after 40 times of mastication compared to 15 (Zhu et al., 

2014). The degree of chewing and food particle size are interconnected, and chewing will 

influence gastric emptying and postprandial glucose responses. Evidence in the literature 

suggests that smaller food particles will result to a greater postprandial glucose, insulin 

release and quicker gastric emptying than larger particles (Ranawana et al., 2010). It has been 

seriously proposed, as a way of eliminating food structure disruption and avoiding spikes in 

plasma glucose and serum insulin to chew food as little as possible (Read et al., 1986). 

However, chewing seems to be a highly important step during digestion mainly because it 

makes food more pleasurable, as well as preparing it for esophagus and stomach by 

lubricating it and by forming a bolus. It is important to mention that in modern societies, 

developments in food processing (i.e. high-temperature, high-pressure extrusion advanced 

technologies, structural degradation (milling)) increase gelatinization and thus the 

digestibility rates of foods making structural degradation less of an important factor during 

chewing. Chewing will only affect foods that have retained their intact form (i.e. pulses, 

legumes and grains) and those that have dense non-porous starch matrices (i.e. pasta) 

(Mishra et al., 2012). Mastication and enzymatic penetration in the mouth in combination 

with high gelatinized starch will result in small food particles forming and passing immediately 

to the stomach and small intestine leading to immediate digestion and absorption (Ranawana 

et al., 2010). 

 

1.3.5.2 Gastric Digestion 

 

The stomach acts a muscular sac where regular muscle contractions and intense shear forces 

in the antrum and pylorus region lead to food breakdown and prepare it for the small intestine 

(Boland et al., 2014). The mechanical activity of the stomach results in structure break down 

and liquefaction of food particles with the aim to allow access of pancreatic digestive enzymes 

access the inner layers. Although the stomach has the tendency to retain large food particles 

we know that almost 10 to 15 minutes from ingestion there is increase in blood glucose levels 

with a peak between 30 to 40 minutes. This might be explained by the increased digestibility 

seen in many foods with a disrupted food structure. The gastric emptying and starch 
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digestibility properties are interconnected (Darwiche et al., 2001) as the gastric emptying is 

dependent on food structure properties such as viscosity, gelatinization and retrogradation 

(Turgeon and Rioux, 2011) and it has been reported that intact food structures will delay 

digestion (Donald, 2004, Darwiche et al., 2001).  

Food particles pass to the small intestine when they reach 1-2 mm in size (Boland et al., 2014). 

The acidic environment in the stomach aims to stop salivary amylase action and dietary starch 

breakdown (Frayn, 2009). However, due to the fact that higher peristaltic forces occur near 

the pylorus (lower part of stomach), when a large meal is consumed it might remain relatively 

undisturbed and amylase activity might act for up to an hour in the upper part of the stomach 

(Frayn, 2009). It has been estimated that up to 50% of dietary starch may be digested by the 

time food enters the small intestine (Frayn, 2009). However, in the stomach there is not 

absorption of dietary components. Mainly, the stomach acts as an organ of mechanical 

breakdown of food. When food particles have reached the appropriate size to enter small 

intestine the pyloric sphincter opens, and the food mixture passes through. 

 

1.3.5.3 Small Intestinal Digestion 

 

Food passage from the stomach to the small intestine will depend on gastric emptying and 

starch digestibility rates which can be determined based on granule surface area, degree of 

crystallinity and structure. Starch encapsulation is highly important as can control enzymatic 

penetration. Most of the digestion and absorption process is taking place at the small 

intestine and during that stage the breakdown of food tends to be purely chemical. However, 

some regional contractions exist and help mixing the luminal content with digestive enzymes 

increasing the contact between the bolus and mucosal surface aiming to achieve nutrient 

absorption (Müller et al., 2018). In the small intestine the efficiency of digestion and 

absorption is very high. There are four important sources of digestive agents in the small 

intestine which facilitate efficient nutrient absorption (Frayn, 2009): 

➢ The gall bladder, which provides the bile salts for fat emulsification 

➢ The exocrine pancreas, which provides bicarbonate to elevate the pH of the food to a 

level adequate for enzymatic action and also the release of digestive enzymes 

➢ Secretory cells in glands, located around the small intestinal wall, which produce an 

isotonic, neutral, mucus containing juice 
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➢ The brush border membrane, where many digestive enzymes can be found. 

Carbohydrate digestion in the small intestine is aimed at breaking down disaccharides and 

complex carbohydrates into monosaccharides for absorption and transportation to the portal 

vein. However, not all carbohydrates are absorbed in the small intestine (i.e. resistant starch). 

The pancreatic juice contains pancreatic α-amylase, the enzyme responsible for carbohydrate 

breakdown and is being secreted by the acinar cells straight to the duodenum. The pancreas 

secretes approximately one and a half liters of pancreatic juice into the small intestine daily.  

Starch is digested in the small intestine to simple components such as oligosaccharides, also 

called dextrins and α-limit dextrins, maltose and maltotriose (Boland et al., 2014, Gropper 

and Smith, 2012). Digestion of disaccharides and a few other oligosaccharides is carried out 

by the enzymes of small intestinal brush border (Boland et al., 2014). Once carbohydrates are 

digested, the by-products of digestion must be absorbed and transported via the portal vein 

to the circulation by facilitated glucose transporters (SGLT-1 & GLUT-2). Any undigested 

material will eventually reach the large intestine where it will be fermented by the gut 

microbiota or pass in the feces.  

Important factors controlling intestinal glucose are the rate and form of food release from the 

stomach to the small intestine, the rate and extent of carbohydrates breakdown and the 

mesenteric blood flow. Small intestinal flow patterns can be measured with intestinal 

manometry or impedance catheters measuring the pressure waves in the intestines 

(Darwiche et al., 2001). Other methods include breath tests using stable isotope traces 

(Müller et al., 2018). Moreover, a few studies have tried to understand the relationship 

between small intestinal contents and rate of absorption by extracting luminal contents from 

obese or overweight individuals and comparing the energy content of aspirated samples 

(Müller et al., 2018). Even though these techniques can give important information about 

macronutrients passage to the small intestine and help us to understand direct effects, they 

are not very informative in terms of the food structures function and their role in small 

intestinal environment. Understanding how the small intestinal environment handles 

different plant-based food structures, such as thick cell walls and fibrous tissue structure, is 

crucial and can be used to alter the digestive quality of processed foods with the aim to reduce 

hyperglycemia long term. Many studies have tried to analyze the complex digestive 

properties of plant-based foods by employing in vitro digestion systems. Previous studies 

have confirmed the importance of plant cell wall structures on rates of digestion and 
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postprandial metabolism by collecting the ileal output from a test meal fed to ileostomy 

patients (Edwards et al., 2015, Englyst and Cummings, 1985). The small intestinal 

environment plays an important role in postprandial glucose response and studies are yet 

inconclusive. Further, well designed studies involving healthy human subjects are warranted 

to study the interplay between the luminal contents and plant-based food structures.  

 

1.3.5.4 Large intestinal Process of Digestion 

 

The large intestinal digestion process is driven by totally different factors to those discussed 

so far. The human gut microbiome is one of the most diverse microbial communities providing 

metabolic, immunologic and highly protective functions beneficial to the host (Holscher, 

2017). Most abundant gut microbiota in the human microbiome include Firmicutes and 

Bacteriodetes (>80%) (Müller et al., 2018). Less abundant include: Actinobacteria, 

Proteobacteria, and Verrucomicrobia (Müller et al., 2018). The gut microbiome can be altered 

by many factors such as; dietary intake and lifestyle, use of medications, overall host 

physiology as well as genetic factors (Holscher, 2017).  

Resistant starch that escape small intestinal digestion will enter the large intestine where it 

can be fermented by the gut microbiota population. Fermentation leads to production and 

release of SCFAs. SCFAs will be either used as an energy source by bacteria, absorbed by 

colonic, transported to liver for cellular energy, or removed from the body and eliminated in 

feces. It has been estimated that the amount of the energy gained/regained via colonic 

fermentation may contribute to 5-10% of basal energy requirements (Frayn, 2009). 

Additionally, it has been estimated that the energy produced via the fermentation process of 

resistant starch/dietary fibre by gut bacteria is approximately 2 kilocalories (kcal)/gram 

consumed. Diet is a key player for the composition, diversity and metabolic function of the 

gut microbiome. Consisted evidence supports that gut microbiome dysbiosis may play a role 

in obesity and T2D (Utzschneider et al., 2016). Tremaroli Bäckhed, reported that alterations 

in gut microbiome might be attributed to increased rates of obesity and T2D (Tremaroli and 

Bäckhed, 2012, Tilg and Moschen, 2014).  

As mentioned above, resistant starches that escape digestion in the small intestine will 

eventually be fermented by gut microbiota, and this process leads to many health benefits 

for the host. In the same way that the food structure can affect digestibility rates and 
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glycaemic response in the upper GIT, starch molecular and cellular structure can also affect 

fermentation processes in the large intestine. It has been reported in the literature that there 

is a difference in energy production between resistant starch and soluble/insoluble fibres. 

Some polysaccharides, such as cellulose and psyllium gum, due to their molecular and 

structural properties, as well as hydration status, cannot be fermented by bacteria to the 

same extent as other less branched polysaccharides and thus they pass into feces almost 

intact increasing the fecal bulk (Mishra et al., 2012, Monro and Mishra, 2010). Many botanical 

species consist of secondary cell walls made by cellulose and lignin and might not act as 

fermentable components (Esau, 1967). Monro and Mirsa, examined how different tissues at 

the cellular level found within the same plant based food can result to different functionality 

patterns in the large intestine (Monro and Mishra, 2010). They examined how 

parenchymatous pitch cells (fundamental tissue in plants, with thin wall and unspecialized 

structure) and the cortex layer (secondary thick rind) of broccoli altered gut digestion after 

feeding rats. They identified that the cortex layer (rind) increased fecal bulk, and stool 

samples had a higher hydrated output. The also observed, higher water holding capacity and 

increase passage of water via the colon. The same results were not observed in the case of 

parenchymatous pitch cells consumption indicating that gut microbiota processed that type 

of plant cell. These experiments indicate that health benefits of plant-based foods 

consumption are not attributed to starch polysaccharide components per se but to other 

properties such as structure morphology of the starch polysaccharides. 
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1.4 Short Chain Fatty Acids Production and Absorption 

 

The most abundant SCFAs in the gut are acetate, propionate and butyrate which constitute 

>95% of the SCFA content (Cummings et al., 1987). The remaining 5% covers formate, valerate 

and caproate (Cummings et al., 1987). The highest amount of SCFAs production occurs in 

caecum and proximal colon (Wong et al., 2006) and studies using fecal samples have shown 

that the concentrations of SCFAs are found in a molar ratio of 3:1:1 of acetate, propionate, 

butyrate, respectively (Schwiertz et al., 2010, Fernandes et al., 2014). SCFA concentrations 

are 10-fold higher in caecum (131mmol/kg) than in the ileum where a concentration of 13 

mmol/kg has been found (Cummings et al., 1987). In vitro fermentation studies using samples 

from ileostomy patients have shown a production of 120-420 mmol acetate and 45-148 mmol 

propionate approximately per day and this was totally dependent upon the type of 

fermentable carbohydrates found in their diet (McBurney et al., 1988). Factors such as gut 

microbiota species and diversity, gut transit time of food passage, as well as the type of diet 

can have significant effects on SCFAs production (Wong et al., 2006, Pylkas et al., 2005).   

Theoretically, consumption of a high fibre diet (>30g/day) can yield approximately ~400-800 

mmol SCFAs production per day (Cummings and Macfarlane, 1997, McBurney and Thompson, 

1989). Experimental studies where plant-based foods have been used, such as oat and kidney 

beans, which are high in resistant starch content, lead to the highest production of the major 

SCFAs (McBurney et al., 1988). Studies in the literature have reported that quick transit of 

food via the colon might lead to reduced SCFAs production and perhaps an important reason 

might be the loss of food matrix seen in many processed foods which makes them highly and 

easily digestible (Topping and Clifton, 2001, Owens and Isaacson, 1977, El Oufir et al., 2000). 

Absorption of SCFAs is highly efficient with only ~10% SCFAs excreted in feces (Wong et al., 

2006). The absorption of SCFAs is occurring via the apical membrane of colonic epithelial cells 

through four specific mechanisms including non-ionic diffusion of protonated SCFAs (Ruppin 

et al., 1980), exchange with bicarbonate (Titus and Ahearn, 1988), hydrogen-coupled 

monocarboxylate transporters (MCT) 1,2 and 4 (Ritzhaupt et al., 1998, Moschen et al., 2012) 

and sodium-coupled MCT1 (Moschen et al., 2012). SCFAs can be transported to the portal 

vein and liver via the mesenteric and inferior mesenteric vein (Bloemen et al., 2009, Bailey et 

al., 2012). Also, SCFAs can bypass the portal vein and liver via the pelvic plexus which 
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transports SCFAs into the inferior vena cava and results in SCFAs being released into the 

systemic circulation (Bailey et al., 2012). 
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1.5 Resistant Starch and Glucose Homeostasis 

 

There is some evidence in the literature supporting that high resistant starch consumption 

leads to improvements in post prandial blood glucose and insulin sensitivity in healthy as well 

as T2D patients (Bodinham et al., 2014, Robertson et al., 2005). In some studies, long-term 

consumption of resistant starch has shown positive effects on insulin connecting peptide (C-

peptide), peripheral insulin sensitivity and first phase insulin secretion (Bodinham et al., 2012, 

Jenkins et al., 2012). These beneficial effects have been attributed to resistant starches, as 

constituents of the plant cell. As resistant starch escape hydrolysis in the small intestine and 

pass via the digestive tract to the large intestine they are fermented by a myriad of gut 

bacteria, producing SCFAs and other molecules. SCFAs are natural ligands for free fatty acid 

receptor 2 (FFAR2) and free fatty acid receptor 3 (FFAR3) which have been identified in several 

cell types in the body such as L-cells, adipocytes, muscles cells, and β-cells of the pancreas.  

SCFAs receptor activation (FFAR2/FFAR3) is thought to bring a variety of beneficial effects for 

the host and positively regulate metabolic function (Nøhr et al., 2013).   

Studies in animals support the positive effects of resistant starch consumption on endocrine 

activity with the GIT and related neuropeptide expression in the hypothalamus (Keenan et al., 

2006, Shen et al., 2009). GLP-1 and GIP are the most potent incretin hormones secreted by 

the GI tract with anti-diabetic effects. It has been demonstrated that SCFA receptors found in 

colonic L-cells trigger release of GLP-1 and propionate stimulation of GLP-1 is dependent on 

FFAR2 activation (Ge et al., 2008). Moreover, it has been demonstrated that FFAR2 knock out 

mice have impaired glucose tolerance and reduced glucose-stimulated GLP-1 release 

(Tolhurst et al., 2012). In a study conducted by Zhou et al., results indicated that resistant 

starch consumption triggered GLP-1 production in rats for over 24 hours. However the group 

reported no profound effects in glucose and insulin measures (Zhou et al., 2008). Shen et al., 

reported that GLP-1 can increase proinsulin gene expression and promote β-cell apoptosis 

(Shen et al., 2011). Moreover, GLP-1 is known to act on β-cells of the pancreas and trigger 

glucose-stimulated insulin release resulting in depolarization and insulin exocytosis (Rondas 

et al., 2013). Through depolarization and insulin exocytosis the liver reduces gluconeogenesis 

and increases glycogen synthesis (Fontana et al., 2013, Nauck et al., 1993). GLP-1 accounts 

for up to 60% of post-prandial insulin release in healthy individuals and as a result this helps 
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with lowering post-prandial glucose levels (Salehi et al., 2010). However, given the fact that 

in most animal studies the portion of resistant starch is between 30-60% total energy intake 

it is quite difficult to know if these results can be translated to humans considering that 

animals have a different GIT anatomy than humans and the amount consumed is high.  

The incretin gut hormone GIP is released from the upper GIT immediately post ingestion 

therefore it is not expected to act via the pathway of resistant starch fermentation and SCFA 

release, as seen with GLP-1. However, it is worth mentioning that in a study conducted by 

Shimotoyodome et al., where mice were fed different types of resistant starch for 4 weeks, 

results indicated that resistant starch Type IV reduced postprandial GIP release and resistant 

starch Type II increased postprandial GIP release. This outcome might be attributed to the 

fact that Type II resistant starches were absorbed from the small intestine due to their 

structural properties as opposed to resistant starch Type IV which possible exhibited a 

reduction in the absorption at the proximal and distal small intestine (Shimotoyodome et al., 

2009).  

As mentioned above SCFAs receptors has been found in other tissues such as adipocytes, 

muscles cells and perhaps this effect may contribute to improvements in glucose homeostasis 

(Pingitore et al., 2017, Canfora et al., 2015). It has been demonstrated that acetate can enter 

the bloodstream, converted to acety-CoA in the liver and other tissues and thus working as a 

precursor for lipogenesis or as a substrate for fat oxidation (Frayn, 2009). Changes in tissue 

insulin sensitivity hepatically and peripherally are significant parameters in glucose 

homeostasis.  It has been reported in the literature that diets high in resistant starch will alter 

body composition in animals (So et al., 2007, Pawlak et al., 2004). SCFAs can act directly to 

adipocytes and inhibit lipolysis resulting in reduced levels of adipocyte-derived long chain 

non-esterified fatty acids (NEFAs) which has been shown to have an effect on glucose 

deterioration when found in peripheral circulation postprandially (Canfora et al., 2015, 

McArdle et al., 2013). Attenuated insulin release, after consumption of resistant starch, will 

cause lipolysis inhibition and as a result this will promote lipid oxidation (Ge et al., 2008). Lipid 

oxidation will lead to less amount of FFA in the circulation competing with glucose, and this 

will improve glucose metabolism (Higgins et al., 2004). Brites et al., experimented by feeding 

4 healthy rat groups with wheat bread, resistant starch - wheat bread, maize bread and 

resistant starch - maize bread. His group evaluated post prandial glucose response, feed 

intake, body weight gain and fecal pH. Results indicated that that resistant starch from wheat 
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bread led to significantly lower glucose responses than plain wheat bread. The resistant starch 

maize group experienced significant reductions in feed intake, fecal pH, a reduction in fasting 

and post prandial glucose (Brites et al., 2011). On another study, human subjects with 

metabolic syndrome were advised to consume 40 g of resistant starch for 8 weeks. Results 

indicated no effect on fasting insulin and glucose levels as judged by Homeostasis Model 

Assessment Insulin Resistance (HOMA IR) but the authors reported a significant improvement 

in tissue insulin sensitivity as measured using the clamp technique (Johnston et al., 2010).  

Increased insulin sensitivity, forearm glucose clearance, reduction in lipolysis and increased 

SCFA appearance in both muscles and adipose tissue, with high resistant starch consumption, 

has been observed by Robertson et al. (Robertson et al., 2005).  

Another possible mechanism relating SCFAs to the β-cell is the expression of FFAR2 in human 

pancreatic islets. Pingitore et al., showed that islet β-cells express FFAR2 and this is possibly 

the reason for the effects of SCFAs on islet function (Pingitore et al., 2017). They 

demonstrated that the SCFA, propionate, has beneficial effects on β-cell function in vivo. In 

vitro, the group has shown that propionate potentiates glucose-stimulated insulin release and 

maintains β-cell mass via inhibition of apoptosis (Pingitore et al., 2017). Additionally, in a 

study conducted by Bodinham et al., 12 overweight individuals consumed either 40 g resistant 

starch Type II or the energy and carbohydrate - matched placebo daily for 4 weeks. Results 

indicated significantly increased C-peptide levels and first phase insulin secretion in the group 

that consumed the high amount of resistant starches. However, these results were observed 

without any alterations in body weight or energy intake (Bodinham et al., 2012). On another 

study where rats fed with 30% resistant starch or a control energy diet for 10 weeks, results 

indicated that pancreatic β-cell mass, insulin sensitivity, pancreatic insulin content, total GLP-

1 levels were improved in the case of high resistant starch diet consumption (Shen et al., 

2011). In summary, these data suggest that SCFAs could play a significant role in β-cell 

function via direct activation of the β-cell FFAR2 receptor to improve glucose-stimulated 

insulin release. 

Therefore, consuming whole foods with retained plant cell structure, that are minimally 

affected by mastication, processing and pancreatic digestive enzymes attach, will result in 

slow glucose release in the circulation and therefore this will increase the resistant starch 

content available for colonic fermentation leading to increased production of SCFAs. When 

tissue structure is retained, it reduces carbohydrate availability and vice versa.  This 
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phenomenon has been observed in studies where subjects were given fruits or fruit juices to 

consume (Haber et al., 1977). Additionally, studies have reported an increased relation 

between larger particle sizes and lower glycaemic load and higher colonic fermentation rates 

(Fardet et al., 2006, Bird et al., 2000). 

Having discussed digestion and food structure, the discussion now turns to the presentation 

of dietary tools that have the beneficial properties of resistant starches and are consumed by 

a large percentage of the population in the UK. 
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1.6 Identifying Dietary Tools with High Resistant Starch Content 

 

Different approaches have been adopted by the food industry with the aim to retain tissue 

structure but at the same time produce palatable foods attractive to consumers. In many 

cases, in bread-based products, fragments of intact kernels have been added (Mishra et al., 

2012). Different approaches in mechanical processing such as cutting and chopping instead 

of grinding to produce flour have been used as an alternative strategy to minimize 

carbohydrate release and tackle erratic blood glucose responses (Mishra et al., 2012). Despite 

these and other approaches, hyperglycemia is still occurring and affecting a significant 

amount of the population worldwide. Identification of dietary tools that lead to lower post 

prandial plasma glucose and become available for colonic fermentation should be a public 

health priority as it can work as an alternative strategy in the prevention of long-term 

hyperglycemia and reduce the risk of T2D. 

 

1.6.1 Natural Mutations and Starch Synthesis 

 

As discussed in the early sections of this Chapter, starches are stored in plant based-tissues 

as insoluble, semi crystalline granules and they consist of two structural glucan polymers 

amylose and amylopectin, which are stored within specialized plastids, the amyloplasts 

(Lovegrove et al., 2017, Martin and Smith, 1995). Molecular and cellular structure will define 

starch digestibility and consequently will affect glycaemia and colonic fermentation. 

In recent years, there has been an increased interest in starch biosynthetic mutations and 

their consequences for carbohydrate quality and health outcomes. For example, plant-based 

foods with higher amylose than amylopectin composition can increasingly be valued mainly 

due to their possible health promoting effects and can potentially act as preventive tools 

against many conditions such as GIT related diseases, specific types of cancer and T2D.  

To understand natural biosynthetic mutations, it is important to understand the steps in 

starch biosynthesis and how natural mutations of plant-based foods can affect starch 

structure and function during digestion by the human body.  

To begin with, it is known in the literature that amylose, which is resistant to digestion, 

comprises between 11 and 36% of the starch found in plant-based foods depending on the 
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botanical origin and variety. This was based on a review examining 51 species and 399 maize 

varieties (Deatherage et al., 1955). The remaining starch is comprised by the highly digestible 

amylopectin. Important factors for the amylose/amylopectin formation ratio can be the plant 

origin, the growth conditions of the plant and the maturation and harvesting timings 

(Shannon and Garwood, 1984).  The starch biosynthesis process requires three enzymes. 

These are:  

1) ADP glucose pyrophorphorylase 

2) Starch Synthase (SS) 

3) Starch Branching Enzyme (SBE) (Martin and Smith, 1995). 

During biosynthesis of starch in plants both amylose and amylopectin are formed by the 

enzyme ADP-glucose pyrophosphorylase (AGPase) which catalyzes the reaction of glucose-1-

phosphate with ATP to form ADP-glucose, knowing as pyrophosphate (Martin and Smith, 

1995). The next step of starch synthesis involves the SS enzymes. SS enzymes use ADP-glucose 

as a substrate to add glucose units at the end of a growing polymer chain and start the 

building up of starch molecules-α(1-4) glycosidic bonds (Martin and Smith, 1995). Following 

the formation of starch molecules, SBE are recruited to form the branches in starch polymers-

α-(1-6) glycosidic bonds (Martin and Smith, 1995). They act by hydrolyzing 1,4-glycosidic 

linkages and in their place, they form 1,6 linkages with other glucose units (Martin and Smith, 

1995). Both enzymes (SS & SBE) are important for the formation of amylose and amylopectin 

and SBE is one of the main enzymes responsible for amylopectin formation. Non active SBE 

or involvement of other enzymes which come again in different isoforms, such as de-

branching enzymes (DBEs), which hydrolyze α-1-6 linkages and break apart branches in the 

polymer chains, can alter the normal starch biosynthesis pathway (Ball and Morell, 2003). This 

structural change can have a significant impact on the behaviour of starch and most notably 

on its relative resistance to digestion. Experimental studies on rats that consumed amylose 

rich products improved glycaemic control and a resulted to a significant reduction in body 

weight as opposed to rats that consumed wild type rice (Zhu et al., 2012, Aziz et al., 2009). 

Additionally, processing, such as cooking or heating, can alter significantly the structure of 

plant-based food resulting in higher digestibility.  Plant-based food with natural mutations 

(lacking SBE or SS) can behave differently during processing mainly due to higher amylose 

which remains resistant even after cooking due to its higher gelatinization temperature (Birt 

et al., 2013).  
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Currently, naturally occurring mutations of plants lacking the SS or SBE include: the amylose-

extender (ae) mutant of maize, the r mutant of pea and transgenic wheat and barley mutants 

with amylose contents of 50% to 90% (Regina et al., 2006, Garwood et al., 1976). Two studies 

have pointed out that consumption of cereal and starch from SBE and SS isoforms using wheat 

and barley led to lower post prandial glucose responses and increased colonic fermentation 

in vitro and in vivo (Regina et al., 2006, Keogh et al., 2007).  

 

1.6.2 Wrinkled (rr) and Wild Type Pea (RR) 

 

Gregor Mendel, a monk who lived in a monastery in Brno, Moravia  in the mid-1800s 

established the fundamental principles of genetics after performing systematic studies using 

a phenotype of a dry pea seed (rr) and compared it to a wild type pea  seed (RR)  (Reid and 

Ross, 2011). He was the first to use peas as an experimental model however at that time he 

did not know about the molecular structure of the wrinkled and the wild type pea seeds he 

used in his experiments. Indeed, the molecular basis for the variation in some of the pea traits 

he studied is currently not fully understood or is now being recognized and related 

phenotypes are now taking new place in human health and disease  (Bhattacharyya et al., 

1990, Hellens et al., 2010, Ellis et al., 2011).  

rr pea seeds have a wrinkled shape and it has been reported in the literature that the gene 

responsible for the wrinkled formation is known as the r genetic locus (seed shape) (Reid and 

Ross, 2011). It has been identified that this mutation is caused by an insertion event in the 

gene encoding an isoform of SBE (Reid and Ross, 2011, Bhattacharyya et al., 1990). Starches 

in peas can be found in the seed coat and the cotyledon cells (Dahl et al., 2012). Seed coat is 

also known as the hull and consists of insoluble polysaccharides (e.g. cellulose) (Dahl et al., 

2012). Cotyledon cells consists of pectin, hemicellulose and cellulose (Reichert and 

MacKenzie, 1982). It has been reported in the literature that wild type and wrinkled pea seeds 

(RR-rr) in addition to their morphological differences (smooth-wrinkled) they also have very 

different granular morphologies reflected in their starch composition (Ratnayake et al., 2002). 

As mentioned earlier, SBE is responsible for the formation of the α-(1-6)-linkages of 

amylopectin (Bhattacharyya et al., 1993). Natural mutations in the R locus lead to reduced 

activity of SBE. Reduced activity of SBE will result in the formation of amylopectin molecules 
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with a larger number of long internal chains and smaller number of external chain branches. 

It has been reported in the literature that the amylose content found in wrinkled peas (rr) can 

vary between 60-70% with lower starch content (27-36% dry weight) (Ratnayake et al., 2002). 

In smooth, wild type peas (RR) amylose concentration has been estimated around 30-40% 

with a starch content of 60-75% (Ratnayake et al., 2002, Bhattacharyya et al., 1993). As 

mentioned in earlier sections the amylose to amylopectin ratio will have a significant impact 

on starch digestion and these structural differences seen in wrinkled and wild type peas can 

lead to important consequences for starch behaviour with regards to its relative resistance to 

digestion. Another important pleiotropic consequence of the SBE mutation is the higher level 

of sucrose formation: rr seeds use a significant part of the excess sucrose available to them 

to synthesize raffinose oligosaccharides (Lloyd et al., 1996). Raffinose oligosaccharides can be 

hydrolyzed to D-galactose and sucrose by the enzyme a-galactosidase which is however not 

found in the human GIT (French, 1954). 

In general, pea seed consumption has shown beneficial effects for overall glucose 

metabolism. Acute experimental studies in humans examining the effects of pea consumption 

on plasma blood glucose have shown a slower and more attenuated blood glucose release 

post ingestion (Mollard et al., 2011, Singhal et al., 2014). Feskens et al., in a 30 year follow up 

study examining the incidence of T2D reported that the consumption of pulses and legumes 

was one of the parameters associated with a lower T2D incidence (Feskens et al., 1995).  

Additionally, other factors which have been extensively discussed in previous sections will 

affect starch digestion (e.g. processing conditions, physiochemical characteristic and plant 

tissue microstructure and composition) (Ring et al., 1988). In vitro digestibility experiments 

including different pea genotypes showed that high amylose pea genotypes resulted in the 

highest amount of resistant starch and slower digestion rates as opposed to pea genotypes 

with high amylopectin content (Skrabanja et al., 1999). 

The structural characteristics of starch granules of wrinkled and smooth peas have been 

studied using atomic force microscopic techniques. Results showed fine structural differences 

in the amylose-amylopectin distribution ratio within the starch granules of both peas with 

wrinkled peas resulting in higher amylose (Parker et al., 2008, Ridout et al., 2006). 

It is expected that the morphology of starch granules alters digestibility and the associated 

health outcomes. Moreover, it will be expected to have an impact on starch behaviour during 

processing in the presence of excess water (Bogracheva et al., 1999). As mentioned earlier in 
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the introduction, during cooking (e.g. boiling) starches tend to absorb water and swell. As a 

result, this has an impact on their molecular and cellular structure deformation. Their 

crystalline structures are lost and the starch granule structure is attached by pancreatic 

enzymes (Cummings, 1995). It has been reported in the literature that starch gelatinization 

happens between 60-70°C (Jenkins and Donald, 1998). Gelatinization increases digestibility 

and enzymatic penetration. Bogracheva et al., have reported differences between different 

starch types in their degree of gelatinization during cooking, with some starches needing 

higher temperatures to reach gelatinization and disruption of structure (Bogracheva et al., 

1999). Lastly, retrogradation is also affected by starch structure and type.  The formation of 

crystalline structures after cooking and cooling is slower in cases where highly branched 

amylopectin is present (Gudmundsson, 1994). Botham et al., showed that retrograded starch 

resulted in an increased amount of non-digestible starch in the ileum when they collected 

samples from ileostomy patients (Botham et al., 1996). Thus, starches that are higher in 

amylose will retrograde more extensively and become resistant to digestive enzymes 

escaping small intestinal digestion.  

To conclude, it is evident that there is an urgent need for a public health solution aiming at 

preventing T2D at a population level. Identifying dietary tools that can minimize erratic post 

prandial glucose release and aim at more attenuated blood glucose patterns by reducing 

digestibility rates and increasing colonic fermentation rates can act as an alternative strategy 

against T2D epidemic. Consumption of starch from SBE mutant cereals has been shown to 

decrease plasma glucose and increase colonic fermentation in vitro and in vivo experiments 

(Regina et al., 2006, Keogh et al., 2007). However, due to limitations in clinical trials it is not 

known whether all-natural mutations behave the same with regards to lower digestibility, 

improved post prandial glucose responses and increased colonic fermentation. The impact of 

structural differences as well as the effect of processing on digestibility and related health 

outcomes is yet to be established.  
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1.7 Thesis Summary and Rationale 

 

The aim of this thesis is to determine the impact of plant-based food structures on post 

prandial glucose metabolism, gastrointestinal digestion and colonic fermentation performing 

experiments in human volunteers using wild type BC 1/19 (RR) and wrinkled peas BC 1/19 (rr) 

as a model. In addition, the effect of processing will be studied by using pea flour and pea 

derived food products from both genotypes.  

The effects of the genetic background on starch resistance in r peas is not known and has not 

been studied before in humans. Most of the peas consumed in the UK used to carry the r 

mutation (sbe peas) mainly because they were consumed as immature pea seeds were only 

a starch fraction was accumulated. Nowadays, more of the pea derived products (pea 

flour/pea snacks) are coming from the RR line.  

With this project there is great opportunity to connect information from plant genetics, 

studied by Mendel (1865), with human health improvements aiming at tackling nutrition 

related chronic diseases which have a huge impact worldwide. The wrinkled pea, also known 

as Mendelian pea, can be used as a dietary tool not only by reducing hyperglycemia but also 

deliver a greater amount of resistant starch in the colon for fermentation by the gut 

microbiota population. Therefore, there is a huge potential to expand the range of products 

that contain resistant starch.  
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1.8 Thesis Hypothesis 

 

I hypothesized that rr peas and pea flour would reduce post prandial glycaemia and 

insulinaemia via their structural properties as opposed to RR peas and pea flour. Moreover, 

rr peas and pea flour would increase fermentation rates in the large intestine and lead to 

higher production of SCFAs. Consumption of 28 days of rr peas incorporated into food 

products would therefore improve glycaemic health via a gut dependent mechanism. 

  



83 
 

1.9 Thesis Aims 

 

The aims of this project are: 

 

a) Gastric Emptying and Glycaemia: To investigate the effect of different genotypes of 

peas and pea flour on acute glycaemia and gastric emptying during a mixed meal test. 

 

b) Small Intestinal Digestion: To understand the effect of different genotypes of peas and 

pea flour during gastric and small intestinal digestion by examining the metabolomic 

profiling of aspirated samples and glucose metabolism related outcome measures. 

 

c) Colonic Fermentation: To examine the impact on post prandial glycaemia and colonic 

fermentation rates by using 13C labelled peas and pea flour from both genotypes. 

 

d) Long Term Health Benefits: To explore the effect of 28 days consumption of pea 

products, from both genotypes, on glucose homeostasis and gut microbiota interplay. 
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Chapter 2 - Experimental Materials and 

Methods 
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2.1 Introduction 

 

For this research project several state-of-the-art experimental techniques were used for the 

collection, processing and analysis of human samples to give insight into our understanding 

of the mechanisms behind plant-based food structures and their effects on acute and long-

term physiology. Four human nutrition clinical studies were conducted focusing at different 

sites of the digestion system using RR and rr peas and pea derived products as vehicles to 

describe the relationship between plant-based food structures, digestion and glucose 

homeostasis. 

The first human clinical nutrition study was a randomized crossover trial (n=10, healthy 

volunteers). The study aimed to investigate the acute effect of RR and rr peas and pea flour, 

on gastric emptying and acute glycaemia.  Solid phase gastric emptying was assessed by the 

[13C] Octanoic acid breath test. A dose of peas and pea flour of 50 g dry weight was given to 

volunteers along with 100 mg of [13C] Octanoic acid as part of a mixed meal tolerance test. 

The meal test consisted of 500 kcal, including: 1 slice of bread, 10 g butter, 280 g tomato soup, 

one egg and 500 ml water. The study lasted for 5 hours and there was a wash out period of 1 

week between the 4 visits.  

The second human clinical nutrition study was a randomized crossover trial (n=12, healthy 

volunteers) aimed to understand the effect of RR and rr peas and pea flour on gastric and 

small intestinal digestion. Volunteers were inpatients in the clinical research facility for four 

consecutive days. Nasoenteric and nasoduodenal tubes were inserted into volunteers’ 

stomach and small intestine using the CORTRAK system.  The tubes were inserted on day 1 

and remained in place until the end of the study (day 4). Gastric, small intestinal and blood 

samples were collected for 180 minutes following the consumption of a test meal to assess 

the acute effect of peas and pea flour on digestibility and glycaemia. Metabolic profiling of 

the aspirated samples from gastric and small intestine was conducted with the aim to identify 

different metabolites playing a role in digestion and glycaemia. Microscopic examination was 

used to characterize the structural properties of the RR and rr peas. 

A third human clinical nutrition study was carried out (n=10, healthy volunteers) to investigate 

the influence of peas and pea flour starch delivery to the colon. RR and rr peas were grown in 

a 13CO2 enriched environment to produce pea starch with enrichment of ~1-2 atom percent 
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above natural abundance. This level of enrichment is enough for the downstream analysis of 

starch digestion and fermentation metabolites by isotope ratio mass spectrometry. 

Volunteers had to consume a mixed meal tolerance test containing 50 g of 13C peas and pea 

flour from both genotypes along with 1 slice of bread, 10 g butter, 280 g of tomato soup and 

500 ml of water.  

Finally, a randomized cross over clinical trial was carried out (n=25, healthy volunteers) to 

examine whether 28 days consumption of pea products (mushy peas and pea hummus) from 

both genotypes (RR and rr), can lead to improvements in glucose homeostasis via the direct 

effects of short chain fatty acid production and gut microbiota interplay. Specifically, this 

experiment aimed to determine whether consumption of pea products can have an impact 

of β-cell function and the pulsatile production of insulin (insulin pulsatility) via a gut 

microbiome dependent mechanism. The experimental details are as follows: Healthy 

volunteers aged 50-70 years old were recruited and were asked to consume pea products 

from both genotypes for 28 days. Evaluation of β-cell function was achieved, indirectly, by 

measuring insulin pulsatility and by using the Homeostatic Model Assessment 2 (HOMA2).   
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2.2 Food Materials 

 

The food materials used during the experimental studies are listed below: 

1. Wild type peas (RR), used as the control group. 

2. Wrinkled peas (rr), used as the treatment group. 

3. Wild type pea flour (RR), used as the control group. 

4. Wrinkled pea flour (rr), used as the treatment group. 

5. Wild type pea hummus and mushy peas (RR), used as the control group. 

6. Wrinkled pea hummus and mushy peas (rr), used the treatment group. 

 

The John Innes Centre, which is an independent, international center of excellence in plant 

science, research, genetics and microbiology, provided the raw pea seeds used in human 

studies (Study 1 & 2) (Figure 2.1) and supplied the University of Glasgow and Campden BRI 

with pea seeds to produce the pea derived products used in study 3 & 4. 13C incorporated pea 

seeds, were provided by Tom Preston, University of Glasgow (Study 3). Campden BRI, which 

is one of the UK’s leading independent centers for scientific and technical support to the food 

and drink sectors, provided the mushy peas and pea hummus material for the long-term study 

(Study 4). Figure 2.2 presents the process of pea hummus production from rr peas. 

 

 

Figure 2. 1 Representative pictures of peas and pea flour used in the studies 

 

 

 

 

 

Figure 2. 2 Wrinkled pea hummus production preparation.  
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Pea seeds were analyzed nutritionally by the Eurofins testing laboratory group. Table 2.1 

presents detailed information with regards to the nutritional content. Results are reported as 

g/100g. The total amount of available carbohydrates was 32.3 and 23.8 g for RR and rr peas, 

respectively including in the analysis total sugars which was 3.2 and 5.5 g for big RR and rr 

peas, respectively. Dietary fiber was estimated to be 36 and 36.3 g for RR and rr peas, 

respectively.  

Table 2. 1 Nutritional information of RR and rr peas 

Nutritional Information Analysis for Pea Seeds (per 100g dry weight) 

Analyte          RR Peas rr Peas 

Energy Value (kcal) 286 295 

Energy Value (KJ) 1119 1234 

Protein (g) 21.3 23.8 

Carbohydrates (available) (g) 32.3 28 

Fructose <0.1 <0.1 

Galactose 0.1 0.3 

Lactose 0.8 1.2 

Maltose <0.1 <0.1 

Sucrose 2.3 4 

Total Sugars 3.2 5.5 

Total Fat (g) <1 1.7 

Dietary Fibre (g) 36 36.3 

Moisture content (g) 7.7 7.2 
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2.3 Biological Samples Collection and Storage 

 

Sample collection was carried out by specific methods depending on the analysis. Table 2.2 

gives information about all the samples collected for this project with details about the blood 

tubes and storing conditions. Blood samples were collected at vacutainers and centrifuged 

immediately after clotting at 2500 g, at 4°C for 10 minutes. Samples were separated into 

aliquots before storage at -80°C for further analysis.  Aprotinin (Trasylol, Nordic Pharma), a 

pancreatic trypsin inhibitor, was added to lithium heparin tubes prior to the study for the 

purposes of the gut hormones samples collection. 20 µl aprotinin per 1 ml blood was added. 

 

Table 2. 2 Methodology for the collection and processing of samples 

Analysis Sample Type and 
collection tube 

Additive Processing 

Glucose  Plasma  
Grey Vacutainer 

Sodium 
Fluoride/Potassium 
Oxalate 

Collected/Processed/stored 
immediately 

Insulin, GIP, 
Fructosamine, 
Lipids1 

Serum 
SST Vacutainer 

Clot activator/Gel for 
serum separation 

Clotting for at least 10 min at 
room temperature/processed 

GLP-1  Plasma  
Lithium Heparin  

Lithium 
Heparin/Aprotinin2 

Collected/Processed/stored 
immediately 

Breath samples Breath 
Exetainer 

No additive added  Collected/stored in dry place 

Gastric/Duodenal 
samples 

Eppendorf No additive added Collected/stored immediately 

Urine Eppendorf No additive added Collected/stored immediately 

SCFA urine Eppendorf No additive added Collected/stored immediately 

C-Peptide Serum 
Red plastic 

Clot activator/ No Gel 
for serum separation 

Collected and transferred to 
pathology lab for immediate 
analysis 

Stool Samples Eppendorf No additive added Collected/stored immediately 
1 Lipids were transferred to pathology lab for immediate analysis 

2 Aprotinin (Trasylol, Nordic Pharma): pancreatic trypsin inhibitor, [Trasylol]=20μL/ml whole blood 
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2.4 Biological Samples Analysis 

 

2.4.1 Colorimetric Assay 

 

Colorimetric assays are used to quantify molecules (or metabolites) in biological samples, 

which are widely used in medical research. The principle of this technique is based on the 

reaction between the metabolite and the metabolite-specific enzyme that will be added to 

the sample. This reaction will yield by-products, whose concentrations can be measured 

through a spectrophotometer, which is a device that can measure the absorbance of the by-

product at a specific wavelength. The concentration of by-product can be extrapolated to the 

concentration of the metabolite of interest (Housecroft and Constable, 2010). In this project, 

colorimetric assays were performed to quantify plasma glucose concentrations.  

 

2.4.1.1 Blood Glucose Samples 

 

Glucose samples analysis, for study 1 & 3, were performed in the department of biochemistry 

at Hammersmith Hospital using an Abbott ci8200 analyzer (Abbott Diagnostics, USA). This is 

an enzymatic reaction using hexokinase and glucose-6-phosphate dehydrogenase as 

reagents. Glucose is phosphorylated by hexokinase and for one micromole of glucose 

consumed one micromole, Nicotinamide Adenine Dinucleotide Hydrogen (NADH) is 

produced. A spectrophotometer was used to measure NADH absorbance. NADH absorbs light 

at 340 nm. The analyzer is using a mathematical equation to calculate the amount of glucose 

concentration in each sample based on the rate of the absorbance. Schematic representation 

of the assay can be seen in Figure 2.3. 
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Figure 2. 3 Schematic Representation of Glucose Assay 

For studies, 2 & 4 glucose analysis was performed using Randox Glucose (GLUC/PAP) kits 

supplied by Randox. A schematic representation of the experiment can be found in Figure 2.4. 

 Experimental details are: glucose oxidase catalyzes the glucose in the sample into gluconate 

and hydrogen peroxide. Hydrogen peroxide is then catalyzed by peroxidase, yielding coloured 

product Phenol and 4-aminophenazone which forms a red-violet quinonimine dye as 

indicator. The quinonimine colour is being measured via a colorimetry device and the increase 

in absorbance correlates with the glucose concentration in the unknown sample (Barham and 

Trinder, 1972). A volume of 20 μl plasma glucose was mixed with 1000 μl of buffer. Serial 

dilutions for standards preparation were performed and samples were incubated for 10 

minutes of at 37oC. A volume of 200 μl sample was then transferred into the microplate and 

absorbance was measured using a colorimeter device at 540 nm. Glucose concentrations 

were obtained by the following equation using GraphPad Prism version 8.  

 

(mmol/L) =           A Sample      x      Standard Concentration (mmol/L) 

A Standard 

*A=Absorbance 

*Standard concentration= 5.5* mmol/L *(ranged for each kit) 
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Figure 2. 4 Schematic Representation of Randox (GLUC/PAP) Glucose Assay 

 

To increase accuracy in results, all the assays performed at Imperial College laboratories were 

done in duplicates. To avoid variability within volunteer samples analysis included samples 

from all visits in one microplate. The coefficient of variation (CV), a measure of relative 

variability, for the glucose assays performed using the Randox (GLUC/PAP) kit was 3.3% for 

Study 2 and 2.0% for Study 4. A CV below 5% was accepted. Twelve separate assays were 

performed for Study 2 and 50 separate glucose assays for study 4. The information given 

regarding CV’s includes the average from all assays performed. 

 

2.4.1.2 Small Intestinal Glucose Analysis 

 

To identify whether rr peas and flour are broken down in the GIT to the same extent as RR 

peas, the glucose concentrations of the aspirated small intestinal samples were measured by 

using the Randox (GLUC/PAP) kit. Before the assay, samples were centrifuged at 2500g, at 

room temperature for 15 minutes. The same experimental procedure, explained above, was 

followed with regards to assay procedure and data processing. The CV was 3.36% for this 

assay. 
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2.4.2 Radioimmunoassays 

 

A radioimmunoassay (RIA) is a sensitive technique and is currently being used to measure 

concentrations of substances, usually measuring antigen concentrations using specific 

antibodies. To perform an RIA, a fixed concentration of labelled tracer (radioactive antigen 

with gamma-radioactive isotopes such as 125-I, attached to tyrosine) is mixed with a known 

amount of antibody for that antigen. When serum/plasma sample is added, an unknown 

concentration of the same antigen is being added to the tube. This will result in the 

competition between unlabeled antigen from the serum/plasma and radiolabeled antigen for 

antibody sites.  As the concentration of the unlabeled antigen increases the amount of tracer 

bound to antibody will decrease. The bound antigens are then separated from the unbound 

ones, and the radioactivity of the antigen bound to the antibody is measured using a gamma 

counter. A standard curve is set up with increasing concentrations of standard unlabeled 

antigen and from this curve the amount of antigen in unknown samples can be calculated. 

There are four important steps towards performing a radioimmunoassay.  

First, a specific antiserum to the antigen to be measured and standard unlabeled material. 

Second, a radioactive labelled form of the antigen. Third, a laboratory method to separate 

antibody-bound tracer from unbound tracer and lastly, fourth, a gamma counter to measure 

radioactivity. 

For this project, all RIA’s were performed in the department of Medicine at Imperial College 

London in Hammersmith Campus. Specific RIA insulin kits were purchased from Millipore. In-

house RIA’s were performed for GLP-1. Duplicates were used for all RIA assays performed and 

when possible all samples per clinical study were assayed at the same time (Study 1, 2 and 3). 

Due to the high number of samples collected in the last study (Study 4) 7 separated insulin 

assays were performed including all study visits per volunteer in each assay. 

 

2.4.2.1 Insulin Analysis 

 

The insulin radioimmunoassay was performed by using the Millipore Human Insulin Specific 

RIA HI-14K (Millipore Corporation, Billerica, USA) based on manufacturer’s specifications. A 

schematic representation of the assay can be found in Figure 2.5. This specific kit does not 
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cross-react with proinsulin and thus ‘’real’’ levels of serum insulin were measured. On 

experimental day 1, a volume of 50 µl serum insulin sample was used. Samples were added 

to 150 µl 0.05M phosphosaline buffer containing 0.025M Ethylenediaminetetraacetic acid 

(EDTA), 0.08% sodium azide and 1% RIA Grade Bovine Serum Albumin (BSA) to optimize the 

pH. A volume of 50 µl hydrated 125I-Insulin and 50 µl antibody were added to all the tubes.  

 

Figure 2. 5 Schematic Representation of Insulin Assay  

 

The standard curves were prepared by serial diluting the insulin standard resulting in 6 vials 

containing standard concentrations of 100 µl, 50 µl, 25 µl, 12.5 µl, 6.25 µl and 3.125 µl. After 

adding the components, the tubes were vortexed, covered and were incubated at room 

temperature (20°C) for 20-24 hours before the addition of the secondary antibody 

(precipitating reagent) and separation of the free tracer from antibody bound label. On the 

experimental day 2, 500 µl of cold precipitating reagent (secondary antibody) was added to 

all tubes. Tubes were vortexed and incubated for 20 minutes in the cold room (4o C). They 

were centrifuged at for 20 minutes at 4o C at 1500 g (Figure 2.6). Immediately after 

centrifugation the supernatant was carefully decanted. Tubes were counted using a gamma 

counter (LB2111 Multy Crystal Gamma Counter, Berthhold Technologies, Bad Wildbad, 

Germany) for 1 minute and calculations were performed using, GraphPad Prism Version 8, to 

measure human insulin in the unknown samples. According to manufacturer’s specification, 

the minimum limit of detection is 2.715 µU/ml.  Table 2.5 shows all the intra assay CV’s for all 
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insulin assays performed. If there was a difference in the CV% between duplicates of >10%, 

samples were either repeated or caution was taken in selecting the appropriate value. 

Overall, a CV below 10% was accepted for all the insulin assays (Morgan and Lazarow, 1963, 

Thorell, 1973, Deshpande, 2012). 

 

Table 2. 3 Intra coefficient variation data for insulin assays  

Insulin Assays Study 1 Study 2 Study 3 Study 4 

Insulin Assay 1 3.75 4.01 3.31 2.11 

Insulin Assay 2    2.24 

Insulin Assay 3    3.04 

Insulin Assay 4    3.03 

Insulin Assay 5    2.45 

Insulin Assay 6    2.19 

Insulin Assay 7    1.70 
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2.4.2.2 GLP-1 Analysis 

 

GLP-1 concentrations were measured by using a previously established specific and sensitive 

in-house RIA (Kreymann et al., 1987). Figure 2.6 shows a schematic representation of the GLP-

1 assay.  

 

Figure 2. 6 Schematic Representation of GLP-1 Assay 

 

The antibody used, did not cross-reacted with glycine extended forms GLP1-37 and GLP7-37. 
125I-

GLP-1 was prepared by Professor Kevin Murphy using the Iodogen method (Wood et al., 1981) 

and purified by high pressure liquid chromatography (HPLC). The assay was performed in 400 

µl of 0.06M phosphate buffer containing 0.3% BSA for optimizing the pH (1ml/100ml) and 

TWEEN 20 diluted in 1:10 (Sigma, Poole, UK) (200 µl/100ml). 100 µl of plasma gut hormone 

sample was added to the tube. 100 µl of label and 100 µl antibody were then pipetted to the 

tubes. At the end of the process all tubes contained 700 µl. The standard curve was prepared 

by adding 1, 2, 3, 5, 10, 15, 20, 30, 50 and 100 µl of GLP-1 at a concentration of 0.125pmol/ml. 

Tubes were vortexed and incubated for 4 days before the separation of the free from the 

antibody bound label by charcoal adsorption technique. The amount of 250 μl of dextran 

coated charcoal (Merck) was added to each tube and samples were immediately centrifuged 

at 1500 g for 30 minutes at 40C. After centrifugation, the supernatant, which contained the 
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bound GLP-1, was separated from the charcoal pellet using Pasteur pipettes and added to 

new tubes. The final step included the counting using gamma scintillation counter (LB2111 

Multy Crystal Gamma Counter, Berthhold Technologies, Bad Wildbad, Germany) for 3 

minutes. GLP-1 peptide concentrations in each sample were calculated by using a non-linear 

plot. The minimum limit of detection is 7.5 pmol/l and the reported in-house intra-and inter-

assay variation is 5.4% and 11.5% respectively. The CV’s for the GLP-1 assays were 3.7%, 2.5%, 

3.1% and 2.4% for Study 1, 2, 3, 4 respectively. If there was a difference in the CV% between 

duplicates of >10% the samples were either repeated or caution was taking in selecting the 

appropriate value. Overall, a CV below 10% was accepted for all the GLP-1 assays.  
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2.4.3 Enzyme-linked Immunosorbent Assay (ELISA) 

 

Elisa is a type of laboratory technique that uses a solid-phase enzyme immunoassay to pick 

the presence of a substance, usually an antigen (Gan and Patel, 2013). There are four common 

types of ELISA; direct, indirect, sandwich and competitive. Figure 2.7 indicates the differences 

between the four types of ELISA. 

 

Figure 2. 7 Schematic Representation of 4 Different Types of ELISA.  

Adapted from (Boster Biological Technology, 2019) 

 
Immobilization of the antigen can be achieved by immediate absorption to the microplate or 

through a capture antibody that has been attached already to the microplate. The antigen 

can be detected via two ways. Either directly via enzyme-labelled primary antibody or 

indirectly via enzyme-labelled secondary antibody. The detection antibodies usually are 

labelled horseradish peroxidase (HRP) or alkaline phosphatase (AP). There are a series of 

substrates available to perform an ELISA with HPR or AP conjugate and the choice is mainly 

depended on assay sensitivity and the instrument available for signal-detection. The final step 

will produce a colour change in the substrate which can be measured using a specific device 

based on ELISA specifications (spectrophotometer, fluorometer, or luminometer). 
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2.4.3.1 GIP Assay 

 

The GIP ELISA was performed by using the Millipore Human GIP (total) ELISA EZHGIP-54K 

(Millipore Corporation, Billerica, USA) based on manufacturer’s specifications. Figure 2.8 

shows a schematic representation of the GIP assay.  

Figure 2. 8 Schematic Representation of GIP Assay 

 

Serum samples were used for the purposes of this assay. The kit has 100% cross reactivity to 

human GIP (1-42) and GIP (3-42). This is a sandwich ELISA based on capturing human GIP 

molecules from serum samples to the microplate that is coated by a pre-tittered amount of 

anti-GIP monoclonal antibodies. Step 1 included the preparation of standards and quality 

controls. Standard GIP was reconstituted with 0.5 ml of distilled water. Five tubes were 

prepared, and 100 μl of buffer was added to each one of them. 3 times serial dilutions were 

performed by adding 50 μl of the reconstituted standard to tube 1, then transfer 50 μl of tube 

1 to tube 2, tube 2 to tube 3, tube 3 to tube 4 and tube 4 to 5. Two quality controls were used. 

Preparation included addition of 0.5ml distilled water to each one of them. Each well of the 

plate was filled with 300 μl of diluted buffer wash buffer and plate was incubated for 5 

minutes. Plate was inverted to remove all residual amount. Next step included the addition 

of assay buffer and matrix solution based on manufacturer’s specification. Human GIP 

standards, quality controls and serum samples were added to plate wells. Plate was incubated 
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at room temperature for 1.5 hours. Solutions were decanted from plate and assay wash buffer 

(300 μl) was used 3 times. 100 μl of secondary biotinylated anti-GIP polyclonal antibody was 

used to captured molecules. Plate was incubated for 1 hour and washing of unbound 

materials from the samples was performed as explained above. 100 μl streptavidin-HRP 

conjugate was used to bind to the immobilized biotinylated antibodies. Plate was incubated 

for 30 minutes. Washing steps were performed to discard free enzyme conjugates. 100 μl 

substrate 3,3’,5,5’-tetramethylbenzidine was used for the quantification of immobilized 

antibody-enzyme conjugates by monitoring horseradish peroxidase activities. Plate was left 

in on a plate shaker for approximately 7 minutes. Blue color was formed in plate wells of GIP 

standards with intensity proportional to increasing concentrations of GIP. After 

approximately 7 minutes plate was removed from plate shaker and 100 μl of stop solution 

was added. Blue color immediately turned unto yellow due to acidification. The change in 

color was measured spectrophotometrically at 450 nm and 590 nm within 5 minutes. The 

difference in of absorbance units was measured. Values from standard serial dilutions of 

known concentrations of human GIP were used for data interpolation since the increase in 

absorbency is directly proportional to the amount of captured human GIP in the unknown 

samples. The CVs for GIP assays were 2.76% and 1.83% for Study 1 and 2 respectively. 
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2.4.4 Biochemistry Analysis 

 

Other analyses performed included fasting lipids, C-peptide and fructosamine and they were 

performed at the department of Biochemistry at Hammersmith Hospital and Sandwell and 

West Birmingham Hospital.  
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2.4.5 Gastric Emptying (GE)     

 

The ‘gold standard’ method for measuring GE has been considered the imagining with 

radionuclide scintigraphy technique which offers real-time imaging of the progress of a meal 

via the GIT. However, due to exposure to ionizing radiation and the risk poses to volunteers 

has been considered unsuitable for research purposes. An alternative method, which is non-

invasive and has been validated against scintigraphy (Ghoos, Maes et al. 1993) is the use of 

non-radioactive 13C stable isotope. This methodology has attracted much interest from 

academia mainly due to the non-invasive way of samples collection, access to an unlimited 

sample supply (breath) and the potential to receive rapid results with minimal sample 

processing (Lawal et al., 2017).  After consumption of a 13C isotope labelled test meal, rapid 

small intestinal absorption enables detection of 13CO2 in the expired breath (Smout and 

Mundt, 2009). 

 

2.4.5.1 13C Octanoic Acid Breath Samples Analysis 

 

[13C] Octanoic acid consists of a carboxyl-carbon with the non-radioactive isotope, 13C. When 

consumed, it passes via the stomach and quickly will be absorbed by the small intestine, 

oxidized by the liver and excreted as 13CO2 (Figure 2.9). The rate-limiting step in the 

appearance of breath 13CO2 is the rate at which it empties the stomach. As a result, 

enrichment of 13CO2 in breath can be used as a validated marker of GE. Analysis of breath 

samples for this project was performed at the University of Glasgow using isotope ratio mass 

spectrometry (IRMS) (Preston and McMillan, 1988). This method is used to measure relative 

abundance of isotopes in any given sample (Morrison et al., 2003).  

 



103 
 

 

Figure 2. 9 [13C] Octanoic Acid Breath Test Representation. 

Breath samples were collected by exhalation of expired breath into an Exetainer (Labco Ltd, 

Lampeter, Ceredigion, United Kingdom) using a straw. During samples collection participants 

were encouraged to continue to blow into the Exetainer until condensate was observed in 

the base of the tube indicating alveolar breath collection (Morrison et al., 2003). Collected 

breath samples were analyzed by flushing a portion of breath with helium gas into the IRMS 

where water is removed, and CO2 separated from other gas species using gas chromatography 

before introduction into the mass spectrometer (AP2003, GV Instruments, Manchester, UK). 

The isotope ratio 13C:12C was calculated from the ion abundance of m/z 44, 45 and 46 with 

reference to a laboratory reference CO2 (itself calibrated against Vienne Pee Dee Belemnite 

(VPDB)) with correction of the small contribution of 12C16O17O at m/z 45, the Craig correction 

(Craig, 1957). Breath 13C enrichment (‰) over baseline was calculated for each timepoint 

and the envelope of breath 13C excretion was analyzed using a modified version of the curve-

fitting techniques to compute gastric emptying T1/2 times (Ghoos et al., 1993).  
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2.4.6 Quantification of 13C Biological Samples  

 

Carbohydrate ingestion will significantly affect post prandial plasma glucose levels. However, 

since glucose is tightly regulated and other factors apart from food ingestion are contributing 

to glucose homeostasis many times it becomes quite challenging in human clinical trials to 

draw conclusions based on volunteers post prandial plasma glucose responses. The use of 

isotope labelling approaches in human research allows successful organ-specific 

quantification of exogenous and endogenous carbohydrate utilization (Morrison et al., 2011). 

For the purposes of this project peas from both genotypes were grown in a 13C enriched 

environment with the aim to produce pea starch with an enrichment of ~1‐2 atom percent 

above natural abundance. This level of enrichment is enough for the downstream analysis of 

starch digestion and fermentation metabolites.  

Liquid chromatography coupled with isotope ration mass spectrometry (LC/IRMS) and gas 

chromatography/mass spectrometry (GCMS) or gas chromatography/combustion/isotope 

ratio mass spectrometry (GC/C/IRMS) are becoming indispensable analytical tools in human 

nutrition research mainly due to the fact that a plethora of target analytes can now easily 

being identified with minimum and less laborious sample preparation (Morrison et al., 2011). 

For the purposes of 13C plasma glucose samples analysis, LC/IRMS analysis method was used. 

 

2.4.6.1 Quantification of 13C Plasma Glucose 

 

LC/IRMS was used for the quantification of 13C plasma glucose samples and analysis was 

conducted at the University of Glasgow by Dr. Douglas Morrison. Details with regards to 

analysis as previously described (Morrison et al., 2011). Plasma samples were diluted 1:5 with 

L-fucose internal standard. The 13C natural abundance of L-fucose was separately calibrated 

against VPDB and used as a chemical and isotopic internal standard. 0.5 ml of plasma was 

diluted with 2 ml internal standard. Samples then underwent ultrafiltration using 30000 

molecular weight cut-off ultrafiltration devices (Amicron Ultra 4; Millipore, Watford, UK) at 

3600 g for 45 minutes to remove proteins and other high molecular weight compounds. After 

this step, the samples were stored in two separate aliquots at -20°C for further analysis. 

Analysis by liquid chromatography-IRMS (LC-IRMS) was performed as previously described 
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(Morrison et al., 2011). Fucose and glucose peak areas and background-corrected isotope 

ratios were exported to a spreadsheet for analysis. Glucose enrichment (δ 13C (‰) was 

calculated using an in-house routine using a relative ratio analysis approach against the IS for 

each sample to report the enrichment of glucose relative to VPDB and glucose 13C 

concentration was calculated as the product of enrichment x concentration at each time 

point. Glucose concentration was calculated from the area ratio of the glucose peak area 

relative to fucose.  

 

2.4.6.2 Quantification of 13C SCFA  

 

SCFAs are produced in the human GIT by bacterial fermentation of non-digestible poly 

saccharides which escape digestion and absorption in the small intestine. Since SCFAs have 

important local and peripheral or systemic effects for the host their identification in biological 

samples have attracted much interest. However, measuring their abundance in the GIT is 

quite challenging mainly due to inaccessibility of sampling from sites of production, such as 

the colon, or the relative low circulating amounts of SFCAs (Morrison et al., 2004). Despite 

the challenges, many research groups have tried to identify SCFAs in biological fluids using 

different techniques including enzymatic methods (Seufert et al., 1984, Godin et al., 2009, 

Buckley and Williamson, 1977), gas chromatography (GC) (Tetens et al., 1995, Fussell and 

McCalley, 1987) and liquid chromatography (LG)  (Bertram et al., 2009, Mentasti et al., 1985). 

All these methods require samples preparation such as; clean-up and deproteinization 

(Pouteau et al., 1998) or samples liquid extraction such as solid phase micro-extraction (Zeng 

and Noblet, 2002, Cheng, 2009, Pinho et al., 2002).  Stable isotope tracer techniques have 

been successful in identifying SCFAs circulated in blood or urine samples. For the purposes of 

this project gas chromatography/combustion/isotope ratio mass spectrometry (GC/C/IRMS) 

was used to measure 13C-labelled SCFAs in urine samples. The samples analysis was 

conducted at University of Glasgow by Dr. Douglas Morrison.  

  



106 
 

2.4.6.2.1Quantification of 13C Urinary SCFA samples 

 

Samples were analyzed using a previously described procedure (Morrison et al., 2004) which 

was modified to increase sensitivity of the analysis. In brief, urine samples (7 ml) were spiked 

with 200 nmoles 3-methyl valerate (3mV; internal standard) and 200 L NaOH (300 

mmoles/L). A ‘process blank’ was prepared containing freshly deionized water and identical 

spikes of 3mV and NaOH. Samples and blanks for each run were dried on a vacuum 

concentrator (Jouan RC10 Vacuum Centrifuge, ThermoFisher, Paisley, UK) at ambient 

temperature. Dried samples were acidified with 100 l HCl and SCFA extracted with 400 l 

methyl-tert butyl ether. 300 l of the MTBE phase was removed to clean vials for analysis by 

GC-C-IRMS as previously described (Morrison et al., 2004). The isotopic enrichment of each 

SCFA was calculated relative to 3mV which itself had been calibrated against laboratory 

standards and VPDB. Enrichment of each SCFA with time was expressed relative to the 

enrichment of the starting pea material ingested to derive a fractional 13C enrichment curve 

for each SCFA. 

 

2.4.7 Metabolomics Analysis of Gastric and Small intestinal Samples 

 

Metabolomic analysis is a non-targeted way of analysis examining classification of samples 

via pattern recognition. The method aimed at creating a profile of metabolites in a given 

sample and compare patterns in response to environmental, genetic or dietary factors. 

 

2.4.7.1 Samples Extraction Preparation  

 

Gastric and small intestinal samples were centrifuged for 15 minutes at 3000 g. Metabolites 

were extracted from the gastric and small intestinal samples using a modified folch extraction 

procedure (Folch et al., 1957). Two milliliters of chloroform/methanol in a 2:1 ratio was added 

to 450 μl of each gastric and small intestinal sample. This mixture was vortexed, and 1 ml of 

purified water was added.  Samples were vortexed for 1 minute and centrifuged for another 

20 min at 3000 g, at 0 0C. This method produced two phases and metabolites split into the 

aqueous and the organic phase according to their polarity. 
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The aqueous phases were separated and evaporated to dryness using a speed vacuum 

concentrator and the dried samples were stored at -80oC for further analysis.  

 

2.4.7.2 1H NMR Spectroscopy Treatment  

 

The aqueous phase dried of the gastric samples were re-constituted in 540 ul of H2O and were 

sonicated for 20 minutes. 60 μl of a 2M phosphate buffer (pH 7.4, 80% D2O) containing 1 mM 

of the internal standard, 3-(trimethylsilyl)- [2,2,3,3, -2H4]-propionic acid (TSP) were added and 

the mixture was transfer to 5 mm NMR tubes.  

The aqueous phase dried of the small intestinal samples were re-constituted in 540 ul of H2O 

and were sonicated for 20 minutes. 60 ul of a 1.5M phosphate buffer (pH 7.4, 80% D2O) 

containing 1 mM of the internal standard, 3-(trimethylsilyl)- [2,2,3,3, -2H4]-propionic acid 

(TSP) were added and the mixture was transfer to the 5mm NMR tubes.  

Quality control samples were prepared independently for gastric and small intestinal samples 

by pooling 90 μl of each sample.   

The remaining treatment analysis was performed by Dr. Isabel Garcia-Perez. 1H-NMR 

spectroscopy was performed on the aqueous phase extracts at 300 K on a Bruker 600 MHz 

spectrometer (Bruker Biospin, Karlsruhe, Germany) using the following standard one-

dimensional pulse sequence with saturation of the water resonance (Dona et al. 2014) RD– 

gz, 1–90°–t–90°–tm–gz, 2–90°– ACQ, where RD is the relaxation delay, where 90° represents 

the applied 90° radio frequency (rf) pulse, t1 is an inter pulse delay set to a fixed interval of 

4μs, RD was 2 s and mixing time (tm) was 100 ms. Water suppression was achieved through 

irradiation of the water signal during RD and tm. For the gastric and small intestinal samples, 

each spectrum was acquired using 4 dummy scans followed by 32 scans and collected into 64 

K data points. A spectral width of 20 000 Hz was used for all the samples. Prior to Fourier 

transformation, the FIDs were multiplied by an exponential function corresponding to a line 

broadening of 0.3 Hz. 1H NMR spectra were manually corrected for phase and baseline 

distortions and referenced to the TSP singlet at δ 0.0. Spectra were digitized using an in-house 

MATLAB (version R2014a, The Mathworks, Inc.; Natwick, MA) script. Spectra were 

subsequently referenced to the internal chemical shift reference (trimethylsilyl- [2,2,3,3, -

2H4]-propionate, TSP) at δ 0.0. Spectral regions corresponding to the internal standard (δ -0.5 

to 0.5) and water (δ 4.57 to 5.18) were excluded. 
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2.4.7.3 NMR Compound Identification  

 

A combination of data-driven strategies such as Statistical TOtal Correlation SpectroscopY 

(STOCSY) and SubseT Optimization by Reference Matching – (STORM) and a catalogue of 1D 

1H NMR sequence with water pre-saturation and 2D NMR experiments such as J-Resolved 

spectroscopy, 1H–1H TOtal Correlation SpectroscopY (TOCSY), 1H–1H COrrelation 

SpectroscopY (COSY), 1H–13C Hetero-nuclear Single Quantum Coherence (HSQC) and 1H–13C 

Hetero-nuclear Multiple-Bond Correlation (HMBC) spectroscopy were applied to identify 

metabolites for the gastric and small intestinal samples.   
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2.4.7.4 Statistical Analysis 

 

All spectra were normalized using median fold change normalization using the median 

spectrum as the reference (Dieterle et al., 2006) and imported into MatLab to conduct 

multivariate statistical analysis. Data were centered and scaled to account for the repeated 

measures design and then modelled using partial-least-squares– discriminant analysis (PLS-

DA) with Monte Carlo cross-validation (MCCV) (Garcia-Perez et al., 2017). The fit and 

predictability of the models obtained were determined and expressed as R2 and Q2 values, 

respectively. 

Paired Multivariate data analysis: Data treatment: Principal components analysis (PCA) and 

Orthogonal Partial Least Square analysis (OPLS-DA) were performed with Pareto scaling in 

SimcaP+14 Pareto scaling was applied to all data variables. The robustness of the models was 

evaluated based on R2 (explained variance) and Q2 (capability of prediction) values as well as 

sevenfold cross-validation and class permutation validation. 
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2.4.8 Microscopic Analysis  

 

Light electron microscopy was used to characterize the microstructure of raw, cooked and 

digested samples from peas. Light microscopy on raw and cooked peas was performed at 

Quadram Institute Bioscience, Norwich. Raw and cooked pea samples were visualized after 

storage in 50 mM Na3H1 2,20,200,2000-((1R,2R)-1,2-cyclohexanediyldinitrilo) tetraacetic acid 

(CDTA) for approximately 1 month. CDTA works by breaking down pectin between cells and 

weakness the cellular structure. This method was been developed by Dr Mary Parker at 

Quadram Institute Bioscience, Norwich. The CDTA treated raw and cooked samples were 

placed in a glass slide.  A drop of water was added, and a cover slip was used and placed on 

top of the slide and gentle tap dispersed the cells under the coverslip. Samples were visualized 

using BX60 light microscope (Olympus, UK) and a stereo microscope (Leica).  Aspirated 

digested samples from the stomach and small intestine of volunteers were visualized using 

light microscopy at the department of Medicine at Imperial College London.  Aspirated 

samples were visualized ‘’as is’ with no extra preparation. Immediately after sample 

collection, pea digested samples from each genetic line were placed into glass slide. A drop 

of water was added, and a cover slip was placed on the top and a gentle tap dispersed the 

existing pea cells under the coverslip. Samples were visualized using a light microscope 

(Nikon, UK). 
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2.4.9 Microbial Composition Analysis of Stool Samples 

 

The analysis of 16s rRNA gene sequencing was performed at St Mary’s Hospital, Imperial 

College London. Stool samples were collected at the beginning and the end of each pea 

products supplementation period. They were stored at –80° C for between 6-9 months before 

processing. DNA was extracted from approximately 250 mg of stool samples using the 

PowerLyzer PowerSoil DNA Isolation Kit (Mo Bio, Carlsbad, CA, USA) following manufacturer’s 

specifications. Samples were beaten for 3 min at speed 8 in a Bullet Blender Storm (Chembio 

Ltd, St. Albans, UK) and this was the only modification to the protocol. All samples were 

analyzed in a single batch.  

The remaining analysis was performed by Dr. Julie MacDonald. Sample libraries were 

prepared following Illumina’s 16S Metagenomic Sequencing Library Preparation Protocol with 

the following alterations. First, the index PCR reactions were cleaned up and normalized using 

the SequalPrep Normalization Plate Kit (Life Technologies, Paisley, UK). In addition, sample 

libraries were quantified using the NEBNext Library Quant Kit for Illumina (New England 

Biolabs, Hitchin, UK). Sequencing was performed on an Illumina MiSeq platform (Illumina Inc., 

Saffron Walden, UK) using the MiSeq Reagent Kit v3 (Illumina) using paired-end 300bp 

chemistry.  The resulting sequencing data was processed following the DADA2 pipeline as 

previously described (Callahan et al., 2016). The SILVA bacterial database version 132 was 

used to classify the sequence variants. The UniFrac weighted distance matrix generated from 

Mothur was used to generate non-metric multidimensional scaling (NMDS) plots and 

PERMANOVA p-values using the Vegan library within R (Dessau and Pipper, 2008). Due to high 

inter-individual variability we examined the data as paired samples per volunteer. Differences 

in microbial communities between and within groups were tested by using the Wilcoxon 

signed-rank test. 

Stool samples were subsampled to 3926 (the number of reads in the sample with the lowest 

number of reads) which resulted in at least 99.5% coverage for each sample. NMDS plots were 

produced showing the clustering within RR or rr interventions. PERMANOVA model was used 

for the analysis. Due to high inter-individual variability we examined the data as paired 

samples per volunteer and look specifically for bacterial related to insulin resistance.  
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Chapter 3 

The effects of RR and rr peas and pea flour 

on gastric emptying and postprandial 

glycaemia during a mixed meal test in 

healthy volunteers: A pilot study 
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3.1 Introduction 

 

3.1.1 Gastric Emptying (GE) 

 

The ingestion of food activates several gastrointestinal (GI) processes that are crucial for 

digestion and absorption of nutrients by the human body. After mastication, food passes 

through the esophagus to the stomach for mechanical breakdown. Most of the remaining 

food breakdown happens in the gastric environment. The stomach is a muscular organ and 

its primary functions are: to serve as a short term food storage, to provide an acidic 

environment, to inhibit microbial growth and to process the food contents into the ideal form 

for further digestion in the small intestine (van Aken, 2010). The stomach consists of four 

main parts: the fundus, corpus, antrum, and pylorus (van Aken, 2010). Food is mixed in the 

stomach by gastric movements which are coordinated functions followed by intense 

peristaltic contractions in the antrum. These peristaltic contractions induce a grinding effect 

between the food components by reducing their size to approximately 1-2 mm while mixing 

them with gastric juices and preparing the food/chyme to pass into the small intestine at a 

rate of 4 kcal/min (Boland et al., 2014, Hellström et al., 2006). The pylorus contracts and this 

results in further mixing of gastric contents (Thomas, 2006). The pyloric sphincter works 

towards the release of food/chyme into the small intestine and usually allows fluid and not 

solid components to pass through (Boland et al., 2014) (Thomas, 2006). This process is termed 

GE (Hellström et al., 2006)  and includes an initial lag phase (Tlag), which is the phase between 

ingestion and the beginning of GE (Müller et al., 2018), and GE half-time (T1/2), which is the 

point at which half of the meal has left the gastric area (Müller et al., 2018). An elaborate 

discussion of the analytical methodology for GE measures and a comparison of current 

techniques can be found in the Section 2.2.4. 

The regulatory mechanisms coordinating GE are complex and require involvement of the 

central nervous system (CNS), enteric neurons and gastric smooth muscle cells (Müller et al., 

2018). The normal GE rate is stimulated mainly by the contractile activity of the stomach and 

small intestine, which is coordinated by the CNS, the vagus nerve and gut hormone release 

(Müller et al., 2018). A plethora of gut hormones, which are secreted by the enteroendocrine 

cells in the stomach and small intestine, promote or inhibit GE, and thus control food transit 
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via the upper GIT to optimize digestion and absorption of nutrients. Such gut hormones are 

GLP-1, Peptide Tyrosine Tyrosine (PYY), ghrelin and Cholecystokinin (CCK); evidence in the 

literature supports their role in GE (Steinert et al., 2016, Hellström et al., 2008, Field et al., 

2010).  

Additionally, GE is influenced by dietary factors such as: the macronutrient composition, food 

volume and the nature of foods (e.g. solid or liquid), the amount of dietary fibre, and the 

viscosity properties of foods (Bornhorst and Paul Singh, 2014). It has been reported in the 

literature that macronutrients slow down GE and this effect is mainly dependent on energy 

density rather than macronutrient type per se (Müller et al., 2018, Holst et al., 2016, Phillips 

et al., 2015). Non-caloric liquids empty the stomach rapidly and solid food leaves the stomach 

in a biphasic manner (Müller et al., 2018). Studies investigating the effect of high viscosity 

polysaccharide on gastric emptying report lower gastric emptying rates when, for example, 

guar gum is added to meal tests (Torsdottir et al., 1991, Torsdottir et al., 1989).  

GE is a rate-limiting step for the passage of food from the stomach into the small intestine. 

Therefore, GE plays a significant role in nutrient absorption, prandial glucose responses and 

gut hormone release as well as satiety and appetite responses (Fändriks, 2017, Holst et al., 

2016).  

 

3.1.2 Impact of GE on Glycaemia, Insulin and Incretin Hormones 

 

The determinants of postprandial glycaemia include: GE rate, composition of a meal, insulin 

and gut hormone secretion, absorption rate by the small intestine and hepatic and peripheral 

glucose metabolism (Marathe et al., 2014). It has been suggested that GE accounts for 

approximately 35% of the variability in postprandial glucose concentrations in response to an 

OGTT or a carbohydrate containing meal (Marathe et al., 2014, Horowitz et al., 1993, 

Pilichiewicz et al., 2007, Ma et al., 2012).  

Individuals usually consume foods in a macronutrient combination either in whole-food or 

processed form, and typically as part of a meal including other foods (Boland et al., 2014). 

Interactions of these components build the basis of the food matrix that makes its way 

through the GIT (Boland et al., 2014). Simple carbohydrate ingestion will cause a rapid and 

higher glucose and insulin responses than more complex carbohydrate ingestion (Crapo et al., 
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1976). This effect is attributed to different digestion and GE rates rather than to differences 

in the absorption by the human body. Evidence in the literature suggests that dietary fibre  

and resistant starch can affect the rate of digestion by slowing GE, restricting digestive 

enzyme activity and restricting nutrient availability (Qi et al., 2018). Dietary fibre can be found 

in foods as soluble or insoluble and both forms may produce a viscous chyme and delay GE 

by providing a digestive bolus structure that can move along the gut by peristaltic forces (Qi 

et al., 2018). Soluble dietary fibres include: agar, alginate, arabinoxylan, β-glucan, guar gum, 

pectin and some chemically modified starches. Non-soluble dietary fibres include: cellulose, 

hemi-cellulose and resistant starch. Benini et al., report that soluble fibres act on 

carbohydrate digestion by reducing the post prandial glucose responses to a meal mainly due 

to delayed GE (Benini et al., 1995). They also report that for polysaccharides, such as pectin, 

the reduced glycaemic effect is attributed to delayed GE mainly due to higher viscosity rates 

(Benini et al., 1995). Weickert and Pfeiffer (2008) report that insoluble fibre has a relatively 

lower glycemic response than soluble fibre, therefore it may be more helpful in reducing the 

risk of long-term hyperglycemia; however, they do not discuss the mechanism driving this 

process (Weickert and Pfeiffer, 2008). Bornet et al., suggest that reduced α-amylase activity 

might be more important than the effect caused via soluble fibres (e.g. gastric retention and 

induced fibre viscosity) (Bornet et al., 1990). Additionally, dietary fibres and resistant starch 

have been shown to increase gut hormone secretion which further initiates GE (Rondas et al., 

2013). 

In this exploratory study, peas and pea flour from two different genotypes, RR and rr, were 

used to understand whether the natural mutation found in the rr line, and the subsequent 

effects after processing, can alter GE and consequently alter postprandial glucose, insulin and 

gut hormone secretion when given to volunteers as part of a mixed meal test. RR and rr peas 

have the same amount of dietary fibre (36 g/100g). However, rr peas, due to the natural 

mutation (lack of starch branching enzyme) contain lower amounts of amylopectin than RR 

peas and thus higher amounts of amylose, which is resistant to digestion. The amylose 

content in starch-based foods play an important role during digestion in the small intestine 

(Stephen et al., 1983). Starch-based foods with higher amylose levels result in lower levels of 

glucose in the blood, which implies that they have a lower glycaemic index. Long term 

consumption of starches high in amylose content leads to lower glucose, insulin and 

triglyceride levels when compared with starch-based foods high in amylopectin (Truswell, 
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1992). It has been reported in the literature that native starch from peas are more slowly 

digested than other types of starch-based foods such as: beans and lentils (Würsch et al., 

1986).  Additionally, Zhang et al., reported that the consumption of peas prevents blood 

glucose spikes by GE mechanism (Zhang and Hamaker, 2009). Plant proteins and soluble fibres 

found in pulses can significantly contribute to GE reduction rates, reduce insulin responses 

and the overall glycaemic index of the food (Augustin et al., 2014). Whether the natural 

mutation found in rr peas is a significant factor contributing to lower glycaemic response via 

reduced GE rates will be investigated in this study.  



117 
 

3.2 Purpose of the Study 

 

3.2.1 Hypothesis 

 

I hypothesized that rr peas and pea flour would significantly reduce post prandial glycaemia 

independent of changes in solid phase GE and gut hormone release compared with RR peas 

and pea flour.  

 

3.2.2 Aims 

 

The overall aim of this exploratory study was to investigate whether differences in metabolic 

biomarkers such as glucose and insulin are independent of changes in solid phase GE and gut 

hormone concentrations. 

 

3.2.3 Outcomes Measures 

 

The primary outcome measures are: 

1. GE t½ rates measured by 13CO2 enrichment 

2. Plasma glucose concentrations 

Secondary outcome measures include: 

1. Serum insulin concentrations 

2. GLP-1 and GIP concentrations  
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3.3 Methodology Study Design 

 

This study was a randomized, doubled blind, controlled, cross - over trial involving 4 study 

visits and was approved by the South East Coast, Surrey, Research Ethics Committee (REC: 

REC reference number 15/LO/0184).  

 

3.3.1 Volunteers Recruitment 

 

Volunteers for this study were recruited via the Healthy Volunteer Database owned by 

National Institute for Health Research (NIHR) Imperial Clinical Research Facility (CRF). 

Volunteers who expressed an interest in the study were provided with the Participant 

Information Sheet (Appendix 1). Following a completion of a pre-screening questionnaire via 

telephone or email potential volunteers were invited to attend a healthy screening for further 

eligibility assessment. During the healthy screening visit volunteers provide written, informed 

consent form (Appendix 2). The screening visit involved a detailed collection of the 

volunteer’s health history and anthropometric measurements were also collected. Blood 

pressure was measured, and an echocardiogram was performed, and blood samples were 

collected to assess overall metabolic health. Pregnancy tests were performed on women of 

child-bearing age. 

 

3.3.1.1 Inclusion Criteria 

 

Male and female healthy volunteers between the age of 18 to 65 years were suitable to 

participate in this study. Moreover, the inclusion Body Mass Index (BMI) criteria were set 

between 20-35 kg/m2. 

 

3.3.1.2 Exclusion Criteria 

 

Below there is a list of all the exclusion criteria for this study. Any volunteers with the 

conditions below were not eligible to take part in the study. Exclusion criteria included: 

Gained or lost ≥3 kg weight in the past two months, current smokers, history of substance 
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abuse, excessive alcohol intake, pregnancy, diabetes, cardiovascular disease, cancer, any 

gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease. kidney 

disease, liver disease, pancreatitis, use of medications likely to interfere with energy 

metabolism, appetite regulation and hormonal balance, including anti-inflammatory drugs or 

steroids, antibiotics, androgens, phenytoin, erythromycin or thyroid hormones. 

 

3.3.2 Randomization 

 

Volunteers who passed the screening visit were randomized into the study. Randomization 

was performed using Sealed Envelope system provided by Sealed Envelope Company 

(sealedenvelope.com).  

 

3.3.3 Dietary Intervention/Test meal 

 

In this study, RR and rr peas and pea flour were used as the interventional products. The peas 

were sourced from John Innes Center and the flour was produced from the same pea seeds 

by Camden BRI as previously states in section 2.2. [¹³C] octanoid acid was provided by 

Professor Tom Preston, University of Glasgow and was used for GE assessment. 

Table 3.1 presents the macronutrient profile of the test meal and Figure 3.1 presents the 

whole test meal. The moisture content of the peas was approximately 7.4 g/100 g. As pea 

flour was produced by dried peas the moisture content of the flour will be approximately the 

same as the moisture content of peas but may be higher/lower due to the loss of the seed 

coat. Peas preparation involved: soaking of 50 g peas for 24 hours in 200 ml of water and 

cooking for 1 hour at medium temperature before serving. 
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Table 3. 1 Nutritional Information of Study 1 Mixed Meal Test 

Experimental Test Meal Nutritional Information 

Food Products Unit (g) Kcal CHO (g) Fat (g) Protein (g) Fibre (g) 

Hovis Soft White Bread  80 93.0 17.9 0.7 3.5 1.0 

Heinz Tomato Soup 280 167 20 8.4 1.96 1.68 

Microwaved Egg 1 (egg) 78 0.6 5 6 0 

Flora butter 10 40 0.5 4.5 0.5 0 

RR (peas & flour) 50 143 17.6 <0.5 10.6 18 

Total (RR) - 521 56.6 19.1 22.5 20.68 

rr Peas or Pea Flour 50 147 14 0.85 11.6 18.1 

Total (rr) - 523 54 19.9 23.5 20.69 

 

The pea flour was prepared differently to the peas. 50 g of dry weight flour was added to the 

tomato soup and microwaved for 2 minutes. The pea flour mixed test meal contained the 

exact same food products listed above. 100 mg [¹³C] octanoid acid was injected into the egg 

yolk and the egg was microwaved for 1 minute.  

 

Figure 3. 1 Experimental Test Meal  
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3.3.4 Study Visit Overview  

 

3.3.4.1 Study Visit Preparation 

 

Prior to the study visit volunteers were asked to complete a 24-hour food diary in which 

recorded all the food and drinks that they had consumed during the previous 24 hours. They 

were also asked to refrain from strenuous exercise, caffeine and alcohol consumption. They 

were asked to fast from 9:00 pm, but they could drink water. They were asked to consume 

the exact same evening meal of their choice the evening before each of the 4 visits to promote 

consistency between visits.  

 

3.3.4.2 Study Visit Protocol 

 

On study visits volunteers were asked to arrive at the NIHR/Wellcome Trust Imperial CRF at 

09:00 am having fasted the night before. Volunteers were sked to empty their bladder and 

body composition was assessed by bioelectrical impedance analysis (BIA) (Tanita BC-418 

analyzer; Tanita Corporation, Japan). The BIA scales work by using a current to determine 

electrical impedance which can then be used to determine total body water (TBW). TBW is 

then used to estimate fat free mass (FFM) and fat mass is then estimated by subtracting FFM 

from total body weight.   

An intravenous cannula was inserted into one arm for blood sampling and 30 minutes later 

two fasting blood samples and breath samples were collected (Baseline 1 and Baseline 2). 

Volunteers consumed the meal and postprandial blood and breath samples were collected at 

15, 30, 60, 90, 120, 180, 240 and 300 min. 10 ml of blood was taken at each time point, 

amounting to 100 ml (10x10) of blood per visit. Figure 3.2 shows the schematic representation 

of the study flow.  
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Figure 3. 2 Schematic Representation of Exploratory Study 1 

 

   3.3.4.3 Samples Collection, Processing and Analysis 

 

Please refer to methods section 2.3 and 2.4, for samples collection, processing, storage and 

analysis. 
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3.3.5 Statistics 

 

A sample size of 10 volunteers was recruited for this study. Since this was an exploratory 

study, power calculations were not applicable. The Shapiro-Wilk test was used to check the 

normality of the data (p≥0.01). Results are presented as mean ± standard error of mean (SEM) 

unless otherwise stated. In cases of non-parametric data, standard transformations were 

performed prior to carrying out parametric statistical tests. In cases of missing values, they 

were replaced with the mean group value at that timepoint or the average of the timepoints 

adjacent to the missing timepoint. The average of the two baseline measurements (-10 and 0 

minutes) was used to give a new baseline value. Time series data were analyzed using 

repeated measures ANOVA with post hoc Fisher LSD tests. Differences in demographic 

characteristics across visits were performed using One-Way Anova. Incremental AUCs (iAUC) 

were calculated using the trapezoidal rule and were compared using paired t-tests. The 

significance level was set at p=0.05 and statistical analysis was performed using IBM SPSS 

Statistics Version 23 and GraphPad Prism Version 8. 
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3.4 Results 

3.4.1 Volunteer Characteristics 

 

10 healthy volunteers were recruited for this study. Volunteers’ characteristics are shown in 

Table 3.1. All volunteers completed the 4 interventions (RR and rr peas and RR and rr pea 

flour). There was a washout period of 7 days minimum between visits. There were no 

statistically significant differences in the measures listed in Table 3.1 between volunteer’s 

visits. 

 

Table 3. 2 Volunteers Demographic Characteristics  

Characteristics All 

(n=10) 

Screening Visit 1 Visit 2 Visit 3 Visit 4 P Value 

Gender (M: F) 3:7  

Age (years) 49.3 ±8.5      

Weight (kg) 68.0 ±4.1 67.3±4.1 67.5±4.2 68.0±4.1 68.0±3.9 0.26 

BMI (kg/m2) 24.0 ±0.2 23.8 ±0.1 23.9 ±0.1 24.3 ±0.1 24.2 ±0.2 0.38 

Body Fat (%) 27.4 ±7.1 27.4 ±1.7 27.7 ±2.0 27.5 ±1.6 27.6 ±1.6 0.44 

1Results presented as mean ±SEM. 
 

3.4.2 Gastric Emptying (GE) 

 

The parameter t1/2 was calculated from the modelled [13C] data to describe the GE rate 

following consumption of RR and rr peas and RR and rr pea flour. All volunteers ingested the 

test meal, which contained 100 mg [13C] octanoic acid, immediately after preparation. Figure 

3.3 shows the profiles of GE t1/2 measured via [13C] octanoic acid enrichment in breath 

samples for peas (Figure 3.3 A) and pea flour (Figure 3.3 B). There was no statistically 

significant difference between the two pea groups (p=0.69) indicating that volunteers 

ingested the two different test meals in a similar time course. The same pattern was observed 

for pea flour. There was no statistically significant difference between volunteers who 

ingested the meal containing the two different pea flour types (p=0.59). 
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Figure 3. 3 Gastric Emptying rates following the consumption of peas and pea flour of 
different genotypes (RR and rr) 
t1/2 was determined from the modelled [13C] data in order to describe the GE rate. t1/2 was 
defined as the timepoint at which 50% of exhaled 13CO2 is recovered. Values were compared 
using Paired Samples t-test. Data represent mean ±SEM. Volunteers (n=10). 
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3.4.3 Acute Glycaemia and Insulinaemia  

 

Peas Intervention 

 

Time course data for plasma glucose and insulin concentrations following the consumption of 

rr and RR peas are shown in Figure 3.4. Plasma glucose concentrations were higher in the RR 

pea group with values significantly raised at 30- and 60-min post ingestion versus rr peas 

(p=0.01, p=0.01, respectively). A significant glucose peas x time interaction (p=0.02) was 

observed. There was no statistically significant main effect of peas (p=0.23) for glucose.  

Total iAUC0-300 and iAUC0-120 minutes plasma glucose were both significant (p<0.0004, p<0.004 

respectively) with RR peas producing higher responses in glucose concentrations compared 

to rr peas (Figure 3.4B-C). Overall, there was a 47.2% reduction in iAUC plasma glucose 

following the consumption of rr peas versus RR peas. 

 

There was no peas x time interaction for serum insulin (p=0.18) and the same pattern was 

observed when testing the main effect of peas (p=0.19; Figure 3.2D). There were no 

differences in total iAUC0-300 and iAUC0-120 for insulin between groups (p=0.51, p=0.45 

respectively). 
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Figure 3. 4 Plasma glucose and serum insulin concentrations following the consumption of 
RR and rr peas.  
(A) RR and rr peas postprandial plasma glucose concentrations. (B & C) iAUC0-300 and iAUC0-120 
glucose responses. (D) Serum insulin postprandial concentrations. (E & F) iAUC0-300 and iAUC0-

120 insulin responses. Data represent mean ±SEM (n=10). Repeated Measures ANOVA was 
used to detect differences for the postprandial data. Fisher LSD post-hoc tests were 
performed between timepoints. Paired t tests were used for the total and iAUCs. *p<0.05, 
**p<0.01, ***p<0.001. Abbreviations: iAUC, incremental Area Under the Curve. 
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Flour Intervention 

 

Plasma glucose responses for RR and rr pea flour are shown in Figure 3.5A.  Results indicated 

that plasma glucose concentrations were higher with the RR peas flour intervention. Glucose 

concentrations were significantly raised at 90 minutes’ post ingestion (p=0.05) for RR pea 

flour group in contrast to the rr pea flour group. There was a statistically significant pea flour 

x time interaction (p=0.04) but not a statistically significant main effect of pea flour (p=0.16).  

iAUC0-300 plasma glucose was marginally not significant (p=0.08) and iAUC0-120 plasma glucose 

was statistically significant (p=0.02). Overall, there was a reduction in iAUC of 42.6% between 

RR pea flour and rr pea flour with the latter producing less glucose after ingestion.   

 

Serum insulin for pea flour did not reach a statistical significance (main effect of pea flour 

p=0.25, pea flour x time interaction p=0.54) (Figure 3.5D). 

iAUC0-300 and iAUC0-120 for serum insulin resulted in no statistically significant differences 

between the two pea flour types (p=0.16, p=0.18 respectively) (Figure E & F). 
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Figure 3. 5 Plasma glucose and serum insulin concentrations following the consumption of 

RR and rr pea flour.  

Postprandial plasma glucose concentrations (A). (B & C) iAUC0-300 and iAUC0-120 glucose 
responses. (D) Serum insulin postprandial concentrations. (E & F) iAUC0-300 and iAUC0-120 
insulin responses. Data represents mean ±SEM (n=10). Repeated measures ANOVA was used 
to detect any differences for the postprandial data. Fisher LSD post-hoc tests were performed 
between timepoint. Paired t tests were used for the total and iAUCs. *p<0.05.  
Abbreviations: iAUC, incremental Area Under the Curve. 
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3.4.4 Gut Hormones 

 

Peas Intervention 

 

GLP-1 concentrations for RR and rr peas group are shown in Figure 3.6A. Results showed that 

there was not a statistically significant difference between RR and rr pea groups indicating 

that differences in plasma glucose were independent of GLP-1 secretion changes. Repeated 

measures ANOVA analysis showed no main effect or peas x time interaction for GLP-1 (p=0.62, 

p=0.62 respectively).  

iAUC0-300 and iAUC0-120 for GLP-1 resulted in no statistically significant differences between the 

two pea genotypes (p=0.88, p=0.92 respectively) (Figure 3.6B & C). 

 

GIP gut hormone concentrations for RR and rr peas group are shown in Figure 3.6D. There 

were no statistically significant differences between RR and rr peas groups for GIP. Repeated 

measures ANOVA analysis showed no main effect or peas x time interaction for GIP (p=0.44, 

p=0.38 respectively).  

In line with GLP-1 results, iAUC0-300 and iAUC0-120 for GIP resulted in no statistically significant 

differences between the two pea genotypes (p=0.68, p=0.50 respectively) (Figure 3.6E & F). 
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Figure 3. 6 GLP-1 and GIP concentrations following the consumption of RR and rr peas.  

(A) Postprandial plasma GLP-1 concentrations. (B & C) iAUC0-300 and iAUC0-120 GLP-1 responses. 
(D) GIP postprandial concentrations. (E & F) iAUC0-300 and iAUC0-120 GIP responses. Data 
represents mean ±SEM (n=10). Repeated measures ANOVA was used to detect any 
differences for the postprandial data. Paired t tests were used for the total and iAUCs. 
Abbreviations: iAUC, incremental Area Under the Curve. 
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Flour Intervention 

 

Figure 3.7 A shows the GLP-1 response curve for the pea flour intervention. Statistical analysis 

revealed a non-significant main effect (p=0.09) or pea flour x time interaction for GLP-1 

(p=0.17).  

Results for GLP-1 iAUC0-300 and iAUC0-120 are shown in Figure 5B & C. Results indicated no 

statistically significant difference between the RR-rr pea flour groups (p=0.77, p=0.42 

respectively).  

GIP for the pea flour intervention was not analyzed. 

 

Figure 3. 7 GLP-1 gut hormone concentrations following the consumption of RR and rr pea 
flour groups.  
(A) Postprandial plasma GLP-1 concentrations. (B & C) iAUC0-300 and iAUC0-120 GLP-1 responses. 
Data represents mean ±SEM (n=10). Repeated measures ANOVA was used to detect any 
differences for the postprandial data. Paired t tests were used for the total and iAUCs. 
Abbreviations: iAUC, incremental Area Under the Curve. 
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3.5 Discussion 

 

3.5.1 Summary of findings 

 

➢ There were no significant differences in GE rates between groups when comparing RR 

and rr peas or RR and rr pea flour. 

➢ Plasma glucose concentrations were significantly higher following the consumption of 

RR peas and RR pea flour when compared to rr peas and rr pea flour 

➢ There was no effect in serum insulin and GLP-1 for both peas and pea flour 

interventions. 

➢ GIP did not result in significant differences between RR and rr peas. 

 

3.5.2 Detailed Discussion 

 

The aim of this exploratory study was to examine the acute effects of different genotypes of 

peas (RR and rr) on post prandial glycaemia, serum insulin and plasma gut hormone responses 

and to understand whether any observed differences were due to differences in GE rates. Pea 

flour was used to understand the effect of processing (milling) on the same outcome 

variables.  

A [13C] octanoic acid breath test was used to evaluate the GE rates. The breath data were 

analyzed using a modified version of the curve-fitting techniques (Morrison et al., 2003). T ½  

GE was defined from the fitted curve as a marker of GE rate: it has been shown to significantly 

correlate with scintigraphy data, supporting its use as a measure of GE rate (Maes et al., 

1994). GE has been studied extensively in the medical field mainly due to its relationship with 

nutrient digestion and absorption. Gastric distension is a complex process involving the 

physical and chemical breakdown of food (Bornhorst and Paul Singh, 2014) and can be 

influenced by many factors. Studies have shown that calorie content, meal volume and fat 

content as well as acid concentration can have a significant impact on GE (Moore et al., 1984, 

Moore et al., 1981, Kwiatek et al., 2009, Benini et al., 1994, Benini et al., 1995). Additionally, 

the importance of GE on post prandial glucose responses has been confirmed in the literature 
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by experimental studies (O'dea et al., 1981, Jenkins et al., 1982) where same portions of 

carbohydrates were given to healthy volunteers.  

 

Pea Intervention 

 

The GE results from this study indicated no differences in GE rates between the two different 

lines of peas suggesting that both peas were digested in a similar time course. Interestingly, 

differences in post prandial glucose responses were observed with rr peas resulting in lower 

acute post prandial glucose response at 30- and 60-min post ingestion (p<0.01, p<0.01 

respectively). Studies have examined the effect of different plant-based food structures on 

their glucose responses either by examining the GI of foods and the corresponding post 

prandial glucose and insulin responses (Foster-Powell et al., 2002, Kristensen et al., 2010). 

The information gained from these studies is that the structure of foods, more specifically the 

ratio of amylose to amylopectin content, the amount of resistant starches as well as the food 

processing are significant determining of factors glucose metabolism outcomes. The rr peas 

due to the natural mutation result in higher levels of amylose than amylopectin content. The 

ratio of amylose–amylopectin in rr peas has been estimated to 70% and 30% as opposed to 

RR peas which show 30% amylose-70% amylopectin (Bhattacharyya et al., 1990). 

Amylopectin, due to its high branching is more prone to digestion than amylose as amylolytic 

enzymes can easily penetrate its large surface area. Here, one can speculate that the 

differential responses found in plasma glucose between the two different types of peas are 

mainly attributed to the ratio of amylose amylopectin and limited access of digestive enzymes 

to rr pea food component structures. These results are in line with the literature where plant-

based foods with different amylose amylopectin ratio were tested (Miller et al., 1992, 

Panlasigui et al., 1991). To determine whether the ratio of amylose to amylopectin is 

responsible for the differential glucose responses, one would need to compare digested food 

samples at different phases of the digestive process. Although, this sampling was beyond the 

scope of this study, it was conducted as part of the study presented and discussed in the 

following chapter. Based on the results analyzed until now, one can only speculate regarding 

the factors of these differential glucose responses. 

As the rate of glucose entering the circulation was lower for the rr peas intervention it would 

be expected that the amount of serum insulin needed to clear the equivalent amount of 
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plasma glucose from the circulation will be lower. Serum insulin concentrations did not show 

a statistically significant difference between the two different pea lines, nor gut hormones 

GLP-1 and GIP, where the same pattern was observed. Studies have shown an effect in post 

prandial insulin responses after volunteers consumed meals with higher amylose than 

amylopectin contents (Behall et al., 1988).  This outcome may be attributed to the fact that 

insulin is highly variable as opposed to glucose which is tightly controlled and regulated. 

Indeed, in this data set, high variation in insulin responses was observed between the 10 

subjects that participated in this study.  

 

Flour Intervention 

 

Food processing can alter the structure of plant-based foods therefore altering digestion 

profiles. As discussed in Chapter 1, milling, grinding and other type of mechanical processes 

result in loss of the natural integrity of plant-based foods.  In this experiment results for pea 

flour are in accordance with results from the unprocessed/whole pea intervention. 

Specifically, no statistically significant effect was found in GE T1/2 between RR and rr pea flour. 

Interestingly, plasma glucose concentrations for pea flour showed statistically significantly 

differences at 90 min post ingestion (p=0.017) with rr pea flour group showing lower glucose 

responses. It might be reasonable to expect that within the GIT and during digestion, the 

lower the level of intact cell, the higher the plasma glucose responses. Since pea flour was 

produced by milling of the peas, its structure is different and consequently makes all 

carbohydrate content readily available, expending its absorption. Smaller food particles tend 

to have higher surface-to-volume ratio and become easily accessible to digestive enzymes. In 

line with results from peas one can speculate that although pea flour was milled, and thus 

carbohydrate content was readily available, the amylose amylopectin difference between the 

two lines was responsible for the differential responses in glucose. In line with results from 

pea intervention, serum insulin and plasma GLP-1 concentrations showed no difference. 
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3.6 Conclusion 

 

Both rr peas and pea flour resulted in lower post prandial glucose responses independently 

of changes in GE, insulin and gut hormone responses when given as part of a mixed meal test. 

As expected results indicated a more attenuated plasma glucose release in the case of rr peas 

and it is speculated that this effect was driven by the ratio of amylose amylopectin 

(Bogracheva et al., 1995). Milling peas into pea flour expended its absorption however, 

significant differences in postprandial glucose responses between the two pea flour 

genotypes were observed.  
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Chapter 4 

The effect of RR and rr peas and pea flour on 

small intestinal digestion 
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4.1 Introduction 

 

4.1.1 Tracking Digestion in Humans 

 

Understanding how the small intestinal environment handles and treats different plant-based 

food structures is important and can offer valuable information with regards to the interplay 

between plant-based foods and human digestion. Importantly, information about the 

structural properties of plant-based foods, such as the cell wall and fibrous tissue structure, 

can be used to alter the digestive quality of processed foods with the aim to reduce long-term 

hyperglycaemia and tackle T2D. Many studies have tried to understand the complex 

properties and behaviour of plant-based foods and their effects during digestion by 

employing different approaches such as: direct sampling from the ileum using ileostomy 

patients, measurement of intestinal transit time using biomarkers such as breath hydrogen  

or in vitro digestion methods using simulated digestion models (Cummings and Englyst, 1991, 

Strocchi and Levitt, 1991, Englyst et al., 1992, Muir and O'dea, 1992, Champ, 1992, Edwards 

et al., 2015, Silvester et al., 1995, Champ et al., 1998, Englyst et al., 1996). Even though these 

adopted methodologies can offer important information, they tend to have intrinsic 

limitations either because experiments are performed in patient groups or because simulated 

digestion models, which mimic the GIT, are used. Therefore, in most cases, results cannot be 

translated to the wider population. Here, an in vivo method was developed, aiming to help 

understand how plant-based food structures are handled by the small intestinal environment 

during digestion in the human GIT. CORTRAK Enteral System was used, which allows gastric 

and small intestinal intubation in healthy volunteers without the need of radiation.  

 

4.1.2 Small Intestinal Digestion and Plant-Based Foods 

 

Several factors can influence starch digestion in the small intestine. In plant-based foods, 

starches are stored in the endosperm as granules and depending on the botanical origin they 

have different sizes, shapes and structural organization. Starch granule morphology and 

shape, porosity, crystalline properties, degree of gelatinization and ratio of amylose-

amylopectin will all contribute to digestion rate profiles, postprandial plasma glucose 
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responses and resistant starch delivery to the colon. As mentioned in Chapter 1, starches in 

plant-based foods tend to be physically inaccessible due to encapsulation within intact cell 

walls. As a result, this leads to slower digestion rates due to the limited access of pancreatic 

enzymes (Snow and O'Dea, 1981, O'Dea and Wong, 1983, O'Dea et al., 1980, Würsch et al., 

1986). The amylose-amylopectin ratio found in plant-based foods, which dictates starch 

granule morphology (e.g. crystalline structures seen in starches), will also have a significant 

impact on digestion rates (Englyst and Cummings, 1990). Atomic force microscopic studies 

have been performed using RR and rr peas looking at the internal structure of pea starch 

granules and providing support with regards to the structural architecture properties of the 

two genotypes (Ridout et al., 2003). In Chapter 1, the different types of crystallinity seen in 

starchy foods were discussed, Type A, B, C and V (Sajilata et al., 2006). Type A and B structures 

are usually seen in cereals, raw bananas and potatoes (Annison and Topping, 1994). Starches 

in peas share properties from Type A and B, thus falling into the Type C category (Sajilata et 

al., 2006). Differences in starch crystallinity will determine susceptibility of the starch to 

pancreatic enzyme digestion. For example, cereals, which share Type A crystallinity 

properties, are digested by the human body without processing (i.e. cooking) and are usually 

consumed raw. On the other hand, starches found in potatoes cannot really be digested 

unless cooked and gelatinized (Englyst and Cummings, 1990). Legumes and pulses, which 

share Type C crystallinity patterns usually need very high temperatures during processing to 

gelatinize fully and become easily digestible (Englyst and Cummings, 1990). Evidence suggests 

that up to 15% of pulses and legume starches leave the upper GIT undigested mainly due to 

physical inaccessibility or semi gelatinization and become products for bacterial fermentation 

(Capuano et al., 2018). Results from a study in patients with ileostomy reported that 

encapsulated starches within intact cells are digested less than the free starch in wheat 

endosperm, resulting in lower postprandial glycaemia rates (Edwards et al., 2015). This 

highlights the importance of using such foods in diabetes management. Additionally, in 

another study including ileostomy patients, the results indicated that when barley was 

provided as flaked particles (3mm diameter) rather than flour, 17% barley starch was not 

absorbed in the upper GIT (Livesey et al., 1995). Results from another study using whole rice 

versus ground rice reported that -3.1% of whole rice starch particles escaped upper GIT 

digestion compared to 0.7%  of ground rice (Muir and O'dea, 1992).  
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Other properties found in starches might work towards reduced digestion rates. When 

starchy foods are cooked and then cooled down they tend to recrystallize (i.e. retrograde) 

and therefore, increase the level of resistance to digestion (Englyst and Cummings, 1990, 

Berry, 1986, Englyst and Cummings, 1987). It has been reported that amylose, which is seen 

in higher proportions in the case of rr pea, tends to highly retrograde and becomes more 

resistant to digestion and hydrolysis as opposed to amylopectin (Berry, 1986, Englyst and 

Cummings, 1987). Evidence supports an increase in resistant starch content in rice and potato 

after cooking and cooling (Muir and O'dea, 1992, Goñi et al., 1996). Results from a study 

where Ileostomy patients consumed cooked and cooled potatoes showed that 3% starch of 

the freshly cooked potatoes was not hydrolyzed as opposed to 12% of the starch from cooled 

potatoes which was recovered in the ileostomy effluent (Englyst and Cummings, 1987). 

Although this was not the focus of the experiments performed for this project, it is important 

to mention that different polysaccharides, found in plant-based foods,  can impact pancreatic 

enzymes inhibition and consequently digestion rates (Xu et al., 2016, Xiao et al., 2013). It has 

been documented in the literature that phenolic compounds cause pancreatic amylase and 

β-glucosidase inhibition (Buonocore and Silano, 1986), Additionally, it has been reported that 

guar gum and cellulose work against α-amylase and β-glucosidase (Slaughter et al., 2002, 

Dhital et al., 2015, Kim et al., 2014). 

Mechanical food processing can alter the structure of plant-based foods therefore altering 

digestion profiles. As discussed in Chapter 1, milling, grinding and other types of mechanical 

processing results in the loss of the natural integrity of plant-based foods. Smaller food 

particles will result in higher surface-to-volume ratio and therefore this will increase access 

of digestive enzymes to the inner part of the particles, increase digestibility rates and 

glycaemia. This effect has been demonstrated in studies were foods such as wheat and 

almonds were used (Edwards et al., 2015, Grassby et al., 2017). Importantly, in a study 

conducted by Edwards et al., comparing the kinetics of in vitro starch digestion using RR and 

rr peas results showed clear differences in the starch digestion kinetics. Larger particle size 

fractions resulted in slower digestion rates as opposed to purified starches. However, 

differences existed between RR and rr pea lines with the latter showing slower digestion rates 

(Edwards et al., 2018).  

In the previous experimental chapter, it was established that there are no statistically 

significant differences on gastric emptying for both peas and pea flour. However, there are 
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significant effects in different plasma glucose profiles with the rr genotype producing lower 

postprandial glucose responses as opposed to the RR genotype. This study will try to evaluate 

these effects further and will aim to give insight into the role of the small intestinal 

environment in plant starch digestion. For the purposes of this study, volunteers consumed 

50 g dry weight peas and pea flour from both genetic lines (RR and rr). The upper 

gastrointestinal digestion process was followed for 180 min. This study will try to explore the 

relationship of metabolites involved in digestion and the important role of the small intestinal 

environment in glucose control. 
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4.2 Purpose of the Study 

 

4.2.1 Hypothesis 

 

I hypothesized that rr peas and rr pea flour would result in different digestion profiles in the 

small intestinal environment, which would result in a blood profile associated with 

significantly lower glucose metabolism related biomarkers than the RR peas and RR peas 

flour. 

 

4.2.2 Aims 

 

The aim of this exploratory study was to investigate whether differences in metabolomic 

profiles of the rr peas and rr pea flour would result in different plasma and small intestinal 

glucose concentrations as well as serum insulin and gut hormones as opposed to RR peas and 

RR peas flour. The structural differences of RR and rr will also be examined. 

 

4.2.3 Outcome Measures 

 

The co-primary outcome measures were metabolic profiling in the gut as well as blood 

glucose metabolism related biomarkers. 

 

Secondary outcome measures include: 

1. GLP-1 and GIP concentrations 

2. Structural characteristics of raw, cooked and digested samples 
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4.3 Methodology  

 

This study was a randomized, double blind, controlled cross-over trial involving 4 overnight 

study visits and was approved by the South East Coast, Surrey, REC (REC reference number 

15/LO/0184). 

 

4.3.1 Volunteers Recruitment 

 

Volunteers for this study were recruited via the Healthy Volunteer Database NIHR Imperial 

Clinical Research Facility. Volunteers who expressed an interest in the study were provided 

with the Participant Information Sheet (Appendix 3). Following the completion of a pre-

screening questionnaire via telephone or email potential volunteers were invited to attend a 

healthy screening for further eligibility assessment. During the healthy screening visit, 

volunteers provide written, informed consent (Appendix 2). The screening visit involved a 

detailed collection of volunteers’ health history and anthropometric measurements were also 

collected. Blood pressure was measured, and an echocardiogram was performed, and blood 

samples were collected to assess overall metabolic health. Pregnancy tests were performed 

on women of child-bearing age. Inclusion and exclusion criteria were assessed as described in 

4.3.1.1 and 4.3.1.2. 

 

4.3.1.1 Inclusion Criteria 

 

Male and female healthy volunteers between the age of 18 to 65 years were suitable to 

participate in this study. Moreover, the inclusion BMI criteria were set between 20-35 kg/m2. 

 

4.3.1.2 Exclusion Criteria 

 

Below there is a list of all the exclusion criteria for this study. Any volunteers with the 

conditions below were not eligible to take part in the study. Exclusion criteria included: 

Gained or lost ≥ 3kg weight in the past two months, current smokers, history of substance 

abuse, excessive alcohol intake, pregnancy, diabetes, cardiovascular disease, cancer, any 
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gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease. kidney 

disease, liver disease, pancreatitis, use of medications likely to interfere with energy 

metabolism, appetite regulation and hormonal balance, including: anti-inflammatory drugs 

or steroids, antibiotics, androgens, phenytoin, erythromycin or thyroid hormones. 

 

4.3.2 Randomization 

 

Volunteers who passed the screening visit were randomized into the study. Randomization 

was performed using Sealed Envelope system provided by Sealed Envelope Company 

(sealedenvelope.com).  

 

4.3.3 Dietary Intervention/Test Meal 

 

In this study, RR and rr peas and pea flour were used as the interventional test products. Table 

4.1 presents the macronutrient profile of a 50 g portion of RR and rr peas (dry weight), which 

was the portion size used in this study. The moisture content of the peas was approximately 

7.4 g/100 g. As pea flour was produced by dried peas the moisture content of the flour will 

be approximately the same as the moisture content of peas but may be higher/lower due to 

the loss of the seed coat. In order to prepare the peas for the study, 50 g (dry weight) peas 

and pea flour were soaked for 24 hours in 200 ml of water, and they were cooked for 1 hour 

the morning of each study visit using medium temperature. 

 

Table 4. 1 Macronutrient profile of RR and rr peas (50 g dry weight portion) 

Macronutrient Profile of the Test meal 

Macronutrients  RR peas rr peas 

Energy Value (kcal) 143 147 

Protein (g) 10.6  11.9 

Carbohydrates (g) 17.65 14 

Fat (g) <.05 0.85 

Dietary Fibre (g) 18 18.1 
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4.3.4 Study Visit Overview  

 

4.3.4.1 Study Visit Preparation 

 

Prior to the first study visit volunteers were requested to refrain from strenuous exercise, 

excess caffeine and alcohol consumption. They were asked to fast from 9:00 pm overnight, 

but they could drink water.   

 

4.3.4.2 Study Visit Protocol 

 

The study protocol is outlined in Figure 4.1. Study visits were conducted in the NIHR Imperial 

Clinical Research Facility, Hammersmith London. Volunteers had to stay at the Clinical 

Research Facility for 4 days and 3 nights. Upon arrival volunteers’ body composition was 

assessed by bioelectrical impedance analysis (BIA) (Tanita BC-418 analyzer; Tanita 

Corporation, Japan). An intravenous cannula was inserted into one arm for blood sampling.  
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Figure 4. 1 Schematic Represenation of Exploratory Study 2 

Enteral feeding tubes were placed in volunteers’ stomach and small intestine to allow 

sampling of gastric and small intestinal area. The enteral feeding tubes were placed by a 

gastroenterologist using the CORTRAK enteral feeding tube system that track the position of 
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the tube during placement without the need for x-rays. The CORTRACK 2 system receives an 

electromagnetic signal from a stylet at the tip of the tube to monitor position and placement. 

The tubes can be simultaneously aspirated using 50 ml syringes to collect intestinal contents 

from the stomach and small intestine. Tube placement is also confirmed by the pH of fasting 

aspirated samples. Once positioned, the tubes can remain in place for up to 72 hours, thus 

inpatient studies can be conducted with repeat sampling on consecutive test days.  

A schematic representation of the feeding tube placement is outlined in Figure 4.2. The tubes 

remained in place for the duration of the 4-day visit.  

 

Figure 4. 2 CORTRAK Enteral Access Placement System 

One hour after placement of the enteral tubes, 2 baseline fasting blood samples, gastric and 

small intestinal samples were collected (Baseline 1 and 2). The meal was served (t=0 min) and 

postprandial blood samples were taken at 15, 30, 60, 90, 120, 180 min. 10 ml of blood was 

collected at each blood sample. 320 ml (4 × 8 × 10 ml) of blood were taken during the 4-day 

study visit. Moreover, following the experimental test meal, samples of intestinal content 

were collected every 15 min for 180 min.  At the end of sampling period on the fourth study 

day, the enteral tubes and intravenous cannula were removed, and volunteers were 

discharged from the Clinical Research Facility.  
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4.3.4.3 Samples Collection, Processing and Analysis 

 

Please refer to methods section 2.3 and 2.4 for samples collection, processing, storage and 

analysis. Microscopic examination was performed in raw and cooked peas as well as in the 

aspirated samples collected from the gastric at 180 minutes and small intestine at 60 minutes. 

Information about the microscopic techniques used in this study can be found in section 2.4.9.  

 

4.3.5 Statistics 

 

Since this was an exploratory study in a new area, a power calculation was not performed. A 

sample size of 12 volunteers was recruited for this study. One volunteer was not able to finish 

one of the pea flour visits thus results for biological samples of 11 volunteers will be presented 

for peas flour. The Shapiro-Wilk test was used to check the normality of the data (p≥0.01). 

Results are presented as mean ±SEM. In cases of non-parametric data, standard 

transformations were performed prior to carrying out parametric statistical tests. In cases of 

missing values, they were replaced with the mean group value at that timepoint or the 

average of the timepoints adjacent to the missing timepoint. The average of the two baseline 

measurements (-10 and 0 minutes) was used to give a new baseline value (t=0 min). Time 

series data were analyzed using repeated measures ANOVA with post hoc Fisher LSD tests. 

iAUCs were calculated using the trapezoidal rule and were compared using paired t-tests. The 

significance level was set at P=0.05 and statistical analysis was performed using IBM SPSS 

Statistics Version 23 and GraphPad Prism Version 8. Gastric and small intestinal metabolomic 

profile analysis was performed using Matlab Version R2014a. All spectra were normalized 

using median fold change normalization and using the median spectrum as reference 

(Dieterle et al., 2006). Data were imported to Matlab and multivariate statistical analysis was 

performed. Data were centered and scaled to account for the repeated measures design and 

modelled using partial-least-squares-discriminant analysis (PLS-DA) with Monte Carlo cross-

validation (MCCV) (Garcia-Perez et al., 2017). The fit and predictability of the models were 

obtained and expressed as R2 (explained variance) and Q2 (capability of prediction) values. 
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4.4 Results 

 

4.4.1 Volunteer Characteristics 

 

12 healthy volunteers were recruited into this study. Volunteer characteristics are shown in 

Table 4.1. All volunteers completed the 4 interventions except for 1 person who completed 3 

out of 4 visits. As the volunteer was staying in the CRF for 4 days demographic characteristics 

data were collected and averaged.  

 

Table 4. 2 Demographic Characteristics Data1 

Characteristics All (n=12) Mean of 4 Consecutive Visits 

Gender (M: F) 7:5 

Age (years) 45.8 ± 4.4 

Weight (kg) 69.5 ± 1.9 

BMI (kg/m2) 24.4 ± 0.6 

Body Fat (%) 22.9 ± 2.4 

        1Results presented as mean ± SEM. 
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4.4.2 Metabolomic Analysis of Gastric and Small Intestinal Samples 

 

Peas Intervention-Gastric and Small Intestinal Metabolomic Profiles 

 

The metabolomic profiles of the aspirated gastric and small intestinal samples were analyzed 

using Proton Nuclear Magnetic Resonance (1H-NMR) spectroscopy as in methods section 

2.4.7 and are presented in Figure 4.3. Analysis indicated statistically significant differences in 

the metabolomic profiles of gastric samples when comparing RR and rr pea groups (Figure 

4.8A). Specifically, amylopectin/maltose was significantly higher in the RR peas group at 30 

minutes post ingestion compared with the rr group (p=0.0004, Q2=0.002). Table 4.3 indicates 

amylopectin/maltose found in the gastric samples by showing detailed information with 

regards to chemical shifts and NMR signals. 

 

RM-MCCV-PLDA Score Plots at 30 min 

Gastric Samples for Peas 
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Average of each group δ=5.24 (d) ppm, t=60  

Duodenal Glucose for Peas 

 

 

 
Figure 4. 3 Metabolomic profiling of gastric and small intestinal aspirated samples for RR 
and rr peas.  
(A) RM-MCCV-PLS-DA scores plots of 1H-NMR gastric samples  at 30 min after consumption of 
RR peas vs rr peas.  Models are comprised of 1 predictive and 1 orthogonal component. Model 
score: R2Y 0.81, Q2Y 0.29. Dots represent the metabolic profile of each volunteer of the study 
cohort; The analysis was performed in available paired data (n=10). The RR peas are 
highlighted in blue and the rr peas are highlighted in red. (B) Fragment from the average 600 
MHz 1H-NMR spectrum of the RR peas (blue) vs rr peas (red) showing the anomeric carbon 
signal (5.24 (d)) of the glucose molecule. 
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Table 4. 3 Amylopectin/Maltose found in gastric samples associated with differences 
between RR and rr peas1 
 

RR and rr Peas  
Gastric Samples at 30 minutes 

Metabolite Chemical Shift 
(multiplicity) 

Association 
t=30 

P-Value for 
Peas t=30 

Q-Value for 
Peas t=30 

Amylopectin/ 
Maltose 

5.42(d), 3.60(dd), 
3.57(dd), 3.44(dd), 3.29 
(dd) 

↑ 0.000453 0.0024 

1Sigh of association; ↑ Indicates higher release with RR peas. Multiplicity key is as follows: d 
– doublet, dd – doublet of doublet 
 

Metabolic profiles of small intestinal samples analysis indicated differences between the two 

pea groups in glucose release rates at 60 minutes post ingestion (Figure 4.3B). RR peas 

resulted in higher glucose as opposed to rr peas (p=0.002, Q2=0.017). Table 4.4 indicates 

glucose found in small intestinal samples by showing detailed information with regards to 

chemical shifts and NMR signals.  

 

Table 4. 4 Glucose found in small intestinal samples associated with differences between 
RR and rr peas1 
 

RR and rr Peas  
Small Intestinal Samples at 60 minutes 

Metabolite Chemical Shift 
(multiplicity) 

Association 
t=60 

P-Value 
for Peas 

t=60 
 

Q-Value 
for Peas 

t=60 

Glucose 
 

3.25 (dd), 3.42 (m), 3.49 (m), 
3.54 (dd), 3.74 (m), 3.84 (m), 
3.91 (dd), 4.65 (d), 5.24 (d) 

↑ 
 

0.002 
 

0.017 
 

1Sign of association; ↑ Indicates higher release with RR, Multiplicity key is as follows: d – 
doublet, dd – doublet of doublets, m – (other) multiplet 
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Flour Intervention Gastric and Small Intestinal Metabolic Profiles 

 

Figure 4.4 shows metabolomic profiling of gastric pea flour samples. Results indicated 

differences between RR and rr groups at 15- and 30-minutes post ingestion.  In line with 

results from the peas intervention, higher amylopectin/maltose for the RR pea flour group at 

15- and 30-minutes post ingestion was found (p=0.00004, Q2=0.0019/p=0.0001, Q2=0.0006 

respectively).  

RM-MCCV-PLSDA Score Plots 

At 15 min Gastric 
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RM-MCCV-PLSDA Score Plots 

At 30 min Gastric 

 

 

 
Figure 4. 4 Metabolomic profiling of gastric aspirated samples for RR and rr pea flour. 
RM-MCCV-PLS-DA scores plots of 1H-NMR gastric samples comparing volunteers at 15 (A) and 
30 (B) min after consumption of RR pea flour vs rr pea flour.  Models comprise 1 predictive 
and 1 orthogonal component. Model score: R2Y 0.84/0.99, Q2Y 0.67/0.85 respectively. Dots 
represent the metabolic profile of each volunteers from the study cohort; Analysis was 
performed on paired available data (n=10). The RR peas flour are highlighted in green and the 
rr peas flour are highlighted in orange. 
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Table 4.5A and B shows a full list of metabolites and NMR signals for 15 and 30 minutes. 

Higher release for alanine and sucrose with rr peas as opposed to RR peas were found. At 30 

minutes there was a difference in nicotinate as well indicating high release in the case of rr 

pea four as opposed to RR pea flour. 

 

Table 4. 5 List of metabolites found in gastric samples associated with differences between 
RR and rr pea flour at 15’(A) and 30’(B) minutes post ingestion1,2 
A 

RR and rr Pea Flour 
Gastric Samples at 15 minutes 

Metabolite Chemical Shift 
(multiplicity) 

Association 
t=15 

P-Value for Pea 
Flour t=15 

Q-Value for Pea 
Flour t=15 

Amylopectin/ 
Maltose 

5.42(d), 3.60(dd), 
3.57(dd), 3.44(dd), 

3.29 (dd) 

↑ 0.00005 0.00198 

Alanine 1.48 (d) ↓ 0.00148 0.02060 

Sucrose 3.49 (t),3.58(dd), 
3.79 (t), 3.84(br), 
3.91 (m), 4.06(t), 
4.23 (d), 5.42 (d) 

↓ 0.00012 0.00303 

1Sign of association; ↑ Indicates higher release with RR, ↓ Indicates higher release with rr. 
Multiplicity key is as follows: d – doublet, dd – doublet of doublets, m – (other) multiple, br - 
(broader) 
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B 

RR and rr Pea Flour  
Gastric Samples at 30’ minutes 

Metabolite Chemical Shift 
(multiplicity) 

Association 
t=30 

P-Value for 
Flour t=30 

Q-Value for 
Flour t=30 

Amylopectin/ 
Maltose 

5.42(d), 3.60(dd), 3.57(dd), 
3.44(dd) 

↑ 0.0001 0.0006 

Alanine 1.48 (d) ↓ 0.0000619 0.0003 

Sucrose 3.49 (t),3.58(dd), 3.79 
(t),3.84(br), 3.91 (m), 
4.06(t),4.23 (d), 5.42 (d) 

↓ 0.0000107 0.0001 

Nicotinate 9.13 (s), 8.85 (dd), 8.28 (m) 
,7.45 (dd) 

↓ 0.0023500 0.0070 

2Sign of association; ↑ Indicates higher release with RR, ↓ Indicates higher release with rr. 
Multiplicity key is as follows: d – doublet, dd – doublet of doublets, m – (other) multiple, br - 
(broader) 
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In the small intestinal samples, results indicated that the RR pea flour group showed higher 

glucose concentrations at 30 minutes (p<0.001, Q2<0.001) (Figure 4.5). Sucrose was higher in 

the rr pea flour group (p<0.001, Q2<0.001). Also, higher release for alanine and nicotinic acid, 

after ingestion of rr pea flour were observed. Table 4.6 shows a full list of metabolites and 

NMR signals for small intestinal pea flour samples. 

 

Figure 4. 5 Metabolomic profiling of small intestinal aspirated samples for RR and rr pea 
flour.  
Fragment from the average 600 MHz 1H-NMR spectrum of the RR pea flour (green) vs rr pea 
flour (orange) showing the anomeric carbon signal (5.24 (d)) of the glucose molecule 
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Table 4. 6 List of metabolites found in small intestinal samples associated with differences 
between RR and rr pea flour1 

RR and rr Pea Flour 
Small Intestinal Samples at 30 minutes  

Metabolite Chemical Shift 
(multiplicity) 

Association 
t=30 

P-Value for 
Pea Flour 

t=30 

Q-Value for 
Pea Flour 

t=30 

Glucose 

 

3.25 (dd), 3.42 (m), 
3.49 (m), 3.54 (dd), 
3.74 (m), 3.84 (m), 
3.91 (dd), 4.65 (d), 
5.24 (d) 

↑ 0.00009 0.00041 

Sucrose 3.49 (t), 3.58 (dd), 
3.79 (t), 3.84 (br), 
3.91 (m), 4.06 (t), 
4.23 (d), 5.42 (d) 

↓ 0.00033 0.00123 

Gamma Amino/ 
N-butyrate 

2.30(t), 3.02(t) ↓ 0.00007 0.00035 

Alanine 1.48 (d) ↓ 0.00611 0.01429 
1Sign of association; ↑ Indicates higher release with RR, ↓ Indicates higher release with rr. 
Multiplicity key is as follows: d – doublet, dd – doublet of doublets, m – (other) multiple, br - 
(broader)  
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4.4.3 Acute Glycaemia and Insulinaemia 

 

Peas Intervention 

 

Figure 4.6 displays plasma glucose and serum insulin concentrations including iAUC0-180 and 

iAUC0-120. Plasma glucose concentrations were significantly lower after consumption of rr 

peas. A main effect of peas was found for plasma glucose (p=0.02). Pea x time interaction 

analysis revealed a statistically significant difference for plasma glucose (p=0.026). Post hoc 

analyses showed that he rr peas group had a decreased and more attenuated glucose 

response resulting in statistically significant differences at time 60 minutes post ingestion 

(p=0.007) compared with RR. Statistically significant differences at 15 minutes post ingestion 

(p=0.04) with rr peas resulting in higher amounts of glucose as opposed to RR were observed. 

This result could be explained by the pleiotropic consequence of the mutation found in rr peas 

resulting in higher amounts of sucrose. iAUC0-180 did not result in a statistically significant 

difference for plasma glucose. After 120 minutes, the iAUC0-120 for plasma glucose decreased 

by 46% in the case of rr peas (p=0.098). Serum insulin concentrations exhibited statistically 

significant differences between the two pea groups (main effect of peas, p=0.003). Peas x 

time interaction analysis revealed a p value of 0.001. Fisher LSD post hoc analysis indicated 

that the rr pea group resulted in lower levels of serum insulin at timepoints 90 (p=0.008) and 

120 (p=0.001) post ingestion. iAUC0-180 and iAUC0-120 showed a statistically significant 

difference (p=0.02, p=0.009 respectively) with rr peas producing lower insulin. Overall, there 

was a reduction of 42% in insulin levels between the two peas, with rr resulting in lower 

concentrations.  
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Figure 4. 6 Effect of acute consumption of 50 g dry weight RR and rr peas on plasma glucose 
and corresponding serum insulin levels 
Concentration of plasma glucose and serum insulin measured for 180 minutes (A, D). (B, C) 
iAUC180 and iAUC0-120 minutes calculated for plasma glucose and serum insulin. (E, F). The data 
represent mean ±SEM (n=12). *p<0.05, **p<0.01, ***p<0.001 
Abbreviations: iAUC, incremental Area Under the Curve. 
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Flour Intervention 

 

Pea flour analysis for plasma glucose and serum insulin can be found in Figure 4.7. Pea flour 

post prandial plasma glucose concentrations resulted in a lower peak between 15- and 30-

minutes post ingestion for the rr mutant pea (Figure 4.7A). Statistical analysis indicated a 

borderline significant pea flour x time interaction (p= 0.06) and no statistically significant main 

effect of pea flour (p=0.41). iAUC0-180 and iAUC0-120 for glucose did not result in any statistically 

significant differences (p=0.39 and p=0.11 respectively). 

Post prandial serum insulin (Figure 4.7D) concentrations were lower in the rr pea flour group 

at 15, 30- and 60-minutes post ingestion. In line with glucose results there was a borderline 

significant main effect of pea flour (p=0.07) and a borderline pea flour x time interaction 

(p=0.09).  iAUC0-180 for insulin was lower following consumption of the rr pea flour (p=0.05) 

and iAUC0-120 was statistically significant (p=0.04) with an overall reduction of 37% for the rr 

pea flour intervention.  
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Figure 4. 7 Effect of acute consumption of 50 g dry weight RR and rr pea flour on plasma 
glucose and corresponding serum insulin. 
Plasma glucose and corresponding serum insulin levels (A, D). (B, C) iAUC0-180 and iAUC0-120 
minutes calculated for plasma glucose and (E, F) serum insulin. Data represent mean ±SEM. 
Analysis was performed on available paired data, (n=11). *p<0.05 
Abbreviations: iAUC, incremental Area Under the Curve. 
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4.4.4 Small Intestinal Glucose 

 

Peas Intervention 

 

To try and understand the degree of starch digestibility and explain the observed differences 

in plasma glucose and serum insulin concentrations a glucose assay was performed using the 

luminal samples collected from the small intestine of human volunteers. The objective of this 

exercise was to confirm the results of the metabolomics analysis using a different 

methodology. Figure 4.8 presents small intestinal data for the pea’s intervention. Small 

intestinal glucose values after consumption of RR peas reached a peak of 3.77 ± 2.28 mmol/L 

which was nearly 2 times higher than the peak observed in rr peas, 1.92 ± 2.21 (4.12A).  AUC0-

120 for luminal glucose was significantly lower following the consumption of rr peas compared 

to RR peas (p=0.02) (Figure 4.8B) 

Figure 4.8C and D depict changes from baseline small intestinal glucose and plasma glucose 

for either RR (Fig. 4.8C) or rr (Fig. 4.8D) peas. Change from baseline values were used to 

normalize the data. An interesting observation is that small intestinal glucose concentrations 

mirrored plasma glucose release over the time course of the study. In the rr peas group, small 

intestinal glucose release is lower and more attenuated during the time course of the study 

(180 min). The highest peak in small intestinal samples was observed 30 minutes post 

ingestion in both RR and rr peas. The highest peak in plasma glucose was observed 60 minutes 

post ingestion after RR consumption whereas rr plasma glucose showed an increase in values 

at 30 minutes post ingestion. Interestingly, a second peak was observed later at 150 minutes 

post ingestion for rr peas.  
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Figure 4. 8 Small intestinal glucose levels for RR and rr peas. 
(A) Post prandial small intestinal glucose curves for RR and rr peas. (B) AUC0-120 for small 
intestinal glucose. Change from baseline values for small intestinal glucose along with 
corresponding plasma glucose (C) RR peas, (D) rr peas. Data represent mean, ±SEM. Analysis 
was performed on available paired samples, (n=8). *p<0.05 
Abbreviations: PG: Plasma glucose, SI: Small Intestinal glucose 
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Flour Intervention 

 

Small intestinal glucose concentrations for pea flour intervention can be found in Figure 4.9. 

After consumption of RR and rr pea flour small intestinal reached a peak at 30 minutes post 

ingestion (3.81 ± 2.2 mmol/L, 3.43 ± 1.9 mmol/L, respectively) (Figure 4.9A). The same pattern 

was observed in plasma glucose responses (rise at 30 minutes post ingestion). No statistically 

significant differences in the small intestinal glucose responses between the two flour 

genotypes when analyzing AUC0-120 were found (Figure 4.9B). Figures 4.9C and D show 

changes from baseline values for small intestinal glucose along with postprandial plasma 

glucose for RR and rr pea groups. As in the case of peas, the same mirroring effect of small 

intestinal glucose and plasma blood glucose was observed.  
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Figure 4. 9 Small intestinal glucose levels for RR and rr pea flour. 
(A) Post prandial small intestinal glucose curves for RR and rr pea flour. (B) AUC0-120 min for 
small intestinal glucose. Change from baseline values for small intestinal glucose along with 
corresponding plasma glucose (C) RR pea flour, (D) rr pea flour. Data represent mean, ±SEM. 
Analysis was performed on available paired samples, (n=7). Abbreviations: PG: Plasma 
glucose, SI: Small Intestinal glucose 
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4.4.5 Gut Hormones Secretion 

 

Peas Intervention 

 

There was no significant difference in GLP-1 concentrations between the two different types 

of peas (main effect of peas, p=0.85, peas x time interaction, p=0.50) (Figure 4.10A). The same 

pattern was observed for iAUC0-180 and iAUC0-120 (p=0.53, p=0.55 respectively) (Figure 4.10B 

& C). 

A peas x time interaction for GIP (p=0.01) was found with RR peas exhibiting higher amounts 

of GIP concentrations (Figure 4.1-D). 90- and 180-minutes post ingestion GIP concentrations 

were significantly higher for RR peas against rr peas (p=0.04, p=0.04 respectively). There were 

no differences in iAUC0-180 and iAUC0-120 for GIP (p=0.42, p=0.69 respectively) (Figure 4.10E & 

F). 
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Figure 4. 10 Effect of acute consumption of 50 g dry weight RR and rr peas on GLP-1 and GIP 
concentrations 
Post prandial data for GLP-1 (A). GLP-1 iAUC0-180 and iAUC0-120 responses (B & C). Post prandial 
data for GIP(D). GIP iAUC0-180 and iAUC0-120 responses (E & F). Data represent mean ±SEM 
(n=12). *p<0.05 
Abbreviations: iAUC, incremental Area Under the Curve. 
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Flour Intervention 

 

During the first 15 minutes’ post ingestion, there was a peak in GLP-1 concentrations observed 

for the RR pea flour group compared to the rr flour group (p=0.001) (Figure 4.11A).   

There was also a significantly higher iAUC0-120 GIP for the RR pea flour group (p=0.02) (Figure 

4.11F). The increase in GLP-1 and GIP in the RR pea and pea flour may be stimulated by the 

rapid increase in glucose early in the digestive process.  
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Figure 4. 11 Effect of acute consumption of 50 g dry weight peas on GLP-1 and GIP gut 
hormone concentration for RR and rr pea flour. 
Post prandial data for GLP-1 (A). iAUC0-180 and iAUC0-120 GLP-1 responses (B & C). 
Concentrations of GIP (D).  iAUC0-180 and iAUC0-120 GIP responses (E & F). Data represent mean 
±SEM. Analysis was performed on available paired data, (n=11). *p<0.05, **p<0.01, 
***p<0.001. Abbreviations: iAUC, incremental Area Under the Curve. 
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4.4.6 Structural Characteristics 

 

Given the differences observed in metabolomic profiling and glucose related biomarkers, a 

microscopic examination was performed on uncooked, cooked as well as aspirated pea 

digested samples from the gastric and small intestine of human volunteers. This exercise 

complements the results presented above and gives an illustration of the different structural 

properties of the RR and rr peas, which were highlighted as possible explanations for the 

differential glucose responses. The microscopic examination was only performed for whole 

RR and rr peas, and not for flour. 
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Peas Intervention-Uncooked Structures 

 

Figure 4.12 presents micrographs of uncooked RR and rr pea cells. Pea cells (separated using 

the CDTA method), with and without iodine staining, were observed using light microscopy in 

bright field. Cross-polarized light was used to observe starch granule crystalline structures.  

The micrographs showed that starch granules from RR and rr uncooked pea cells had different 

morphologies. Brightfield images showed that RR pea cells contained smooth, round-oval-

shaped starch granules which were of similar shape and size for all cells, and under cross-

polarized light the granules had a distinctive Maltese-cross pattern which indicates that the 

molecules within the starch granule are arranged in a radial pattern, resulting in high levels 

of crystallinity (French, 1972). The starch granules in rr pea cells appeared very different; they 

varied in size and shape and there were many different granule shapes held together as 

compound granules within each cell. The starch in rr cells appeared to be smaller than in RR. 

Birefringence patterns under cross-polarized light also suggested high levels of crystallinity, 

but the Maltese cross pattern appears to smaller due to the smaller size of the rr starch 

granules. 

 

Figure 4. 12 Micrographs of raw RR and rr pea cells separated using the CDTA method.  
Raw-uncooked starch from RR (A) and rr (B) pea cells in bright field. RR (C) and rr (D) pea cells 
stained with iodine in bright field. RR (E) and rr (F) pea cells observed with cross-polarized 
illumination.  
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Peas Intervention Cooked 

 

Figure 4.13 shows micrographs of RR and rr peas after cooking. Results indicated that after 

cooking the starch granules in RR peas gelatinize and swell to a higher extent than rr peas, 

compared to the images of the uncooked peas shown in Figure 4.12.  

Starch granules of RR peas were less densely packed than rr peas, and thus there was more 

space for them to swell after gelatinization, an effect which has been confirmed by 

experiments performed at the Quadram Institute Biosciences (Norwich, UK) (data 

unpublished).  Images of cooked pea cells under cross-polarized light showed that the starch 

granules in RR peas had lost birefringence and the Maltese cross observed in Figure 4.12, 

indicating loss of ordered structure due to gelatinization. Birefringence of starch granules 

from cooked rr peas was observed showing high levels of crystallinity and Maltese crosses 

even after cooking and this might be attributed to higher amylose content. The cell walls of 

the rr peas appear to be thicker than the cells walls observed in RR peas. 

 

Figure 4. 13 Micrographs showing cooked for 1 hour in boiling water RR and rr pea cells.  
Cooked starch from RR (A) and rr (B) pea cells in bright field. RR (C) and rr (D) pea cells stained 
with iodine in bright field. RR (E) and rr (F) pea cells observed with cross-polarized 
illumination.  
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Peas Intervention Aspirate Digested Samples 

 

Figure 4.14 presents micrographs of digested RR and rr peas from in vivo gastric aspirates at 

180 min.  rr pea cells mostly appear intact and the starch was contained within the cells as 

opposed to RR pea cells that show a degree of separation 180 min post ingestion. 

In line with an observation from the cooked samples, the cell walls in rr pea cells appear to 

be thicker that in RR pea cells. Thicker cell walls could act as barrier to digestive enzyme 

diffusion into the cells, an effect that has been observed before in legumes and pulses. Cell 

wall thickness was not measured using these samples and thus discussion be purely 

speculative at this stage. However, the ability of pea cells to resist digestion in vivo has been 

confirmed by experiments in vitro (simulated upper GI digestion) performed at the Quadram 

Institute Biosciences (Norwich, UK) (data unpublished).  

 

 

Figure 4. 14 Micrographs showing gastric aspirated digested samples 180 minutes post 
ingestion.  
RR pea aspirated gastric samples at different magnification levels (A) RR peas at magnification 
of 10x., (B) RR peas at magnification of 40x., (C) RR peas at magnification of 20x. rr pea 
aspirated gastric samples at different magnification levels. (D) rr peas at magnification of 10x., 
(E) rr peas at magnification of 40x., (F) rr peas at magnification of 20x.  
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Figure 4.15 presents micrographs of digested RR and rr pea cells from in vivo small intestinal 

aspirates at 60 min post ingestion.  The starch content inside the rr pea cell appears less 

gelatinized as opposed to RR pea cell suggesting that RR pea cells, when arriving to the small 

intestine, are more vulnerable to digestion as opposed to rr pea cells. In line with observations 

with the gastric aspirate samples and cooked samples, rr appear to have retain the thicker 

cell wall.  

 

Figure 4. 15 Micrographs showing small intestinal aspirated digested samples 60 minutes 
post ingestion. 
(A)RR pea aspirated small intestinal samples at magnification of 40x. (B) rr pea aspirated small 
intestinal samples at magnification of 40x.  
  



176 
 

4.5 Discussion 

4.5.1 Summary of Findings 

 

➢ Differences in the metabolic profiling of gastric and small intestinal samples between 

RR and rr peas and pea flour 

➢ Lower levels for plasma glucose, serum insulin and small intestinal glucose for rr peas 

versus RR peas  

➢ Marginal differences in plasma glucose and lower serum insulin for rr pea flour versus 

RR pea flour 

➢ Lower levels of GIP for rr peas and pea flour versus RR peas and pea flour 

➢ Distinctly different structures between RR and rr peas at raw, cooked and digested 

state 

 

4.5.2 Detailed Discussion 

 

The aim of the present study was to understand the interplay between plant-based food 

structures and the small intestinal environment when 50 g dry weight of peas and pea flour 

from both genotypes were consumed. 

 

Peas Intervention 

 

Here metabolomic profiling on aspirated pea gastric samples indicated differences between 

the two pea groups in the amylopectin/maltose concentrations with RR peas exhibiting higher 

release. It has been reported in the literature that RR peas have higher amounts of 

amylopectin (70%) as opposed to rr peas (30%) (Ratnayake et al., 2002). Therefore, by 

identifying amylopectin at 30 minutes post ingestion in the gastric samples and by considering 

the differences in the physico-chemical structural properties between the two peas we can 

speculate that RR peas are more vulnerable to digestion and structure break down in the 

upper GIT than rr peas. Additionally, it is known that amylopectin is more prone to digestion 

as opposed to amylose (which is higher in rr peas (70%) and amylose is a poor substrate for 

amylase action (Colonna et al., 1992). Therefore, higher release of glucose in the small 
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intestine with the RR peas group would be expected. Indeed, the metabolic profiles of small 

intestinal samples indicated higher glucose release in the RR pea group.  

In line with results from small intestinal metabolic profiling are the results from plasma 

glucose and small intestinal glucose. Both analyses showed higher plasma glucose 

concentrations after consumption of RR peas. Additionally, higher serum insulin for the RR 

peas group in comparison with the rr peas groups was observed. Many studies in the 

literature have tested the effect of plant-based foods which differ in their amylose-

amylopectin ratio, on glucose metabolism.  In a study conducted by Miller et al. (1992), 

subjects were asked to consume different varieties of rice where amylose content ranged 

from 2% to 28%. Results indicated that GI responses ranged from 64 ± 9 to 93 ± 11. The high 

amylose rice gave lower GI than the low-normal amylose rice and insulin indices were 

positively correlated with the GI of the different rice variates consumed (Miller et al., 1992). 

Additionally, in another study 12 women and 13 men were asked to consume meals with 70% 

of the starch in the form of amylose or amylopectin. Results indicated that the high amylose 

meal produced lower glucose at 30 min. Additionally, serum insulin levels were also lower at 

30- and 60-minutes post ingestion in the case of high amylose meal consumed (Behall et al., 

1988). The sustained plasma glucose release and lower insulin requirements observed in this 

study, in case of the rr peas, suggest that high amylose plant-based foods may be of increased 

benefit for glucose management. Microscopic examination of raw, cooked, and digested peas 

suggested that the intrinsic structural properties of rr peas played a significant role during 

digestion in the small intestine; the role was more pronounced after processing and especially 

during gelatinization. These factors should be taken into consideration when the quality of 

carbohydrates is studied. 

GLP-1 and GIP are both potent incretin gut hormones, offering anti-diabetic effects via 

glucose-stimulated insulin release. When examining RR and rr peas no effect was observed 

for GLP-1. Even though approximately 50% of GLP-1 release takes place in the colon, it has 

been noted that straight after the consumption of a meal there is GLP-1 release. Zhou et al., 

2008, reported that rats fed resistant starch experienced increased GLP-1 release (Zhou et al., 

2008). However, in this study, acute consumption of a portion of 50 g peas from both 

genotypes did not result in statistically significant differences for GLP-1. A possible 

explanation for this observation is that both pea groups (control/intervention) might share 

similar properties triggering the release of GLP-1. Currently, there is no evidence in the 
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literature pointing to different food structures and GLP-1 release. The literature reports 

differences in GLP-1 release following the consumption of meals with different macronutrient 

composition: more specifically, an increase in GLP-1 has been reported with the consumption 

of soluble proteins as they are more easily digested (Tonheim et al., 2007). The difference in 

the protein composition of the RR and rr peas is too small to trigger different GLP-1 release.  

GIP was observed in higher amounts when 50 g of RR peas were consumed compared to rr 

peas. GIP is primarily released from K-cells following the consumption of a meal. There is very 

limited data in the literature examining the association of resistant starch and levels of GIP 

secretion in humans. In one study where mice where fed different types of resistant starch 

(RS II and IV) results indicated that resistant starch IV reduced GIP secretion whereas resistant 

starch II increased GIP secretion (Shimotoyodome et al., 2009). However, this experimental 

study lasted for 4 weeks of resistant starch supplementation, whereas, in this case, there was 

acute consumption of peas. Authors suspected that results might be related to the reduced 

absorption of nutrients via the intrinsic properties of resistant starch such as the molecular 

and super-molecular structures. Peas used in our study do not fall in a single resistant starch 

category but have properties from different resistant starch types. For example, RR peas share 

properties found in resistant starch I and II type whereas rr peas share properties from 

resistant starch I, II and V. The difference in the carbohydrate content between RR and rr peas 

is 4.2 g/100 g. Here volunteers consumed 50 g of peas, therefore it is believed that a 

difference of 2.1 g in the carbohydrate content will not be enough to cause these profound 

effects in GIP concentrations. Thus, the intrinsic structural properties of rr peas might have 

been responsible for these effects and warrants further investigation.  

Results from the present study show that at raw state there are distinctly different structures, 

between RR and rr peas. These results are in line with studies by Ridout et al., and Bogracheva 

et al. Similar morphological properties were observed when other legumes were studied 

(Berg et al., 2012). In the case of the rr pea thicker cell walls were observed after cooking 

which were also observed 180 minutes post ingestion in the gastric samples and 60 min post 

ingestion in the small intestinal samples. These effects have also been seen by tandem in vitro 

experiments (Quadram Institute Biosciences, Norwich, UK (data unpublished)). It has been 

reported in the literature that the interaction of materials at the cellular level, such as cell 

walls, are responsible for the cell’s stability and resistance during hydrostatic pressure 

(Carpita and Gibeaut, 1993). As a result, bigger and thicker cell walls will result in reduced 
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bioaccesibility and bioavailability of nutrients during digestion explaining the differences we 

observed above analyzing glucose related biomarkers.  

When starches are cooked in an excessive amount of water the disruption is accompanied by 

high level of swelling and a high level of viscosity of starch suspensions (French, 1984, Zobel, 

1988). Additionally, starches with different crystalline structures (Type A, B or C) differ in the 

level of gelatinization.  Observations here confirmed that RR pea cells swelled due to more 

extensive water absorption than rr peas. Additionally, RR peas resulted in less crystalline 

structures. These effects confirm the vulnerability of RR peas as seen in metabolomic profiling 

analysis. Bogracheva et al. has reported that the crystalline structures of the RR peas show a 

ratio of B-to A-type polymorphs whereas rr peas show the opposite, A-to B ratio. Thus, the 

differences observed after cooking between RR and rr peas are due to the unique 

physiochemical and structural properties. Previous work by Skrabanja et al., has shown that 

the rate of hydrolysis of rr is slower than RR peas (Skrabanja et al., 1999) and this behaviour 

would perhaps have pronounced effects on glucose breakdown in the human GIT tract. The 

structural differences observed at raw state determine the behaviour during cooking and 

therefore during digestion. Differences in the starch structure as well as cell walls which both 

have been observed here can be significant factors during digestion in the small intestine and 

lead to a higher amount of resistant starches delivered to the colon.  

 

Flour Intervention  

 

Food processing either domestic or industrial has a significant effect in structural integrity of 

plant-based foods. Reports from the literature identify several types of damage: in some cases 

entire starch granules are damaged whereas in others specific regions of starch granules are 

disrupted causing analogous effects on absorption and digestion by the human body (Ziegler 

et al., 1971). The pea seeds used in this experiment were hammer milled into flour with a 

screen size of 0.6 mm after dehulling. This effect will results in increased water uptake during 

cooking making starch rapidly digestible (Levine et al., 1990). Also, it will increase the number 

of small starch particles. Smaller particles will increase the rapidly digestible starch and 

decrease the resistant starch content (Hallfrisch and Behall, 2000). Experimental studies using 

peas, wheat and almonds have shown that particle size alter digestibility and therefore 

nutrient release and absorption (Edwards et al., 2015, Grassby et al., 2017, Edwards et al., 
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2018). However, results from this study indicated that even though the pea matrix was lost 

by milling, it was possible to observe differences between the two pea flours. In line with 

results from aspirated pea gastric samples, the metabolomic analysis of gastric pea flour 

samples indicated higher release of amylopectin/maltose immediately after ingestion. This 

finding indicates that the level of hydrolysis for RR pea flour was higher than rr pea flour. This 

finding confirms the vulnerability of the RR genotype to digestion as discussed above in the 

case of peas. Moreover, immediate observations (~15 minutes post ingestion) of 

amylopectin/maltose points to the pea matrix loss. It is already known that the enzymatic 

digestibility of starches is dependent on the following factors:  starch source, size of the 

granule, level of crystalline structures, the amylose- amylopectin ratio and degree of 

gelatinization (Singh et al., 2010, Wolf et al., 1999). Metabolomic profiling of small intestinal 

samples showed that rr pea flour resulted in significantly lower glucose rates compared to 

the RR pea flour. Moreover, a decrease for plasma and small intestinal glucose and serum 

insulin concentrations in the rr pea flour group was observed, but this change was not 

statistically significant.  Although the pea matrix in both pea flours was lost generating 

changes in starch structure, the rr pea flour structural properties lead to slower digestion 

rates as judged by the clear significant differences in gastric and small intestinal aspirated 

samples and the marginal effects on glucose metabolism related biomarkers. Gut hormone 

concentrations of GLP-1 and GIP were higher with the RR pea flour intervention. This effect 

might be driven by the early glucose release or the low amylose affinity to digestive enzymes 

and thus the lower breakdown of rr pea flour.  
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4.6 Conclusion 

 

The structural differences observed between RR and rr peas as and consequently pea flour 

lead to different behaviour during digestion in the human GIT. The higher 

amylopectin/maltose found in RR peas and RR pea flour was an important factor altering 

digestion in the human small intestine and points to the vulnerability of the RR genotype 

during digestion and the higher glucose metabolism related biomarkers.  

Slowly digested starches and resistant starches have been associated with health benefits 

such as lower glucose and insulin responses as well as delivery of resistant starches to the gut 

and increased fermentation rates. Determining whether rr pea and rr pea flour components 

will leave the small intestine and travel to the gut for bacterial fermentation will be the aim 

of the next experimental study.  
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Chapter 5 

The effect of 13C-enriched RR and rr peas and 

pea flour on colonic fermentation and short 

chain fatty acids production 
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5.1 Introduction 

 

Plant-based foods with different food structures produce different digestion profiles, which 

yield varying  post prandial glucose responses (Jenkins et al., 1982). Consumption of plant-

based foods high in rapidly digestible starches will lead to higher post prandial glucose 

responses and higher insulin levels, therefore increasing the risk factor for developing glucose 

metabolism related metabolic defects, such as insulin resistance and T2D(Jenkins et al., 2002). 

Evidence in the literature supports that consumption of plant-based foods with slowly 

digestible starches might be beneficial for maintaining glucose homeostasis throughout life 

(Thaler and Cummings, 2009). More importantly, ongoing evidence in the literature supports 

that resistant starches can modulate post prandial glucose release and increase insulin 

sensitivity which in turn is associated with a reduction in the risk of developing metabolic 

diseases (Jenkins et al., 2002). This effect is possibly driven by degradation of complex 

polysaccharides (resistant starch) in the colon which yield short chain fatty acids (SCFAs) 

production (acetate, propionate and butyrate) via fermentation. SCFAs lead to physiological 

and metabolic benefits which have been known to have implications on human health and 

disease (Ríos-Covián et al., 2016). When assessing potential mechanisms linking SCFAs with a 

regulatory role on glucose homeostasis it is apparent to study the bioavailability of gut-

derived SCFAs at different organ sites and their contribution to glucose metabolism. In the 

human colon total concentration of SCFAs in ~200 mM and the highest amount has been 

found to in the cecum (Cummings et al., 1987). Butyrate is preferentially oxidized by colonic 

cells (Frayn, 2009). Propionate and acetate might get absorbed by colonic cells but to a much 

lower extent. Those SCFAs that are not metabolized by the gut are absorbed into the portal 

vein with those SCFAs not extracted by the liver entering the hepatic vein and peripheral 

circulation (Frayn, 2009). Between the portal and hepatic vein marked differences in SCFAs 

have been observed with ~80% of butyrate and propionate in the portal vein taken-up by the 

liver in contrast to ~40% acetate (Cummings et al., 1987, Bloemen et al., 2009). As a result, 

acetate is the only gut-derived SCFAs found in appreciable amounts in peripheral blood 

(>50μmol) (Bloemen et al., 2009, Cummings et al., 1987). Experimental studies in healthy 

subjects receiving rectal infusion of acetate and propionate suggest colonic SCFAs influence 

carbohydrate metabolism (Wolever et al., 1989, Fushimi et al., 2006, Anderson and Bridges, 
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1984). A natural way to increase  SCFA production in the colon is the consumption of resistant 

starch (Asp et al., 1996, Englyst and Macfarlane, 1986). Experimental studies in rats and pigs 

have reported that consumption of resistant starch increased fecal and fecal production of 

total SCFAs as well as specific concentrations of butyrate, acetate and propionate (Ferguson 

et al., 2000, Henningsson et al., 2003). In most human studies, supplementation of resistant 

starch increased fecal excretion and/or fecal concentrations of SCFAs (Birkett et al., 2000, 

Muir et al., 2004, Cummings et al., 1996). However, inconsistencies have also been reported 

with regards to individual SCFAs effects and studies in the literature have reported no effects 

after long term resistant starch supplementation (Hylla et al., 1998).  

The discrepancies that have been observed can perhaps be attributed to differences in the 

experimental designs, the type and amount of resistant starch being used, variations within 

volunteers’ responses and other factors. It is important to note that, evidence suggests that 

different resistant starch types lead to different SCFA profiles. In humans and rats 

consumption of resistant starch Type II showed to increase butyrate concentrations 

(Cummings et al., 1996, Ferguson et al., 2000, Henningsson et al., 2003), whereas in two other 

studies, where resistant starch Type III was given result in higher concentrations of acetate in 

pigs with no effect in humans (Martin et al., 2000, Cummings et al., 1996). 

Understanding the effects of total and individual SCFAs on organ sites acquires information 

related to fermentation-derived SCFAs production. We know that quantification of starch 

digestion in the gut and information about the amount and type of resistant starch that 

becomes available for fermentation by bacteria is quite challenging in human nutrition 

research. This challenge is mainly driven by the difficulty of aspirating samples from the small 

intestine (proximal and distal) and the colon. Information about starch digestibility can be 

obtained from in vitro assays (Englyst et al., 1999) which however, might not always reflect 

the in vivo starch digestion process as previously reported by Priebe et al. (Priebe et al., 2007) 

and discussed in previous chapters. In the previous experimental chapter, we established that 

the physico-chemical structural properties of rr peas resulted in lower digestibility rates, as 

judged by lower blood and small intestinal glucose and metabolomics profiling. This would 

suggest that more of the available carbohydrates from rr peas and perhaps rr pea flour, were 

we observed marginal effects, would reach the colon and will be fermented by gut bacteria 

leading to higher concentrations of SCFAs production as opposed to RR peas and pea flour. 
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Here is an attempt to understand the effect of starch digestion on colonic fermentation and 

production of SFCAs further, we developed an in vivo approach and we used stable-isotope 

labelled peas and pea flour with natural 13C-enrichment. The aim of this chapter therefore 

will be to understand gut fermentation process and SCFAs production in healthy human 

volunteers after consumption of RR and rr peas and flour. We used peas that grew in a 13CO2 

enriched atmosphere to produce pea starch with an enrichment of ~1-2 atom percent above 

natural abundance. This level of enrichment is enough for identification of metabolites via 

isotope ratio mass spectrometry (IRMS) technology.  This approach has successfully been 

performed previously by Professor Tom Preston at the University of Glasgow. In a previous 

study, Professor Tom Preston and his group had produced naturally 13C-enriched wheat and 

produced wholemeal wheat bread with aim to identify whether in vitro starch hydrolysis rates 

reflect postprandial glucose kinetics in a group of healthy volunteers (Priebe et al., 2007).  

For the purposes of this study participants consumed 50 g dry weight of 13C peas and 13C pea 

flour from both genotypes being included in a mixed meal test. With advanced mass 

spectrometry technology, we aimed at monitoring the metabolism of pea starch-derived 

glucose in blood by measuring exogenous glucose production (13C plasma glucose) as well as 

urine 13C SCFA and to compare 13C SCFA output between the peas and the pea flour groups.  
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5.2 Purpose of the Study 

 

5.2.1 Hypothesis 

 

Using naturally 13C-enriched pea and pea flour, I hypothesized that rr pea products would 

result in a lower 13C enrichment in plasma glucose profiles, due to reduced digestion in the 

upper GI tract, and higher 13C enrichment in urinary SCFA profiles, due to significantly greater 

colonic fermentation, compared to RR pea products.  

 

         5.2.2 Aims 

 

The overall aim of this study was to investigate the influence of starch delivery to the colon 

and specifically examine whether differences in 13C plasma glucose will lead to differences in 

gut fermentation metabolites by testing 13C 24-hour urine profiles and breath H2 between RR 

and rr peas and between RR and rr pea flour. 

 

         5.2.3 Outcomes Measures 

 

The co-primary outcomes for this study are 13C enrichment profiles in plasma glucose and 

urinary 13C SCFAs enrichment after consumption of RR and rr peas and pea flour. 

Secondary outcome measures include: 

1. Breath H2 concentrations  

2. Plasma glucose concentrations 

3. Serum insulin concentrations 

4. GLP-1 concentrations 
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5.3 Methodology  

 

This study was a randomized, controlled, double blind, cross - over trial involving 4 study visits 

and was approved by the South East Coast, Surrey REC (REC reference number 15/LO/0184).  

 

5.3.1 Volunteer Recruitment 

 

Volunteers for this study were recruited via the Healthy Volunteer Database at the NIHR 

Imperial Clinical Research Facility. Volunteers who expressed an interest in the study were 

provided with the Participant Information Sheet (Appendix 5). Following the completion of a 

pre-screening questionnaire via telephone or email potential volunteers were invited to 

attend a healthy screening for further eligibility assessment. During the healthy screening visit 

volunteers provide written, informed consent form (Appendix 6). The screening visit involved 

a detailed collection of the volunteer’s health history and anthropometric measurements 

were also collected. Blood pressure was measured, and an echocardiogram was performed. 

Blood samples were collected to assess overall metabolic health. Pregnancy tests were 

performed on women of child-bearing age. Inclusion and exclusion criteria were assessed as 

described in 5.3.1.1 and 5.3.1.2 

 

5.3.1.1 Inclusion Criteria 

 

Male and female healthy volunteers between the age of 18 to 65 years were suitable to 

participate in this study. Moreover, the inclusion BMI criteria were set between 20-35 kg/m2. 

 

5.3.1.2 Exclusion Criteria 

 

Below there is a list of all the exclusion criteria for this study. Any volunteers with the 

conditions below were not eligible to take part in the study. Exclusion criteria included:  

weight changes of ≥ 3kg in the preceding 2 months, current smokers, substance abuse, excess 

alcohol intake, pregnancy, diabetes, cardiovascular disease, cancer, gastrointestinal disease 

e.g. inflammatory bowel disease or irritable bowel syndrome, kidney disease, liver disease, 
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pancreatitis, use of medications likely to interfere with energy metabolism, appetite 

regulation and hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, 

androgens, phenytoin, erythromycin or thyroid hormones. 

 

5.3.2 Randomization 

 

Volunteers who passed the screening visit were randomized into the study. Randomization 

was performed using Sealed Envelope system provided by Sealed Envelope Company 

(sealedenvelope.com). 

 

5.3.3 Dietary Intervention/Test Meal 

 

In this study, naturally 13C-enriched RR and rr peas and pea flour were used as the 

interventional products combined with a mixed meal test. Peas were grown in a 13C enriched 

environment and as a result are naturally enriched in 13C. The reason behind it was to produce 

pea starch with an enrichment of ~1-2% above natural abundance. 13C is a naturally occurring 

stable isotope used commonly in clinical practice. The 13C test will allow us to assess the 

digestion of peas and pea flour by isotope ratio mass spectrometry. The pea seeds were 

sourced by Professor Tom Preston, University of Glasgow and the pea flour was produced 

from the same peas by Camden BRI as previously stated in section 2.2. Table 5.1 presents the 

macronutrient profile of the test meal. The moisture content of the peas was approximately 

7.4 g/100g. As pea flour was produced by dried peas the moisture content of the flour will be 

approximately the same as the moisture content of peas but may be higher/lower due to the 

loss of the seed coat.  

50 g of peas were soaked from 9:00 am the day before the study visit in 200 ml of water and 

they were boiled for 1 hour the morning of the study visit. 50 g of flour was microwaved for 

2 minutes with the tomato soup. The whole test meal contained of 500 g water, 80 g of white 

bread with 10 g of butter, and 280 g tomato soup.Volunteers received 100 mg 13C glucose, 

which was mixed thoroughly with 1 ml water, and was added to 100ml water for 

consumption. The tracer was given to participants to estimate loss terms and measure 
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exogenous glucose production. This method helped to make absolute estimates of production 

of 13C plasma glucose.  

 

Table 5. 1 Nutritional Information of Study 3 Mixed Meal Test1 

Experimental Test Meal Nutritional Information 

Food Products Unit (g) Kcal CHO (g) Fat (g) Protein (g) Fibre (g) 

Hovis Soft White Bread 

Medium Sliced 80 93.0 17.9 0.7 3.5 1.0 

Heinz Tomato Soup 280 167 20 8.4 1.96 1.68 

Flora butter 10 40 0.5 4.5 0.5 0 

RR Peas 50 143 17.6 <0.5 10.6 18 

Total (RR) Meal 420 443 56 14.1 16.5 20.68 

rr Peas 50 147 14 0.85 11.6 18.1 

Total (rr) Meal 420 447 53.4 14.9 17.5 20.69 

 

5.3.4 Study Visit Overview  

 

5.3.4.1 Study Visit Preparation 

 

Prior to the study visit volunteers were asked to complete a 24-hour food diary in which they 

recorded all the food and drinks that they consumed during the previous 24 hours. They were 

also asked to refrain from strenuous exercise, caffeine and alcohol consumption. They were 

asked to fast from 9:00 pm, but they could drink water. Additionally, they were asked to 

consume the exact same evening meal of their choice the evening before each of the 4 visits 

for to promote consistency between visits.  

 

5.3.4.2 Study Visit Protocol 

 

On study visits, volunteers were asked to arrive at the NIHR Imperial CRF at 9:00 am having 

fasted from the night before. Volunteers were asked to empty their bladder and body 

composition was assessed by bioelectrical impedance analysis (BIA) (Tanita BC-418 analyzer; 
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Tanita Corporation, Japan). An intravenous cannula was inserted into one arm for blood 

sampling, as per methods section, and 30 minutes later two fasting blood samples and breath 

H2 samples were collected (Baseline 1 and Baseline 2 samples). 

Volunteers then received the test meal at 0 min and post prandial blood samples were 

collected at 15, 30, 60, 90, 120, 180, 240, 300, 360 ,420 and 480 min as per methods section.  

10 ml of blood were collected at each time point amounting to 130 ml (13 × 10 ml) of blood 

per visit. Breath H2 samples were collected at 60, 120, 180, 240, 300, 360, 420 and 480. 

Through the study visit urine samples were collected as well. Figure 5.1 shows the schematic 

representation of the study flow. 

 

 

Figure 5. 1 Schematic representation of the study 

 

5.3.4.3 Post Study Visit Protocol 

 

At the end of the study visit volunteers were given a 5-litre urine bottle and were advised to 

keep collecting their urine samples until the following morning where they were asked to 

return the samples to the Clinical Research Facility. 
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5.3.4.4 Samples Collection, Processing and Analysis 

 

Please refer to methods section 2.3 and 2.4 for samples collection, processing, storage and 

analysis. 

 

5.3.5 Statistics 

 

Please refer to chapter 3, section 3.3.7 for information about statistical analysis. 
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5.4 Results 

 

5.4.1 Volunteer Characteristics 

 

For the purposes of this study, 10 volunteers were recruited. Volunteer characteristics are 

shown in table 5.2. All volunteers completed the 4 interventions following consumption of RR 

and rr peas as well as RR and rr pea flour in random order. The experimental visits were 

performed with intervals of ≥1 week with the aim to wash out residual 13C from the previous 

visits. 

 

Table 5. 2 Demographic Characteristics Data1 

Characteristics All 

(n=10) 

Visit 1 Visit 2 Visit 3 Visit 4 P Value 

Gender (M: F) 4:6 

Age (years) 45.4 ±4.85 

Weight (kg) 70.9 ±2.5 70.1 ±2.5 69.4 ±3.3 69.2 ±2.8 0.25 

BMI (kg/m2) 24.0 ±0.9 24.0 ±0.9 24.2 ±1.0 24.0 ±0.9 0.26 

Body Fat (%) 28.4 ±1.8 27.7 ±2.0 27.2 ±1.8 27.6 ±6.7 0.28 

1Results presented as mean ± SEM. 
 

5.4.2 Exogenous 13C Plasma Glucose 

 

Peas Intervention 

 

Exogenous postprandial time course 13C plasma glucose data and AUC0-480 are presented in 

Figure 5.2. Results showed lower 13C plasma glucose concentrations after consumption of the 

rr peas as opposed to RR peas test meal. Repeated measures ANOVA analysis indicated a 

significant pea x time interaction (p=0.009), without observing a main effect of peas (p=0.11). 

Post hoc tests revealed that at 120, 180 and 240 minutes 13C plasma glucose for rr peas was 

significantly lower than RR peas (p=0.03, p=0.03, p=0.001, respectively). There was a 



193 
 

significant difference in AUC0-480 for 13C plasma glucose concentrations with rr peas showing 

lower levels of 13C plasma glucose (p= 0.03).  

 

Figure 5. 2 Exogenous 13C plasma glucose data following consumption of 13C-enriched RR 
and rr peas. 
(A) Postprandial curves for RR and rr peas group after administration of 50 g dry weight 13C-
enriched peas along with a mixed meal test. (B) Total AUC0-480 of exogenous 13C plasma 
glucose production for RR and rr peas. 13C Plasma glucose data were analyzed using gas 
chromatography-combustion isotope ration mass spectrometry. Data represent mean ± SEM 
(n=10). *p<0.05, **p<0.01. Abbreviations: AUC, Total Area Under the Curve 
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Flour Intervention 

 

Exogenous postprandial 13C plasma glucose and total AUC0-480 for the pea flour group are 

presented in Figure 5.3. Results indicated no statistically significant difference between RR 

and rr pea flour over the time course of the study. Repeated measures ANOVA indicated a 

main effect of p=0.34 and pea flour x time interaction p=0.33. Total AUC 0-480 for 13C plasma 

glucose was not statistically significant different between the two types of pea flour (p=0.88) 

 

 

Figure 5. 3 Exogenous 13C plasma glucose data following consumption of 13C-enriched RR 
and rr pea flour. 
(A) Postprandial curves for RR and rr pea flour group after administration of 50 g dry weight 
13C-enriched pea flour along with a mixed meal test. (B) Total AUC0-480 of exogenous 13C 
plasma glucose production for RR and rr pea flour groups. 13C Plasma glucose data were 
analyzed using gas chromatography-combustion isotope ration mass spectrometry. Data 
represent mean ± SEM (n=10). Abbreviations: AUC, Total Area Under the Curve 
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5.4.3 Excretion of 13C SCFA in urine 

 

Peas Intervention 

 

Figure 5.4 show the fractional recovery in urinary excretion of the respective 13C SCFA acetate, 

propionate and butyrate. Results indicated that cumulative 13C acetate excretion after 24 

hours of urine samples collection did not result in statistically significant differences between 

the RR and rr pea interventions (p=0.65). However, 13C propionate and 13C butyrate after 

consumption of both RR and rr peas indicated statistically significant higher concentrations in 

the case of rr peas group (p=0.01, p=0.03, respectively).  

 

Figure 5. 4 Fractional recovery in urinary concentrations of 13C acetate (A), 13C propionate 
(B) and 13C butyrate (C) after consumption of 13C-enriched RR peas and rr peas.  
Data were analyzed using gas chromatography-combustion isotope ration mass 
spectrometry. Data represents mean ±SEM (n=10). *p<0.05. 
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Flour Intervention 

 

Figure 5.5 show the fractional recovery in urinary excretion of the respective 13C SCFA acetate, 

propionate and butyrate for the pea flour group.  In the case of pea flour intervention results 

are in line as with the peas intervention. The cumulative 13C acetate excretion after 24 hours 

of urine samples collection did not result in statistically significant differences between the 

two pea flour groups (p=0.99). 13C propionate and 13C butyrate was retrieved in urine after 

consumption of both RR and rr pea flour groups. Results indicated statistically significant 

differences for both 13C propionate and 13C butyrate with rr pea flour resulting in higher 

concentrations that the RR pea flour group (p<0.001 p=0.04, respectively).  

 

 

 

Figure 5. 5 Fractional recovery in urinary concentrations of 13C acetate (A), 13C propionate 
(B) and 13C butyrate (C) after consumption of 13C-enriched RR and rr pea flour test meals.  
Data were analyzed using gas chromatography-combustion isotope ration mass spectrometry 
Data represents mean ±SEM. Analysis was done on available paired samples, (n=9). *p<0.05, 
***p<0.001 
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5.4.4 Breath Hydrogen Concentrations 

 

Peas Intervention 

 

Breath H2 excretion times were determined following consumption of RR and rr peas along 

with a mixed meal test. Time course data and AUC0-480 are presented in Figure 5.4. There was 

no statistically significant difference between the two pea groups in H2 excretion rates 

although we observed more rapid H2 excretion rates for rr peas compared to RR after 3 hours 

of consumption. There was no statistically significant difference in AUC0-480 between the two 

groups (p=0.22). 

 

 

Figure 5. 6 Breath H2 excretion rates after consumption of 13C-enriched RR and rr peas.  
(A) Time course data of Breath H2 excretion rates. (B) Breath H2 AUC0-480. Data represent mean 
±SEM (n=10). Abbreviations: AUC, Area Under the Curve 
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Flour Intervention 

 

Breath H2 excretion data for the pea flour RR and rr groups are presented in Figure 5.5. Results 

showed a statistically significant difference in Breath H2 excretion times between RR and rr 

pea flour groups with the latter resulting in higher amounts (main effect of peas, p=0.001, 

pea x time interaction, p=0.027). Post-hoc tests revealed a statistically significant difference 

at 300, 360- and 480-minutes post ingestion (p=0.02, p=0.01, p=0.001 respectively). Total 

AUC0-480 was significantly lower for the RR pea flour group as opposed to the rr pea flour group 

(p=0.02). 

 

 

Figure 5. 7 Breath H2 excretion rates after consumption of 13C-enriched RR and rr pea flour. 
(A)Time course data of Breath H2 excretion rates. (B) Breath H2 AUC0-480. Data represent mean 
±SEM (n=10). **p<0.01.  Abbreviations: AUC, Area Under the Curve 
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5.4.5 Plasma Glucose and Serum Insulin 

 

Peas Intervention 

 

Results from plasma glucose and serum insulin concentrations following the consumption of 

RR and rr peas are presented in Figure 5.8. There was no pea x time interaction for plasma 

glucose (p=0.32) and the same pattern was observed when testing the main effect of peas 

(p=0.71) between the RR and rr pea groups (Fig. 5.8A). Additionally, no differences were 

found when testing iAUC0-480 and iAUC0-120 for plasma glucose between groups (p=0.57, 

p=0.95 respectively) (Fig. 5.8B & C). 

Time course data for serum insulin did not reach a statistically significant difference after 

consumption of RR and rr peas consumption (Main effect of peas p=0.19, time x interaction, 

p=0.10). No statistically significant differences were found when testing iAUC0-480 (p=0.58). 

However, when testing iAUC0-120 a statistically significant effect was found between RR and 

rr, with rr peas showing lower amounts of insulin being secreted (p=0.03). 
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Figure 5. 8 Plasma glucose and serum insulin concentrations following the consumption of 
13C-enriched RR and rr peas. 
(A) RR and rr peas postprandial plasma glucose concentrations. (B & C) iAUC0-480 and iAUC0-120 
for plasma glucose. (D) Serum insulin postprandial concentrations. (E & F) iAUC0-480 and iAUC 

0-120 for serum insulin. Data represent mean ± SEM (n=10). *p<0.05. Abbreviations: iAUC, 
incremental Area Under the Curve. 
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Flour Intervention 

 

Time course data for plasma glucose and insulin concentrations following the consumption of 

RR and rr pea flour mixed meal are presented in Figure 5.9. No effect was detected when 

testing plasma glucose time course data between RR and rr pea flour groups (main effect pea 

flour, p=0.81, pea flour x time interaction, p=0.98). The same pattern was observed when 

testing iAUC0-480 and iAUC0-120 (p=0.68, p=0.20 respectively).  

Although higher insulin secretion following consumption of RR pea flour was observed results 

did not reach statistically significant difference (main effect of pea flour p=0.21, pea flour x 

time interaction p=0.20). In line with results from the peas intervention, comparison of RR 

and rr pea flour did not indicated a statistically significant difference when testing iAUC0-480   

and iAUC0-120 (p=0.68, p= 0.32 respectively). 
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Figure 5. 9 Plasma glucose and serum insulin concentrations following the consumption of 
13C-enriched RR and rr pea flour. 
(A)RR and rr pea flour postprandial plasma glucose concentrations. (B & C) iAUC0-480 and iAUC 

0-120 glucose responses for glucose. (D) Serum insulin postprandial concentrations. (E&F) Total 
iAUC0-480 and iAUC 0-120 for insulin. Data represent mean ± SEM (n=10). Abbreviations: iAUC, 
incremental Area Under the Curve. 
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5.4.6 GLP-1 Concentrations 

 

Peas Intervention 

 

GLP-1 concentrations for RR and rr peas group are shown in Figure 5.10. Results indicated no 

statistically significant difference between the two pea groups. Repeated measures analysis 

showed no main effect of peas or peas x time interactions for GLP-1 between RR and rr peas 

(p=0.79, p=0.39, respectively). Similarly, iAUC0-480 and iAUC0-120 resulted in no statistically 

significant differences between the two pea groups (p=0.89, p=0.42 respectively) (Figure 

5.10B & C). 

 

Figure 5. 10 GLP-1 concentrations following the consumption of 13C-enriched RR and rr peas. 
(A) Postprandial plasma GLP-1 concentrations. (B & C) iAUC0-480 and iAUC 0-120 GLP-1 
responses. Data represents mean ±SEM (n=10). Abbreviations: iAUC, incremental Area Under 
the Curve. 
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Flour Intervention 

 

Figure 5.11 presents GLP-1 concentrations for the pea flour group. Statistical analysis 

indicated a non- significant main effect of pea flour (p=0.39) or pea x time interactions 

(p=0.78) for GLP-1 between RR and rr pea flour groups. iAUC0-480 and iAUC 0-120 are shown in 

Figure 5.11B & C. A non-statistically significant difference between RR and rr pea flour groups 

was observed for iAUC0-480 (p=0.64). However, iAUC0-120 resulted in statistically significant 

differences between the two pea flour groups (p=0.009) with rr pea flour group resulting in 

higher GLP-1 concentrations. 

 
Figure 5. 11 GLP-1 concentrations following the consumption of RR and rr pea flour meal 
tests.  
(A) Postprandial plasma GLP-1 concentrations. (B & C) iAUC0-480 and iAUC0-120 GLP-1 
responses. Data represents mean ±SEM (n=10). Repeated measures ANOVA was used to 
detect any differences for the postprandial data. Paired t tests were used for iAUCs analysis. 
**p<0.01. Abbreviations: iAUC, incremental Area Under the Curve. 
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5.5 Discussion 

 

5.5.1 Summary of Findings 

 

➢ Higher 13C plasma glucose concentrations for rr peas compared to RR peas 

➢ Higher 13C propionate and butyrate excretion in 24-hour urine samples for rr peas and 

rr pea flour compared to RR peas and pea flour  

➢ Higher breath H2 for rr pea flour compared to RR pea flour 

➢ No effect on plasma glucose and serum insulin between RR and rr peas and pea flour  

➢ Higher GLP-1 levels for rr pea flour compared to RR pea flour 
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5.5.2 Detailed Discussion 

 

Getting information about pea starch breakdown in the gastric and small intestinal 

environment and considering the outcomes on glucose metabolism from Experimental 

Chapter 4, here the aim was to understand the digestion process further and examine the 

relationship of pea starch with colonic fermentation and SCFAs production 

 

Peas Intervention 

 

13C plasma glucose was analyzed using advanced mass spectrometry techniques and as 

naturally 13C enriched peas were used in this study we can be confident that the amount of 

13C plasma glucose observed in the circulation was derived from the digestion and absorption 

of carbohydrates found in the peas. A clear statistically significant difference between the two 

pea groups when testing 13C plasma glucose concentrations was observed.  RR peas exhibited 

higher amounts of 13C plasma glucose which suggests that they are broken down and digested 

at higher rates than rr peas. Lower 13C plasma glucose for rr peas suggest that, rr peas are less 

vulnerable to digestion and consequently may lead to differences in colonic fermentation 

profiles between the two peas. Data on 24-hour urinary 13C propionate and butyrate 

confirmed the observable differences in 13C plasma glucose between RR and rr peas. Data 

showed higher fractional recovery for propionate and butyrate with rr peas as opposed to RR 

peas. It is important to mention that 4 cumulative samples were collected and analyzed to 

assess urinary 13C SCFAs. Analysis of samples for the first 8 hours did not show a statistically 

significant difference (data not shown) suggesting that fermentation started after 8 hours 

where the study visit was completed, and participants had left the Clinical Research Facility. 

Breath H2 rates after consumption of RR and rr 13C-enriched peas indicated that although 

there was a higher and more rapid excretion of H2 with rr pea group it did not reach 

statistically significant difference. Additionally, breath H2 suggests that the separation in the 

excretion rates between the two groups started at 120 minutes, 2 hours after consumption 

of the meal test. This is in line with 13C plasma glucose data as during the same time frame 

we started observing differences between the two pea groups suggesting: less 13C plasma 

glucose with rr peas in the circulation and more components of the rr are being delivered to 
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the gut for bacterial fermentation. These data suggest that rr peas are escaping digestion in 

the upper parts of the small intestine and are fermented by gut bacteria leading to higher 

propionate and butyrate concentrations within 24 hours of consumption.  

The plasma glucose follows a very different pattern from that of 13C plasma glucose between 

the two pea groups. It seems that plasma glucose was influenced by the total carbohydrate 

content found in the test meal whereas the changes in 13C plasma glucose can only be driven 

from the 13C labelled peas and therefore not influenced by the experimental meal. Plasma 

glucose follows the classical post prandial curve, returning to baseline levels at 120 min, two 

hours after the meal ingestion. Statistical analysis revealed non-significant differences for 

plasma glucose time course and AUCs data between RR and rr peas. The same pattern was 

observed for GLP-1 concentrations but not for insulin. A statistically significant difference 

between RR and rr peas when testing AUC0-120 min with the latter showing lower levels of 

serum insulin. In the previous experimental chapters, a clear effect on plasma glucose 

between the two peas groups was observed with RR peas showing higher levels of plasma 

glucose consistently. Results from this study perhaps can be explained by interindividual 

variations and low power to allow detection of highly significant and clear effects between 

the two groups.  

Taking together the results from 13C plasma glucose and the non-significant differences in 

plasma glucose highlights the importance of study designs that lead to accurate a meaningful 

outcome.  

  



208 
 

Flour Intervention 

 

It has been established from the previous experiments run for this project that pea matrix 

loss and processing pea to pea flour form had an impact on the digestion profiles and glucose 

related biomarkers. However, despite the reduction in structural integrity and increased 

digestibility seen with the pea flour intervention, between the two genotypes (RR and rr) 

differences in glucose metabolism related biomarkers were observed. Here the aim was to 

understand whether, despite the quick absorption of pea flour as opposed to the whole peas, 

non-digestible components of the rr pea flour will lead to increased fermentation rates in the 

gut. Results indicated no effect in 13C plasma glucose rates and this can be an expected 

outcome as processing peas to pea flour increases the carbohydrate bioavailability. However, 

when analyzing urinary 13C SCFAs, a significant effect for propionate and butyrate with rr pea 

flour leading to higher levels of SCFAs enrichment in 24-hours urine was observed. This 

outcome was in line with breath H2 data where clear differences with rr pea flour showing 

higher fermentation rates than the RR pea flour were observed. As pea flour is being digested 

quicker than peas, it was expected to start seeing a rise in breath H2 earlier than in the case 

of peas. Indeed, an increase in breath H2 1 hour after the consumption of the meal was 

observed. There was no an effect for plasma glucose. Insulin curves for RR pea flour between 

30 and 180 minutes tended to be higher, although non-significant. This finding theoretically 

could support the concept that when plant-based foods are processed their bioavailability is 

increased. Indeed, at no time during the time course of the study was any difference in 13C 

plasma glucose and plasma glucose – serum insulin levels. However, 24-hour urinary 13C 

SCFAs analysis and breath H2 suggested that components from the rr pea flour are ideal 

candidates for bacterial fermentation. Interestingly, when testing GLP-1 concentrations in 

blood, after consumption of RR and rr pea flour, higher GLP-1 levels for rr pea flour when 

examining iAUC0-120 minutes were observed.  
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5.5.3 Conclusion 

 

In conclusion, measuring the appearance of 13C plasma glucose and 24-urinary 13C SCFAs 

fragmentation enrichment in peas and pea flour allowed better understanding and more 

specific examination of the bioavailability of starch-based foods and related gut fermentation 

outcomes than simple observations from the use of glucose related biomarkers. Even though 

it was possible to make these observations in an ‘’acute study’’ it is crucial to highlight that 

the 8-hour study time frame was insufficient to provide clear outcomes with regards to SCFAs 

production, as there were no differences in 13C urinary SCFAs production for the first 8-hours, 

and differences were observed over collection of urine samples for 24-hours.  

Whether long term consumption of rr pea derived food products can lead to improvements 

in glucose metabolism via a SCFAs-gut dependent mechanism, as opposed to RR pea derived 

food products, will be the aim of the next experimental study.  
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Chapter 6  

The effect of consuming pea derived food 

products for 28 days on gut microbiota and 

glucose homeostasis. 
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6.1 Introduction 

 

6.1.1 Insulin Pulsatility 

 

Maintaining normal insulin secretion patterns from pancreatic β-cells is critical for healthy 

glucose homeostasis, and for reducing the incidence of T2D (van Haeften et al., 2002). 

Evidence suggests that insulin resistance may result from abnormal insulin release from the 

β-cells of the pancreas (Ferrannini et al., 2004). Insulin is released in a pulsatile manner, which 

results in oscillatory concentrations in blood. It has been found in the literature that insulin 

circulates with high-frequency oscillations and slower so-called ultradian occultations 

(Schmitz et al., 2008).  The oscillatory secretion mode improves release control and enhances 

insulin action. At least 75% of insulin secretion is released in pulsatile mode. T2D patients, as 

well as, prediabetics are characterized by irregular oscillations of insulin and evidence 

suggests that loss of the pulses may be linked to insulin resistance (Schofield and Sutherland, 

2012). Age influences insulin pulsatility and experimental studies have shown that during 

fasting, the elderly population show not only diminished pulse amplitude but also disordered 

insulin pulsatility compared to younger individuals (Meneilly et al., 1997). Additionally, for 

many years it was believed that insulin resistance was the outcome of bad dietary habits (high 

in sugar and saturated fat) and sedentary lifestyle. The recent literature has identified an 

additional channel through which bad dietary habits can impact directly the function of β-

cells of the pancreas: they disrupt the pulsatile pattern of insulin release, and thus lead to 

high levels of insulin secretion to compensate for the non-active insulin uptake by related 

tissues (Schofield and Sutherland, 2012). Experimental evidence has shown that even a small 

increase in plasma glucose after constant intravenous glucose infusion, doubles the 

amplitude of the insulin pulses (Sturis et al., 1995).  Schofield et al., proposed a mechanism 

explaining how environmental influences, such as dietary factors and genetic susceptibility, 

lead to disordered insulin secretion and the impact this effect has on insulin sensitivity which 

was discussed in detail in Chapter 1.2.6 (Figure 1.2). 

Experimental studies demonstrate that mimicking the endogenous insulin pulsatility by 

exogenously infusing insulin intravenously is superior as opposed to a constant delivery of the 

same amounts of insulin with regards to hepatic glucose release, peripheral glucose uptake 



212 
 

and lipid metabolism (Matthews et al., 1983). Additionally, the pathophysiological relevance 

of the pulsatile insulin release has been highlighted in experimental studies using Caucasian 

adults who are the offspring of women with either diet-treated gestational diabetes or type 

1 diabetes during pregnancy as opposed to unexposed offspring (Kelstrup et al., 2013). The 

outcome measures of that study included insulin sensitivity, insulin release and pancreatic β-

cell function. The results indicated that both groups of offspring exposed during pregnancy to 

either maternal gestational diabetes or type 1 diabetes exhibited reduced insulin sensitivity 

when compared with offspring not exposed, during pregnancy, to any form of diabetes (either 

gestational or type 1 diabetes). The amount of insulin release was not different between 

groups. However, β-cell function, as assessed by the β-cell function insulin sensitivity glucose 

tolerance test (BIGTT), was significantly reduced in both cases of diabetes exposure against 

the control group.  

Therefore, in addition to classic insulin secretion hallmarks of T2D (i.e. impaired first phase 

insulin secretion) it is important to focus on other aspects of the β-cell dysfunction. High-

frequency insulin pulsatile secretion mode and amplitude of pulses may be important factors 

in terms of pathophysiology. To our knowledge interventions aiming at  improvements in 

insulin pulsatility include acute and long-term administration of sulfonylureas, 

thiazolidinediones and GLP-1 analogues (Schmitz et al., 2008); and no study has explored the 

effect of dietary means on insulin pulsatility with the aim of improving β -cell function and 

overall glucose homeostasis.  
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6.1.2 Long term Consumption of Resistant Starch and β-cell function 

 

There has been mixed information in the literature with regards to the long-term effects of 

diets high in resistant starch on glucose responses and insulin sensitivity in animals or 

humans. Lack of consensus exists mainly due to differences in experimental design, study 

population and the amount of resistant starch used. For example, issues arise when the 

macronutrient composition of the intervention test meal does not match the control test 

meal, and this results in different amounts of digestible starch, dietary fibre content as well 

as macronutrient composition given to volunteers.  

However, despite these limitations, when gathering information from the literature, one can 

conclude that consumption of resistant starch has positive effects due to lower post prandial 

glucose driven by significant reductions in post prandial insulin responses (Higgins, 2004). 

Animal studies showed a significant decrease in body fat, improvements in glucose tolerance 

and increased insulin-stimulated glucose uptake (So et al., 2007, Zhou et al., 2009). 

Additionally, consumption for 16 weeks of resistant starch as opposed to highly digestible 

starches (high in amylopectin) showed increased insulin sensitivity, as judged by intravenous 

glucose tolerance tests, in animals (Byrnes et al., 1995, Higgins et al., 1996, Wiseman et al., 

1996). However, it is important to mention that these studies used high amounts of resistant 

starch such as 30-60% of the total daily intake. 

Studies in healthy volunteers and individuals with metabolic syndrome, entailing 

interventions with high resistant starch consumption for 4 weeks, have shown improvements 

in insulin sensitivity (Robertson et al., 2005, Johnston et al., 2010). In overweight patients and 

patients with T2D, studies have shown that high resistant starch consumption improve insulin 

sensitivity, decrease fasting and post prandial glucose (Maziarz et al., 2017, Zhang et al., 

2007). The improvements in post prandial glucose levels might be related to the increased 

first-phase insulin secretion which have been observed in overweight individuals after high 

resistant starch consumption (Bodinham et al., 2012). resistant starch supplementation for 

12 weeks in patients with T2D showed no improvements in peripheral insulin sensitivity but 

improvements in overall glucose homeostasis as judged by increased glucose uptake in the 

forearm muscle (Bodinham et al., 2014).  
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Even though, there is limited evidence in the literature, based on the discussion above one 

can conclude that long term resistant starch supplementation may improve β-cell function in 

both healthy and T2D subjects.  

 

6.1.3 Gut Microbiome-Dependent Mechanism  

 

Evidence in the literature consistently suggests that gut microbiome dysbiosis may play a role 

in the pathogenesis of obesity and T2D (Vrieze et al., 2010). In studies where the gut 

microbiome of T2D patients or subjects with prediabetes have been compared against 

subjects with normal glucose homeostasis results have shown compositional and functional 

differences (Karlsson et al., 2013, Qin et al., 2012, Zhang et al., 2013). The hypothesis that 

microbiome dysbiosis is related to the host is further supported by faecal transplantation 

studies in animals as well as humans. Suez et al., conducted a study where they performed 

faecal transplantations experiments by transferring the microbiota configuration from 

glucose intolerant mice to healthy germ-free mice. Results indicated that recipients of 

microbiota from glucose intolerant mice exhibited impaired glucose tolerance 6 days 

following the transfer (Suez et al., 2014). Faecal transplantation studies in humans have 

shown that transfer of fecal material from lean donors to subjects with metabolic syndrome 

shown increased in the gut microbial diversity as well as improvements in glucose metabolism 

related biomarkers (Vrieze et al., 2012). Additionally, Chatelier et al., reported that individuals 

with a low bacteria richness have more marked overall adiposity, insulin resistance and 

dyslipidaemia (Le Chatelier et al., 2013). Despite the lack of consensus in the literature with 

regards to specific beneficial compositional and functional characteristics of the gut 

microbiota, metabolic health studies have reported a link with gut microbial community and 

glucose metabolism.  

Strategies to increase the amount of beneficial bacterial in the gut, such as Bifiodobacterium, 

should include high consumption of resistant starch. Resistant starch appear to function as a 

prebiotic dietary fibre which can be degraded by gut bacteria (Wang et al., 1999, Brown et al., 

1997). Gibson and Roberfroid, defined prebiotics as ‘’microbial food supplements that 

beneficially affect the host by improving its intestinal microbial balance’’ (Gibson and 

Roberfroid, 1995). They also reported that prebiotics are non-digestible food components 
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that simulate the growth and/or activity of bacteria in the colon therefore improving host 

health (Gibson and Roberfroid, 1995). 

Studies have shown that increased consumption of resistant starch in humans and animals 

results in a time dependent change in faecal and large-bowel SCFA profiles being driven by 

changes in microbial population and interaction of resistant starch with the gut bacterial 

population (Topping et al., 2003). As mentioned above, high resistant starch diets improve 

glucose metabolism in healthy, overweight/obese as well as T2D patients. It is likely that 

resistant starch mediates some or a large proportion of its effects through a gut dependent 

mechanism in association with increased release of SCFAs and their actions. SCFAs act on 

specific orphan G-protein coupled receptors, free fatty acid receptor (FFAR). 2 and 3 FFAR2 

and 3 are expressed in several cell types including gut L-cells, adipocytes and β-cells of the 

pancreas (Amisten et al., 2013, McNelis et al., 2015). FFAR2 activation is thought to bring a 

variety of physiological benefits including direct effects on β-cell function, increased secretion 

of GLP-1, reduced glucotoxicity of β-cells, suppressed release of long chain fatty acids which 

all contribute to improved glucose homeostasis. Specifically, studies have shown that β-cells 

of the pancreas express FFAR2 and the SCFA propionate potentiates glucose-stimulated 

insulin release from mice islets (Amisten et al., 2013, McNelis et al., 2015). Additionally, 

Pingitore et al., showed that islet β-cells express FFAR2 and this is possibly the reason for the 

effects of SCFAs on islet function (Pingitore et al., 2017). Activation of FFAR2 receptors in the 

intestinal L-cells increases the release of GLP-1 (Rondas et al., 2013). It is known that GLP-1 

binds to receptors on pancreatic β-cells resulting in depolarization and insulin exocytosis thus 

enhancing glucose-stimulated insulin release post ingestion (Rondas et al., 2013). 

Additionally, GLP-1 acts directly on the liver to inhibit gluconeogenesis and glycogen 

production both directly and via increased insulin secretion (Fontana et al., 2013, Nauck et 

al., 1993). GLP-1 has been shown to increase proinsulin gene expression and work towards 

preventing β-cell apoptosis (Shen et al., 2011). The sustained insulin release after resistant 

starch consumption inhibits lipolysis and enhances lipid oxidation thus suppressing long chain 

fatty acids release from adipocytes (Ge et al., 2008). Evidence from work in knockout mice 

suggests that this effect is mediated via the receptor FFAR2 (Ge et al., 2008). Increases in 

plasma FFA concentrations that potentiate glucose-stimulated insulin secretion could be 

lipotoxic to β-cells in humans genetically predisposed to T2D (Higgins et al., 2004).  In vitro 

studies demonstrate that free fatty acids can induce apoptosis in β-cells (Kim and Yoon, 2011). 
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These data suggest that a gut microbiome SCFA-dependent mechanism could play a role in 

improving β-cell function via direct activation of FFAR2 receptors improving glucose-

stimulated insulin release.  

Previous studies of this project demonstrated that 50 g intake of rr peas or pea flour 

decreased two hour post prandial glucose response and increased urinary 13C SCFAs 

propionate and butyrate production as opposed to RR peas and pea flour. Therefore, this 

study will try to understand whether consumption of commonly consumed products from 

peas (RR and rr lines) for 4 weeks will result in changes in gut microbiota population and 

consequently improvements in β-cell function and insulin sensitivity as judged by insulin 

pulsatility and Homeostatic Model Assessment-2 (HOMA2). A randomized cross over clinical 

trial was designed including 25 volunteers who were advised to consume mushy peas and pea 

hummus from both genotypes (RR and rr) for 28 days without making any other changes in 

their usual dietary habits.  
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6.2 Purpose of the Study 

 

6.2.1 Hypothesis 

 

Using pea derived products (mushy peas and pea hummus), I hypothesized that rr pea 

supplementation for 28 days would result in improvements in β-cell function and insulin 

sensitivity due to changes in gut microbiota species related to glucose homeostasis compared 

to RR pea supplementation.  

 

6.2.2 Aims 

 

The overall aim of this study was to investigate whether the consumption for 28 days of pea 

products of the rr and RR line alters gut microbiota and to explore whether differences across 

the two pea lines lead to improvements in β-cell function as judged by insulin pulsatility and 

Homeostatic Model Assessment 2 (HOMA 2) measures. 

 

6.2.3 Outcomes Measures 

 

The co-primary outcomes for this study were β-cell function as assessed by insulin pulsatility 

and HOMA 2 and fecal microbiota composition, as assessed by 16S RNA sequencing.  

Secondary outcome measures include:  

1. Plasma glucose and serum insulin concentrations 

2. GLP-1 concentrations 

3. C peptide and fructosamine concentrations 

4. Lipid concentrations 
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6.3 Methodology Study Design 

 

This study was a randomized, controlled, double blind, cross - over trial involving 4 study visits 

and was approved by the South East Coast, Surrey, REC (REC reference number 15/LO/0184).  

 

6.3.1 Volunteers Recruitment 

 

Volunteers for this study were recruited via the Healthy Volunteer Database NIHR Imperial 

Clinical Research Facility. Volunteers who expressed an interest in the study they were 

provided with the Participant Information Sheet Appendix 7). Following the completion of a 

pre-screening questionnaire via telephone or email potential volunteers were invited to 

attend a healthy screening for further eligibility assessment. During the healthy screening visit 

volunteers provided written, informed consent form (Appendix 8). The screening visit 

involved a detailed collection with regards to volunteer’s health history, anthropometric 

measurements were also collected. Blood pressure was measured, and an echocardiogram 

was performed. Blood samples were collected to asses overall metabolic health. Pregnancy 

tests were performed on women of child-bearing age. Inclusion and exclusion criteria were 

assessed as described in 6.3.1.1 and 6.3.1.2 

 

6.3.1.1 Inclusion Criteria 

 

Healthy male and female volunteers between the ages of 55 to 70 years were suitable to 

participate in this study. The selection of individuals between 55 and 70 years old was based 

on the assumption that T2D is particularly prevalent among the aging population (Misra, 

2009). Moreover, the inclusion BMI criteria was set between 20-35 kg/m2.  

 

6.3.1.2 Exclusion Criteria 

 

Below there is a list of all the exclusion criteria for this study. Any volunteers with the 

conditions below were not eligible to take part in the study. Exclusion criteria included:  

weight changes of ≥ 3kg in the preceding 2 months, current smokers, substance abuse, excess 



219 
 

alcohol intake, pregnancy, diabetes, cardiovascular disease, cancer, gastrointestinal disease 

e.g. inflammatory bowel disease or irritable bowel syndrome, kidney disease, liver disease, 

pancreatitis, use of medications likely to interfere with energy metabolism, appetite 

regulation and hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, 

androgens, phenytoin, erythromycin or thyroid hormones.  

 

6.3.2 Randomization 

 

Figure 6.1 presents the enrolment of the participants and completion of the study.  Volunteers 

who passed the screening visit were randomized into the study. Randomization was 

performed using Sealed Envelope system provided by Sealed Envelope Company 

(sealedenvelope.com).  

 

 

Figure 6. 1 Enrolment of the volunteers and completion of the study 
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6.3.3 Dietary Intervention Products and Supplementation Periods 

 

In this study, 120 g mushy peas and 120 g pea hummus RR and rr were used as the 

interventional products. Table 6.1 presents the macronutrient profile of RR and rr mushy peas 

and pea hummus analyzed by Campden BRI.  

 

Table 6. 1 Macronutrient profile of RR and rr mushy peas and pea hummus (100 g portion) 

Macronutrient Profile of the Test meal 

Macronutrients RR Mushy peas rr Mushy peas RR Hummus rr Hummus 

Energy Value (kcal) 61 50 187 187 

Protein (g) 4.5 3.7 3.5 3.5 

Carbohydrates (g) 6.2 5.2 5.25 5.25 

Starch  4.7 3.7 4 4 

Fat (g) 1.1 0.8 16.3 16.3 

Saturated  0.2 0.2 2 2 

Monounsaturated 0.1 0.1 3.2 3.2 

Polyunsaturated  0.5 0.4 10.2 10.2 

Dietary Fibre (g) 3.4 5.6 1.5 1.5 

 

The peas seeds were sourced by John Innes Center and were transferred to Campden BRI for 

production of mushy peas and pea hummus. Volunteers underwent two separate 28-day 

dietary supplementation periods in random order. In each supplementation period 

volunteers were provided with 28 cans of mushy peas and 28 cans of pea hummus from both 

pea lines, RR and rr. Figure 6.2 presents the pea derived products used in this study. 
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Figure 6. 2 Dietary Intervention Products 

 

During the supplementation period volunteers were asked not to change their diet or lifestyle 

in any other way or start intensive exercise regimes in-between the study visits as this might 

influence the outcome measures and give conflicting results. Before and at the end of each 

28-day supplementation period they were asked to visit the CRF. There was a 28 day ‘’wash-

out’’ period before the start of the second supplementation period. All measurements were 

performed at baseline and 4 weeks. The timings of the study are summarized in Figure 6.3. 

 

 

 

Figure 6. 3 Study Visits and Supplementation Overview 
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6.3.4 Study Visit Overview  

 

6.3.4.1 Study Visit Preparation 

 

Prior to the study visits they had to complete a 3-day food diary in which they were asked to 

record all the food and drinks they consumed during these days. They were also asked to 

refrain from strenuous exercise, caffeine and alcohol consumption. They were asked to fast 

from 9:00 pm overnight, but they could drink water. Additionally, they were asked to 

consume the exact same evening meal of their choice the evening before each of the 4 visits 

to promote consistency between visits. Volunteers were also asked to provide a stool sample 

being collected the morning before each of the 4 visits. They were provided with detailed 

instructions of how to do this and were also given appropriate containers at screening visits.  

 

6.3.4.2 Study Visit Protocol 

 

On study visits, volunteers were asked to arrive at the NIHR Imperial CRF at 9:00 am. 

Volunteers were asked to empty their bladder and body composition was assessed by 

bioelectrical impedance analysis (Tanita BC-418 analyzer; Tanita Corporation, Japan). An 

intravenous cannula was inserted into one arm for blood sampling as per protocol. At 9:30am, 

30 fasting blood samples (1 ml per sample) were collected at minute intervals for insulin 

pulsatility analysis. At 10:00 am two further fasting baseline samples were collected. At 0 min 

volunteers received a standardized test drink containing 44.5 g carbohydrate, 8.3 g fat and 12 

g protein (Ensure Original Vanilla Nutrition Shake). Figure 6.4 shows the schematic 

representation of the study flow. 
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Figure 6. 4 Schematic representation of the study 

Post prandial blood samples were taken at 10, 20, 30, 45, 60, 90, 120, 180, 240, 300 minutes. 

10 ml blood was collected at each blood sample. Figure 6.10 shows the schematic 

representation of the study flow. Urine was collected throughout the study visit to measure 

pea metabolite identification pre and post supplementation.  

 

6.3.4.3 Samples Collection, Processing and Analysis 

 

Please refer to methods 2.3 and 2.4 for samples collection, processing, storage and analysis. 
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6.3.5 Statistical Analysis 

 

Data from Te Morenga et al., were used to estimate the required sample size. Assuming a 

mean ±SD change in HOMA2-IR of 0.0 ±0.5 following the RR intervention and -0.3 ±0.5 following 

the rr intervention, a power calculation confirmed that 24 participants would be sufficient to 

detect a difference (α=0.05, power=0.80) (Te Morenga et al., 2010). 34 volunteers were recruited 

to allow a retention rate of 70%.  The Shapiro-Wilk test was used to check the normality of the 

data (p≥0.01). Results are presented as mean ±standard error of mean (SEM) unless otherwise 

stated. In the case of non-parametric data, standard transformations were performed prior 

to carrying out parametric statistical tests. In cases of missing values, they were replaced with 

the mean group value at that timepoint or the average of the timepoints adjacent to the 

missing timepoint. The average of the two baseline measurements (baseline 1 and baseline 

2) was used to give a new baseline value (timepoint 0 min). Time course data from the glucose 

tolerance test were analyzed by calculating areas under the curve (AUC) using the trapezoid 

rule. Mixed ANOVA with post hoc Fisher LSD were used for the comparison of all variables 

with a single measurement following each supplementation period. 16s data were analyzed 

using PERAMANOVA and Wilcoxon t tests. The significance level was set at p<0.05 and 

statistical analysis was performed using IBM SPSS Statistics Version 23 and GraphPad Prism 

Version 8. 

 

6.3.5.1 Estimation of Insulin Pulsatility and β-cell function 

 

Insulin samples were collected every minute for 30 minutes. To correct for noise, individual 

data were averaged using a 3-minute moving average, as in (Lang et al., 1982). The time series 

of insulin data from both groups were fitted to sine waves, which mimic the regular 

oscillations observed in insulin pulses. Fitting the data to sine waves allowed for the 

calculation of the periodicity (frequency of cycles per hour), the peak insulin secretion 

(amplitude), and the overall evaluation of the regularity of insulin pulses. 

 

Numerous simple indices are available from the literature to estimate insulin sensitivity and 

β-cell function. To investigate changes in insulin resistance over the pea supplementation 

period, between the two groups and compare insulin sensitivity, and β-cell function output in 
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response to a mixed meal test, the Homeostatic Model Assessment 2 (HOMA2) was used. 

HOMA2 takes into account the variations in hepatic and peripheral glucose resistance, 

increases in the insulin secretion curve for plasma glucose concentrations and the 

contribution of circulating proinsulin (Levy et al., 1998).  
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6.4 Results 

 

6.4.1 Volunteer Characteristics  

 

Of 104 people screened over the telephone, 42 met the criteria for a screening visit and were 

invited to the CRF. Out of these people, 34 signed the consent form and 25 volunteers 

completed the study. The volunteers’ characteristics that completed the study are shown in 

Table 6.2. There was a minimum of 28 days wash out period between the visits. Results 

indicated no differences over time between interventions. 

 

Table 6. 2 Volunteers Characteristics1  

 Supplementation Period 

RR 

Supplementation Period 

rr 

Group 

x Time 

P Value 

Volunteers  

(n=25) 

Screening Baseline 

(Week 0) 

Visit 1 

 

Baseline  

(Week 4) 

Visit 2 

 

Baseline  

(Week 0) 

Visit 1 

 

Baseline  

(Week 4) 

Visit 2 

 

 

Gender (M: F) 10:15 - - - - - 

Age (years) 56.9 ±1.3 - - - - - 

Weight (kg) 71.6 ±2.2 71.7 ±2.2 72.4 ±2.2 71.9 ±2.2 72.0 ±2.2 0.08 

BMI (kg/m2) 24.8 ± 0.5 24.8 ±0.5 25.0 ±0.5 24.9 ±0.5 25.0 ±0.5 0.78 

Body Fat (%) 27.1 ±1.5 27.2 ±1.4 27.2 ±1.5 27.1 ±1.5 27.0 ±1.5 0.91 

1 Results presented as mean ± SEM. 
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6.4.2 16S rRNA Gene Sequencing 

 

NMDS plots can be found in Figure 6.5. Results indicated no statistically significant effect in 

the clustering within or between RR or rr interventions (Within RR: p=0.83, Within rr: p=0.92 

between interventions: p=0.92).  

 

Figure 6. 5 Nonmetric multidimensional scaling (NMDS) analysis plots describing the 
bacterial community within and between groups before and after RR and rr pea 
supplementation periods. Points more closely suited are more similar in local community 
composition than more distant points. PERANOVA was used to detect any effect within or 
between groups. RR visit 1; , RR Visit 2 , rr Visit 1 , rr Visit 2  (n=22) 
 

Due to high inter-individual variability we examined the data as paired samples per volunteer 

and look specifically for bacterial groups related to insulin resistance. Results indicated that 

in the rr intervention group, at genus level, there was a decrease in the relative proportion of 

Bacteroides (p=0.04) and an increase in the relative proportion of Bifidobacterium (p=0.007) 

(Figure 6.8). A decrease in the relative proportion of Collinsella in the rr intervention group 

was also observed (p=0.02). Within RR intervention group, results indicated a statistically 

significant decrease for Lachnospiraceae and Ruminococcaceae (p=0.01, p=0.004 

respectively). Between groups (RR and rr interventions) a statistically significant difference 

was observed for Collinsella indicating a decrease in the relative abundance 28 days after 

consumption of rr pea supplementation (p=0.03).  
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Simpson diversity index was used to measure changes in bacterial species between and within 

the two interventions. Results indicated no effect for either group (Within RR: p=0.65, Within 

rr: p=0.94, pea group x time interaction: p=0.93) (data not shown).  

 

 

Figure 6. 6 Effects of 28 days of RR and rr pea products supplementation on Bifidobacterium 
and Bacteroides read counts.  
A to C, Bifidobacterium read counts. D to F Bacteroides read counts. Wilcoxon rank test was 
used for pairwise comparisons. Data are present as mean ± SEM. The analysis was performed 
on available paired samples, (n=22). 
  



229 
 

6.4.3 Glucose Homeostasis  

 

6.4.3.1 Insulin Pulsatility 

 

The effect of pea supplementation using both pea lines was assessed by examining insulin 

pulsatility. Four time series of individual data, corresponding to baseline and follow up 

measurements of insulin for RR and rr, were fitted to sine waves. Figure 6.7 represents the 

pulsatile data for RR and rr intervention before and after the supplementation periods. 

 

Figure 6. 7 Insulin pulsatility data collection during 30 min for RR and rr groups. 
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The resulting frequency of insulin pulses per hour, amplitude (peak insulin secretion per 

cycle), and baseline insulin (mean insulin value) are presented in Figure 6.7 for each one of 

the aforementioned four cases. There were no within- or between group differences for 

amplitude of cycles (within RR: p=0.99, within rr: p=031, pea group x time interaction: p=0.99), 

frequency (within RR: p=0.23, within rr: p=0.24, pea group x time interaction: p=0.57) or 

baseline insulin concentrations levels (within RR: p=0.54, within rr: p=0.57, pea group x time 

interaction: p=0.71) following the supplementation period. 

 

Figure 6. 8 Insulin Pulsatility parameters before and after 28 days of RR and rr pea 
supplementation. 
(A)Amplitude of insulin waves for 4 groups. (B) Frequency of insulin pulses for 4 groups. (C) 
Baseline insulin secretion for 4 groups. Data represent mean ±SEM (n=25).  Baseline; week 
0, Follow up; week 4 
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6.4.3.2 Homeostatic Model Assessment 2 Analysis 

 

HOMA2 was used to assess the effect of pea supplementation from both lines (RR and rr) on 

β-cell function, insulin sensitivity and insulin resistance. The results of HOMA2 are shown in 

Figure 6.8. No statistically significant effects were observed for β-cell function (within RR: 

p=0.19, within rr: p=0.96, pea group x time interaction: p=0.31) or insulin resistance 

parameters (within RR: p=0.25, within rr: p=0.32, pea group x time interaction: p=0.11). Over 

time there was a trend for insulin sensitivity (pea group x time interaction, p=0.05) which did 

not result in a statistically significant difference between groups (RR; p=0.21, rr; p=0.12).   

 

Figure 6. 9 Evaluation of β-cell function, insulin resistance and peripheral insulin sensitivity 
calculated by HOMA2 model before and after 28 days of RR and rr pea supplementation. 
(A) β-cell function for 4 groups. (B) HOMA-IR values for 4 groups. (C) Peripheral insulin 
sensitivity for 4 groups. The data are present as mean ±SEM (n=25).  Baseline; week 0, Follow 
up; week 4. Abbreviations: HOMA-IR, Homeostatic Model Assessment Insulin resistance
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6.4.3.3 Plasma Glucose and Serum Insulin  

 

Plasma glucose iAUC0-300 and time course data are shown in Figure 6.9. There was no 

significant difference in glucose concentrations (within RR: p=0.70, within rr: p=0.25, pea 

group x time interaction: p=0.21) 

 

Figure 6. 10 Plasma glucose concentrations following 28 days of RR and rr pea 
supplementation.  
(A) iAUC0-300 for 4 groups. (B) Plasma glucose concentrations over time for RR pea group. (C) 
Plasma glucose concentrations over time for rr pea group. The values are mean ±SEM (n=25).  
Baseline; week 0, Follow up; week 4. Abbreviations: iAUC, incremental area under the curve 
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Serum insulin iAUC0-300 and time course data are shown in Figure 6.10. No significant 

differences in insulin concentrations were observed (within RR: p=0.12, within rr: p=0.79, pea 

group x time interaction: p=0.45). 

 

Figure 6. 11 Serum insulin concentrations following 28 days of RR and rr pea 
supplementation.  
(A) iAUC0-300 for 4 groups. (B) Serum insulin concentrations over time for RR pea group. (C) 
Serum insulin concentrations over time for rr pea group. The values are mean ±SEM (n=25).  
Baseline; week 0, Follow up; week 4. Abbreviations: iAUC, incremental area under the curve 
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6.4.3.4 C-Peptide and Fructosamine 

 

No significant changes were observed for either C-peptide (within RR: p=0.82, within rr: 

p=0.14, pea group x time interaction: p=0.30) or fructosamine in either group (within RR: 

p=0.41, within rr: p=0.58, pea group x time interaction: p=0.46). Data are shown in Figure 

6.11. 

 

Figure 6. 12 C-peptide and fructosamine concentrations following 28 days of RR and rr pea 
supplementation.  
(A) Fasting c-peptide concentrations for 4 groups. (B) Fasting fructosamine concentrations for 
4 groups (C) Serum insulin concentrations over time for rr pea group. The values are mean 
±SEM (n=25).  Baseline; week 0, Follow up; week 4. Abbreviations: iAUC, incremental area 
under the curve 
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6.4.3.5 GLP-1 Concentrations 

 

GLP-1 iAUC0-300 and time course data are shown in Figure 6.12. No effect was observed for 

GLP-1 concentrations (within RR: p=0.20, within rr: p=0.83, pea group x time interaction: 

p=0.19). 

 

Figure 6. 13 GLP-1 concentrations following 28 days of RR and rr pea supplementation.  
(A) iAUC0-300 for 4 groups. (B) GLp-1 concentrations over time for RR pea group. (C) GLP-1 
concentrations over time for rr pea group. The values are mean ±SEM (n=25).  Baseline; week 
0, Follow up; week 4. Abbreviations: iAUC, incremental area under the curve 
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6.4.3.6 Fasting Lipid Profiles 

 

Fasting lipid profiles are shown in Figure 6.13. Significant reductions in total cholesterol were 

observed within the RR group (p= 0.01) although the difference between groups was not 

statistically significant (peas group x time, p=0.54). There was no effect within the rr 

intervention (p=23). The changes in total cholesterol for the RR peas group was driven by a 

statistically significant reduction in LDL cholesterol (within RR: p=0.004, within rr: p=0.22, 

peas group x time, p=0.05). No effect was observed for fasting triglycerides and HDL 

cholesterol (within RR: p=0.31, within rr: p=0.27, pea group x time, p=0.37 and within RR: 

p=0.23, within rr: p=0.70, pea group x time: p=0.11 respectively). 
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Figure 6. 14 Fasting lipids concentrations following 28 days of RR and rr pea 
supplementation.  
(A) Fasting cholesterol concentrations for 4 groups. (B) Fasting triglycerides concentrations 
for 4 groups (C) Fasting LDL cholesterol. (D) Fasting HDL cholesterol for 4 groups. The values 
are mean ±SEM (n=25).  Baseline; week 0, Follow up; week 4. Abbreviations: iAUC, 
incremental area under the curve 
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6.5 Discussion 

 

6.5.1 Summary of Findings 

 

➢ Significant changes in Bifidobacterium and Bacteroides within the rr intervention. 

Changes in Lachnospiraceae and Ruminococcaceae within the RR intervention.  

Differences were observed in Collinsella between RR and rr interventions. 

➢ No effects on insulin pulsatility and HOMA2 parameters following rr and RR pea 

products supplementation period. 

➢ No effect on postprandial plasma glucose and serum insulin concentrations following 

rr and RR pea products supplementation period. 

➢ No effect on C-peptide and fructosamine concentrations following rr and RR pea 

products supplementation period. 

➢ No effect on GLP-1 concentrations following rr and RR pea products supplementation 

period. 

➢ Improvements in total and LDL cholesterol after 4 weeks of RR pea supplementation. 
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6.5.2 Detailed Discussion 

 

In this randomized, controlled 4-week clinical trial, 25 healthy volunteers were advised to 

consume pea derived products from both genotypes daily for 28 days. The previous 

experiments performed for this project demonstrated that the structural properties or the rr 

genotype lead to reduced acute post prandial glycaemia and increased urinary SCFAs 

production. Knowing that the rr genotype results in higher production of SCFAs in the colon 

the focus here was to gain understanding of the impact of resistant starch and higher SCFAs 

with rr genotype on the metabolic functions that are carried out by the gut microbiota 

population and specifically look at the resulting effects on β-cell function. However, in 

contrast to the acute studies where pea seeds and pea flour were used here pea derived 

products such as pea hummus and mushy were used as the interventional products from both 

lines.  

To evaluate changes in gut microbiota composition, fecal samples were collected pre (week 

0) and post (week 4) each supplementation period and were subjected to 16s rRNA gene 

sequencing. Fecal analysis indicated that exposure to rr pea products for 4 weeks led to an 

increase in the relative proportion of Bifidobacterium and a decrease in Bacteroidetes and 

Collinsella. Results are in line with the literature where high amylose starches as experimental 

food products were consumed (Conlon and Bird, 2008, Drzikova et al., 2005, Kleessen et al., 

1997, Wang et al., 2002). Previous studies examining the effect of peas or pea derived 

components on gut microbiota have reported increased abundance of Bifidobacterium 

although not in humans (Chen et al., 2013, Queiroz-Monici et al., 2005, Eslinger et al., 2014). 

Importantly, improvements in metabolic homeostasis in studies with high resistant starch 

consumption have been linked to an increased growth of Bifidobacterium which has also been 

shown to be relative low in obese and T2D patients (Dewulf et al., 2013, Cani et al., 2007). 

Interestingly, despite RR line being a positive control group, only rr supplementation 

promoted a bifidogenic effect, with a decrease in the abundance of Bacteroidetes. Between 

groups analysis, indicated a significant effect only for Collinsella with rr pea group showing a 

decrease. Previous studies have reported that low dietary fiber intake increases Collinsella 

abundance (Gomez-Arango et al., 2018). 

Within the RR pea supplementation group differences were observed in Ruminococcaceae 

and Lachnospiraceae. Ruminococcus Brommii and Lachnospiraceae has been found to be 
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implicated as starch degraders and has been reported in studies examining fermentation of 

resistant starch specifically in pigs (Warren et al., 2018). 

Despite the changes in the gut microbiota population, the remaining analysis did not identify 

an effect on insulin pulsatility between or within groups. Some improvements were observed 

in the rr pea supplementation group in amplitude and frequency of the pulses, but results 

were not statistically significant. Basal insulin secretion did not change within or between 

groups pre and post intervention. 

Fasting insulin resistance primarily reflects hepatic insulin resistance. Results indicated no 

effect within or between interventions during the time course of the study. The same effect 

was observed when β-cell output was assessed by HOMA2.  

A change was observed for fasting peripheral insulin sensitivity within the RR peas group, 

exhibiting some improvements, but analysis between groups did not show significant 

differences. Similarly, plasma glucose levels did not change. The same pattern was observed 

when examining serum insulin, C-peptide and fructosamine levels. As discussed in the 

introduction there is lack of consensus in the literature with regards to the precise effects of 

resistant starch on glucose and insulin responses with some studies reporting improvements 

in the aforementioned measures and some studies reporting no effects. Some studies in 

animals and humans have shown effects on body fat, improvements in glucose tolerance and 

increased insulin-stimulated glucose uptake. The current study partly failed to reject the 

hypothesis that rr pea supplementation for 4 weeks will result in insulin pulsatility and β-cell 

improvements in individuals who have normal weight and no history of T2D.  

Additionally, even though both groups showed an increase in post prandial GLP-1 levels post 

supplementation the observed differences were not statistically significant.  

Post ingestion in the RR peas group, an improvement in total cholesterol was observed which 

was driven by differences in total LDL cholesterol. There was no effect in fasting triglycerides 

or HDL. Previous studies have reported that the long-term consumption of low-fat vegan diets 

has an effect on total cholesterol, LDL and HDL but not triglycerides (Yokoyama et al., 2017). 

Given the fact that both pea lines might share some similar properties this outcome is not 

surprising. Studies have reported that soluble fibre can confer benefits to the host by 

influencing lipid and glucose metabolism. Resistant starch shares some common properties 

with soluble dietary fibre however unlike soluble, the fraction of non-viscous resistant starch 

arriving in the colon can offer other benefits. It might be possible that the structure of RR peas 
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behaves as soluble fibre and therefore can be a better candidate for changes in lipids than 

the rr group. 

Possible explanations related to the glucose related outcome measures of this study might be 

attributed to the fact that the amount of resistant starch consumed was lower than the 

anticipated to drive metabolic improvements. Experimental studies in animals showing 

significant effects in glucose metabolism often use significantly high amounts of resistant 

starch (~30g/per day). Despite the fact that in this study volunteers consumed 120 g of pea 

hummus and 120 g of mushy peas per day the total amount of carbohydrates in these 

products was approximately 12 g. Previous work has demonstrated that low intake of inulin, 

such as >12g/day was enough to stimulate changes in Bifidobacterium abundance 

(Vandeputte et al., 2017).  

Another possible explanation might be the fact that healthy volunteers were recruited instead 

of patients with T2D. Additionally, the time frame of the study perhaps was insufficient to 

lead to significant effects as previously it has been reported that metabolic adaptation might 

takes more than a year. Freeland et al., have reported that wheat fibre consumption increased 

SCFA and GLP-1 secretion but it took approximately 9 to 12 months for the effect to be 

observed (Freeland et al., 2010). Additionally, despite the fact that volunteers were advised 

to compete food supplementation diaries which were checked for compliance they might 

have failed to follow successfully instructions.     

 

6.5.3 Conclusion 

 

To conclude, although results from this study indicated changes in gut microbiota this effect 

was not enough to cause an effect an improvement in glucose metabolism. Perhaps, a big 

limitation in this study was the inclusion of healthy volunteers and the time frame of the 

study. It might be the case that in subjects with prediabetes or T2D the effects might be 

significant. Therefore, further work in needed in order to understand whether long-term 

consumption of resistant starch can improve glucose homeostasis via a gut dependent 

mechanism. 
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Chapter 7: General Discussion 
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7.1 Summary of Findings 

 

➢ Both RR and rr peas and pea flour did not show a significant effect on gastric emptying. 

However, rr peas and pea flour significantly reduced post prandial glycaemia as 

opposed to RR peas and pea flour with no effects on serum insulin, GLP-1 and GIP 

concentrations. 

➢ During digestion in the stomach, metabolomic profiling indicated differences in the 

digestion profiles with RR peas and pea flour showing higher amylopectin/maltose 

excretion rates as opposed to rr peas and pea flour. When peas reached the small 

intestinal environment differences in glucose were observed with rr peas and pea 

flour indicating lower excretion rates as judged by metabolomic profiling. Significant 

lower plasma glucose, serum insulin and small intestinal glucose were observed in the 

case of rr peas as opposed to RR peas. Between the two peas distinctly different starch 

granule morphologies were observed at raw, cooked and digested state adding 

another factor apart from the amylose amylopectin ration contributing to the 

observed differences.  Marginal effects were observed in the case of pea flour with 

regards to plasma glucose and serum insulin between the RR and rr during small 

intestinal digestion. 

➢ Examining pea starch breakdown further, using 13C labelled peas, significant 

differences were observed in the appearance of 13C plasma glucose between RR and 

rr peas, with the latter showing lower levels. There was no effect when examining 13C 

plasma glucose concentrations for the pea flour interventions. 13C urinary SCFAs 

within 24 hours after peas and pea flour consumption resulted in significant 

differences for propionate and butyrate with rr genotype showing higher levels than 

RR genotype indicating higher fermentation rates in the colon.  

➢ 28 days consumption of pea derived products from both genotypes resulted in 

changes for glucose metabolism related bacteria groups however, with no effect on 

glucose homeostasis outcome measures.   
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7.2 Introduction 

 

The World Health organization states that the global prevalence of T2D has risen from 4.7% 

in 1980 to 8.5% in 2014 meaning that 108 million patients suffering from T2D in 1980 now 

numbers have escalated to 422 million (WHO, 2013). It has been proposed that the relative 

shift in dietary patterns towards the overconsumption of relatively cheap and calorie-dense 

high palatable foods (high in saturated fats and added sugars) with a disrupted food structure 

due to high processing might play a key role in the current T2D epidemic. Legumes and pulses 

have been attracting much interest in recent years from academia, industry and the general 

public. This has been driven largely by the health benefits that these crops offer as opposed 

to refined, processed cereal based foods. 

Drawing on insights from basic plant science and genetics, this thesis aimed to improve our 

understanding of how the consumption of differently processed plant-based foods leads to 

physiological effects associated with health benefits. Specifically, the effect of a natural 

mutation found in in peas was examined to gain insights into the interplay between unique 

plant-based food structures, GIT digestion and glucose homeostasis. Mutations in the r locus 

of rr peas result in a defective starch branching enzyme as opposed to wild type peas (RR) 

(Bhattacharyya et al., 1990). As a result, this leads to different starch formation profiles 

knowing to exist in plant-based foods. Specifically, the mutation will result in lower 

amylopectin formation and higher amylose. Highly branched amylopectin results in higher 

digestion rates mainly due to higher penetration rate by digestive enzymes as opposed to 

linear amylose. The digestion rates in the upper GIT are highly important as they determine 

the proportion of starch available to the lower GIT for fermentation, which has been shown 

to have a role in colonic health and probably control glucose homeostasis. 
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7.3 Detailed Discussion and Findings 

 

In the exploratory Study 1, it was confirmed that both peas and pea flour left the stomach at 

the same time.  However, a significant difference for plasma glucose concentrations when 

comparing RR and rr peas as well as pea flour interventions was observed. There was no effect 

on serum insulin and GLP-1 or GIP concentrations for both peas and flour. This outcome 

confirms that plasma glucose kinetics are not affected by gastric emptying rates and are 

independent of changes in gut hormones. Identifying that both peas and pea flour leave the 

stomach at the same time was an important finding as it was unclear how similar products 

that have undergone different processing behave during breakdown in the stomach. Changes 

in the amylose amylopectin ratio involves by default, changes in the digestible component as 

well as the glycaemic index of foods: therefore, it would be expected that the rr pea line 

shares properties like those found in plant-based foods high in resistant starches. Resistant 

starch, as a non-viscous fibre, would not be expected to delay gastric emptying in a similar 

mode as opposed to viscous fibers or to decrease post prandial plasma glucose consequently 

(Juvonen et al., 2009). Therefore, although the peas and pea flour studied here are known to 

have different structural properties this was not enough to lead to significant differences 

during gastric emptying.   

Importantly, the effect of the natural mutation was seen when examining plasma glucose 

concentrations. The fact that we did not observe any effect on serum insulin and gut 

hormones during the mixed meal test might be attributed to the high interindividual variation 

observed and the low power in this study. Plasma glucose in tightly regulated and thus the 

variation in the concentrations between healthy individuals will be lower as opposed to serum 

insulin and gut hormones. It is important to note that perhaps other factors might have 

contributed to the non-significant effects of serum insulin between peas or pea flour. There 

is evidence in the literature reporting that specific compounds found in plant-based foods 

might lead to digestive enzyme inhibition and greater suppression of hepatic glucose output 

(e.g. anthocyanins). To what extent rr peas share these properties is unknown and perhaps 

more research is needed.  

In an attempt to explore the digestion process further down the gastro-intestinal tract, the 

effect of 50g of peas and pea flour, from both lines, was examined during stomach and small 

intestinal digestion in exploratory Study 2. Results indicated significant differences in the 
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digestion profiles when metabolomic profiling was performed; the RR genotype showed 

higher excretion rates of highly digestible amylopectin/maltose in the stomach. It has been 

reported in the literature that RR peas have higher amounts of amylopectin (70%) as opposed 

to rr peas (30%) (Ratnayake et al., 2002) However, their behaviour in the human GIT has not 

been examined before.  Identifying higher amylopectin/maltose in the stomach points to the 

vulnerability of the RR genotype during digestion as opposed to the rr genotype. Additionally, 

this outcome can support the differential responses in plasma glucose observed in 

exploratory Study 1 as high digestible amylopectin will lead to higher post prandial glucose 

responses. Metabolomic analysis of small intestinal samples showed differential responses in 

glucose between peas as well as between pea flour with the RR genotype showing higher 

levels of glucose as opposed to the rr genotype. This outcome is expected, judging from higher 

amylopectin/maltose concentrations. The same effect was confirmed when plasma glucose, 

small intestinal glucose, serum insulin and GIP concentration analysis were performed with 

RR peas showing higher concentrations as opposed to rr peas. Although, between RR and rr 

pea flour, there was a difference on glucose release rates, as judged by metabolomic profiling, 

marginal effects were observed for plasma glucose concentrations and no effect for small 

intestinal glucose concentrations. Results of serum insulin indicated significant differences 

between the pea flour groups with RR showing higher concentrations. This outcome can 

confirm that in the case of pea flour, although the pea matrix was lost, due to processing, 

there were still differences between the two pea lines.  As this was an exploratory study, the 

power was not enough to observe highly significant effects. The effect of plant-based foods 

high in amylose on lower post prandial plasma glucose levels has been studied and confirmed 

before by other researchers and was confirmed in the experiments performed for this project 

(Miller et al., 1992, Behall et al., 1988). Additionally, when microscopic examination in raw, 

cooked and digested peas was performed results indicated that the intrinsic structural 

properties of the rr peas might also have contributed to differences in digestion and the effect 

was even more pronounced after processing and during gelatinization. Together these data 

suggest that it is not only the amylose amylopectin ratio causing the effect on post prandial 

glucose metabolism but the physico-chemical differences in the structure at raw and cooked 

and digested rr peas. Therefore, these factors should be taken into consideration when the 

quality of carbohydrates and its relative effects on glucose metabolism is studied or when 

food products are designed. GLP-1 concentrations did not differ significantly when peas 
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where examined. It might be possible that peas share similar properties triggering the release 

of GLP-1 or again high interindividual variability might be the cause. Concentrations were 

significantly higher in the case of RR pea flour as opposed to rr pea flour and the same effect 

was observed when GIP was examined in both peas and pea flour. This effect might be driven 

by the early glucose release or the low amylose affinity to digestive enzymes and thus the 

lower breakdown of rr pea and pea flour. 

Results from exploratory Study 1 and 2 offered valuable information with regards to the 

behaviour of RR and rr peas and pea flour during digestion. It was established that the natural 

mutation found in rr peas and pea flour can determine starch digestion as well as the portion 

of starch that will be available as polysaccharide for fermentation in the colon by gut 

microbiota.  Additionally, despite the fact that pea flour expanded absorption, differential 

responses in biomarkers studied were observed and this points to the importance of the 

mutation.  

Examining the digestion process further, the exploratory Study 3 established that more non-

digestible components from the rr genotype (both peas and pea flour) are traveling to the 

colon and are being fermented by gut microbiota. Urinary 13C SCFAs analysis indicated higher 

propionate and butyrate concentrations for the rr line as opposed to the RR line. It is 

important to note here that both lines (RR and rr) contain fermentable carbohydrates and 

detection of SCFA production occurred in both cases. However, in the case of the rr genotype 

concentrations were higher and significantly different as opposed to the RR genotype. No 

effect was observed for acetate secretion. Given that both peas (RR and rr) and pea flour 

produced SCFAs it would be reasonable to say that both control and intervention were not 

radically different and thus not treat the acetate finding as unexpected. Additionally, 13C 

plasma glucose analysis indicated that as the peas used in this study were 13C labelled it would 

be expected that 13C plasma glucose can only result from peas or pea flour. Significant 

differences were observed between the two peas with the rr pea resulting in lower 

concentrations meaning lower digestibility. Interestingly, in the case of pea flour no 

significant effects were observed for 13C plasma glucose pointing to the importance of food 

processing as pea flour was milled and thus all digestible carbohydrate was available for 

absorption. Despite this effect though, differences in 13C urinary SCFAs point to the 

importance of the mutation regardless of the processing. An important finding of this study 

is that plasma glucose and serum insulin concentrations were not different between RR and 
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rr peas or pea flour interventions and this outcome is in contrast with analysis from 13C plasma 

glucose and 13C SCFAs. The test meal used in this study contained white bread which is highly 

digestible and perhaps the effect in plasma glucose and serum insulin is being masked.  

Summarizing all data so far, there is evidence that the rr genotype reduces plasma glucose in 

the upper GIT and results in higher fermentation rates in the gut. Physiologically this is highly 

important as the mutation found in the rr genotype can reduce glycaemia and increase 

fermentation. Based on these outcomes the last experimental Study 4 aimed at looking at the 

long-term consumption of pea derived food products on glucose homeostasis via a gut 

dependent mechanism. Knowing that rr peas produce more SCFAs in the gut the effect on β-

cells function was examined. Based on the structural differences between the two pea lines 

the aim of this study was to make food products that are palatable to the volunteers and 

examine their effects long term. Results from that study indicated a significant effect on gut 

microbiota following rr pea supplementation for 4 weeks. However, these changes were not 

enough to drive changes in the β-cell function. No effect was observed in any of the study’s 

parameters with regards to β-cell function or glucose homeostasis. Additionally, assuming 

that volunteers had eaten the pea products the evening before the study, a second meal 

effect was not observed in post prandial plasma glucose and serum insulin responses. Studies 

in the literature examining the effect of long-term resistant starch consumption have shown 

some effect in glucose homeostasis parameters. Usually, the amount of resistant starch given 

is much higher than what was used in this study. Adherence to the diet might have had an 

effect however the study was monitored, and volunteers were advised to complete food 

diaries or report it when pea derived food products were not consumed.  
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7.4 Limitations and future recommendations 

 

Further work is needed in order to understand whether pea derived products can have an 

impact on glucose homeostasis via a gut dependent mechanism. SCFAs concentrations were 

not measured in Study 4 and thus it was unclear whether the observed changes in gut 

microbiota led to significant changes in SCFAs. Since peas and pea flour from the rr genotype 

led to significant differences in glucose metabolism biomarkers and higher colonic 

fermentation rates in the 3 acute studies we can only speculate that SCFAs would have been 

increased. Additionally, based on reports in the literature with regards to the amount of time 

it takes for metabolic adaptation perhaps a long-term study of more than 4 weeks including 

also patients with T2D or prediabetes might be more informative.  

Designing products based on pea flour as well as containing higher amounts of resistant 

starches or dietary fiber should also be considered.  
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7.5 Conclusion 

 

To conclude, the data presented in this thesis established that both peas and pea flour leave 

the stomach at the same time course with significant glycaemic effects being confirmed. The 

small intestinal environment plays an important role during digestion and absorption. It was 

established that rr peas and pea flour result in lower post prandial glucose responses and 

lower digestion rates as opposed to the RR genotype where its vulnerability to digestion was 

confirmed. As a result, this led to increased material from the rr genotype in the gut for 

bacterial fermentation increasing the release of SCFAs. Long term consumption of pea derived 

food products did not result in improvements in glucose homeostasis despite the changes in 

gut bacteria. Possible explanations for this outcome might be the products design and the low 

amount of resistant starch being consumed daily, adherence of volunteers or the time frame 

of the study was not enough for metabolic adaptation changes. Further work in needed to 

understand the role of gut bacterial and SCFAs in glucose homeostasis. 
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Appendices 

Appendix 1: Volunteer Information Sheet (Study 1) Version 2 25/02/2015 

 

 Information Sheet for Research Participants 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 1 - Evaluating the Impact of Resistant Starch from Peas on Gastric Emptying 

 

You will be given a copy of this Information Sheet and a signed copy of your consent form to keep, 

should you decide to participate in the study. 

 

You are being invited to take part in a research study investigating the effect of dietary fibre on the 

diet. Before you decide if you would like to participate, it is important for you to understand why the 

research is being done and what it will involve. Please take time to read the following information 

carefully and discuss it with your friends, relatives and your GP if you wish. Ask us if there is anything 

that is not clear or if you would like more information. Take time to decide whether or not you wish 

to take part. 

If you do decide to take part, please let us know beforehand if you have been involved in any other 

study during the last year. You are free to withdraw at any time without explanation.  

 

Thank you for reading this 

 

What is the purpose of this study? 

Diabetes mellitus type 2 is a disease that is caused by insulin resistance, whereby the body fails to 

respond or produce insulin, a hormone that regulates carbohydrate metabolism. Without regulated 

carbohydrate metabolism glucose remains within the bloodstream; having disadvantageous effects. 

Insulin is secreted by β-cells that are found within a specific region of the pancreas, known as the Islet 

of Langerhans. These β-cells can deteriorate and fail to release insulin due to lifestyle factors such as 

age and obesity, as well as genetic factors.   

Resistant starches are found within certain food products, particularly fruits, vegetables and whole 

grains, and are believed to be beneficial to β-cells. This is because the resistant starch is not digested 

within the gut and is instead used by bacteria within the gut. The bacteria ferment the resistant starch 

to produce short chain fatty acids (SCFAs), which are believed to improve β-cell function. 
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We are investigating the effects of different food products containing resistant starches found 

naturally in peas.  The aim of this study is to see if resistant starch improves glucose metabolism by 

slowing how quickly ingested food moves through the stomach and gastrointestinal (GI) tract. 

This study was reviewed and received favorable opinion by South East-Coast Surrey Research Ethics 

Committee.    

Who is suitable to participate? 

• Male and female healthy volunteers (aged 18 to 65 years) 

• Normal to overweight individuals (body mass index (BMI) 20-35 kg/m2) 

o BMI is equal to body weight (kg) divided by height squared (m2) 

You are NOT suitable to participate if you have: 

• Gained or lost ≥ 3kg weight in the past two months 

• Current smokers 

• History of substance abuse 

• Excessive alcohol intake 

• Pregnancy 

• Diabetes 

• Cardiovascular disease 

• Cancer 

• Any gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease 

• Kidney disease 

• Liver disease 

• Pancreatitis 

• Use of medications likely to interfere with energy metabolism, appetite regulation and 

hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, androgens, 

phenytoin, erythromycin or thyroid hormones. 

 

Do I have to take part? 

It is entirely up to you whether or not to take part. If you do, we will ask you to sign a consent form. 

You are free to withdraw at any time and you do not have to give a reason. A decision either not to 

take part or to withdraw from the study will not affect the standard of care you receive. 

 

Will I get paid for participating? You will be reimbursed £200 for completing the study. 

 

What will I have to do? 
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Visit 1 – Health Screening: 

If you do decide to participate, you will initially be invited to attend a health screening to confirm your 

eligibility for the study. You will be asked to attend the NIHR/Wellcome Trust Imperial Clinical 

Research Facility at Hammersmith Hospital where you will be interviewed and examined by one of the 

researchers.  You will have a blood test (to check your liver, kidneys, cholesterol and ensure that you 

are not anemic or diabetic) and height, weight and blood pressure measurements will also be taken. 

You will also have an electrocardiogram (ECG). This is a non-invasive test to look at the health of your 

heart. All women of child bearing age will have a pregnancy test. 

The health screening should last about 1 hour. 

Study Days 1, 2, 3 and 4: 

On the day before the study we will ask you to complete a 24-hour food diary in which you write down 

all the food and drink that you have consumed during those 24 hours. You will also be asked to refrain 

from strenuous exercise, caffeine and alcohol. You will then be requested to fast overnight (you are 

allowed to drink water). 

On the study day, you will be asked to arrive at the NIHR/Wellcome Trust Imperial Clinical Research 

Facility at Hammersmith Hospital at approximately 9:00am. A small plastic tube (cannula) will be 

inserted into your arm. This will be in place for the duration of the study day and will be used to take 

blood samples without causing you any further discomfort.  

At approximately 10:00am you will consume a standard breakfast that will contain different resistant 

starches on each study visit. The breakfast will also contain a very small amount of 13Carbon. The 

13Carbon breath test is a commonly used research tool for measuring how quickly ingested food moves 

through the stomach.  By measuring the level of 13Carbon that appears in your breath we can work 

out how quickly your stomach empties food after eating.  For 5 hours after eating the breakfast you 

will be asked every 15 minutes to blow through a straw into a glass tube to collect breath samples. 

You will also be asked to breathe into a breath analyzer every hour after consuming the breakfast so 

that we can measure your breath hydrogen levels. This will provide us with another measurement of 

how quickly the different resistant starches eaten at breakfast have moved through the stomach. 

During the study you will have blood samples taken at certain time points. A total of 100ml of blood 

will be taken (about 20 teaspoons of blood). These will be taken through the plastic cannula.  

During the study you will be asked to fill in questionnaires (visual analogue scales) to measure your 

feelings of hunger and nausea.  
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We will also ask you to collect urine each time you go to the toilet during the study visit. You will be 

provided with an appropriate measurement container to collect urine and will be asked to note the 

total volume following each collection.  

Measurements will be taken for 5 hours after you eat the breakfast.  At the end of the study, at 

approximately 3:00pm, we will remove the cannula and you will be able to go home. During the course 

of the study day you will be able to read or watch DVDs if you wish.  

 

We request that you do not start any other new diets or intensive exercise regimes in-between the 

four study visits as this may give us conflicting results. There would also need to be a period of at least 

7 days between study visits. 

 

What are the possible disadvantages and risks of taking part? 

In the event that we discover something about your health that you were unaware of, for example if 

your kidney tests are abnormal or if you have diabetes, we would immediately inform you of this and 

with your consent inform your GP so that you can be referred to an appropriate specialist. If you 

require more urgent assessment, we would arrange this for you immediately within the hospital. 

Some of the procedures in this study, such as the recording of your weight, height and blood pressure 

present no risk to you. Other procedures, such as taking blood samples, can cause mild discomfort. 

The risks of taking a blood sample include: slight discomfort when the needle is inserted and possible 

bruising and a localized infection. These procedures will only be carried out by experienced doctors 

under aseptic conditions to minimize all these risks. 

There are no major side effects associated with eating foods containing resistant starch; however, 

some people may experience mild abdominal bloating. 

 

What happens when the research study stops? 

Once the study has finished, the results of the study can be made available to you and/or your GP if 

you wish. If you have any problems immediately following the study, then you should contact one of 

the research doctors on the numbers provided. 

 

What if new information becomes available? 

Sometimes during the course of a research study, new information becomes available about the 

treatment that is being studied. If this happens, your research doctor will tell you about it and discuss 

with you whether you want to continue in the study. If you decide to continue in the study, you will 
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be asked to sign an updated consent form. Also, on receiving new information your research doctor 

might consider it to be in your best interests to withdraw you from the study. 

 

What will happen if I don’t want to carry on with the study? 

You can withdraw from the study at any time and you do not need to give a reason. Any stored blood 

or urine samples that can still be identified as yours will be destroyed. 

 

What if something goes wrong? 

Imperial College London holds insurance policies which apply to this study.  If you experience serious 

and enduring harm or injury as a result of taking part in this study, you may be eligible to claim 

compensation without having to prove that Imperial College is at fault.  This does not affect your legal 

rights to seek compensation. If you are harmed due to someone’s negligence, then you may have 

grounds for a legal action.  Regardless of this, if you wish to complain, or have any concerns about any 

aspect of the way you have been treated during the course of this study then you should immediately 

inform the Investigator (Professor Gary Frost; g.frost@imperial.ac.uk; 020 8383 3242).  The normal 

National Health Service complaint complaints mechanisms are also available to you.  If you are still 

not satisfied with the response, you may contact the Imperial AHSC Joint Research Compliance Office.   

What can I do if I have any complaints or concerns? If you wish to complain, or have any concerns 

about any aspect of the way you have been treated during the course of this study then you should 

immediately inform the Principal Investigator, Professor Gary Frost, through his secretary on 020 8383 

3242 or by email at  g.frost@imperial.ac.uk 

 

Will my taking part in this study be kept confidential? 

All information that is collected about you during the course of the research will be kept strictly 

confidential. Any information about you that leaves the hospital will have your name and address 

removed so that you cannot be recognized from it. 

All electronic data about you will be stored on Imperial College departmental database. This is a 

confidential computer system which requires a specific password for access and can only be viewed 

by authorized persons. It is a requirement that your GP is informed of your participation in this study. 

 

What will happen to the results of the research study? 

mailto:g.frost@imperial.ac.uk
mailto:g.frost@imperial.ac.uk
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The results are likely to be published six months following the study. Your confidentiality will be 

ensured at all times and you will not be identified in any publication. At the end of the study, the 

results of the study can be made available to you and/or your GP. 

 

Contact for Further Information 

The researchers and doctors involved in the study, Professor Gary Frost and Dr Ed Chambers, will be 

available by telephone 

 

During working hours through Professor Gary Frost’s secretary   020 8383 3242 

At all other times through Hammersmith Hospital switchboard   020 8383 1000 
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Appendix 2: Consent Form (Study 1) Version 2 – 25/02/2015 

Version 2 – 25/02/15 

 

 

Department of Investigative Medicine, 

Hammersmith Hospital Campus, 

Imperial College London 

6th Floor, Commonwealth Building, 

Du cane Road, 

W120NN 

Tel 020 838 33242 

Fax 020 838 33142 

 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 1: Evaluating the impact of resistant starch from peas on gastric emptying 

 

Please initial the box if you agree with each statement. 

 

1. I have been given the opportunity to ask questions and discuss the study 

 

 

2. I have received satisfactory answers to all my questions 

 

 

3. I have received enough information about the study 

 

 

4. I confirm that I have read and understand the information sheet : 

“Evaluating the impact of resistant starch from peas on gastric emptying– Version 2  

– 25/02/15” for the above study. 

 

 

5. I understand that my participation is voluntary and that I am free to withdraw at any time, without  

 giving any reason, without my medical care or legal rights being affected. 

 

 

6. I understand that sections of any of my research notes may be looked at by responsible  

 individuals from Imperial College, Imperial College NHS Healthcare Trust, and regulatory authorities 

 where it is relevant to my taking part in research.  I give permission for these individuals to have  

 access to my records. 
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7. I agree that that my Identifiable information can be stored on Imperial College London                                                

 computer systems 

  

8.    I agree to have my GP informed about participating in this study. 

 

 

 

9.    I agree to have my blood taken. 

 

 

 

10.    I agree to have my collected tissue samples stored and used in future ethically approved studies.  

 

 

 

11.    I agree to take part in this study. 

 

 

______________________ ________________ ____________________ 

Name of Patient Date Signature 

 

_________________________ ________________ ____________________ 

Name of Researcher Date Signature 

 

 1 for patient; 1 for researcher; 1 to be kept with hospital notes 
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Appendix 3: Participant Information Sheet (PIS) (Study 2) Version 2 – 25/02/2015 

 

Information Sheet for Research Participants 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 2 - Evaluating the Impact of Resistant Starch from Peas on  

Small Intestinal Digestion 

 

You will be given a copy of this Information Sheet and a signed copy of your consent form to keep, 

should you decide to participate in the study. 

You are being invited to take part in a research study investigating the effect of dietary fibre on the 

diet. Before you decide if you would like to participate, it is important for you to understand why the 

research is being done and what it will involve. Please take time to read the following information 

carefully and discuss it with your friends, relatives and your GP if you wish. Ask us if there is anything 

that is not clear or if you would like more information. Take time to decide whether or not you wish 

to take part. If you do decide to take part, please let us know beforehand if you have been involved in 

any other study during the last year. You are free to withdraw at any time without explanation.  

 

Thank you for reading this 

 

What is the purpose of this study? 

 

Diabetes mellitus type 2 is a disease that is caused by insulin resistance, whereby the body fails to 

respond or produce insulin, a hormone that regulates carbohydrate metabolism. Without regulated 

carbohydrate metabolism glucose remains within the bloodstream; having disadvantageous effects. 

Insulin is secreted by β-cells that are found within a specific region of the pancreas, known as the Islet 

of Langerhans. These β-cells can deteriorate and fail to release insulin due to lifestyle factors such as 

age and obesity, as well as genetic factors.   

Resistant starches are found within certain food products, particularly fruits, vegetables and whole 

grains, and are believed to be beneficial to β-cells. This is because the resistant starch is not digested 

within the gut and is instead used by bacteria within the gut. The bacteria ferment the resistant starch 

to produce short chain fatty acids (SCFAs), which are believed to improve β-cell function. 
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We are investigating the effects of different food products containing resistant starches found 

naturally in peas.  The aim of this study is to see how resistant starches influence the digestion of food 

in the stomach and gastrointestinal (GI) tract.  

This study was reviewed and received favorable opinion by South East-Coast Surrey Research Ethics 

Committee.    

Who is suitable to participate? 

• Male and female healthy volunteers (aged 18 to 65 years) 

• Normal to overweight individuals (body mass index (BMI) 20-35 kg/m2) 

o BMI is equal to body weight (kg) divided by height squared (m2) 

 

You are NOT suitable to participate if you have: 

• Gained or lost ≥ 3kg weight in the past two months 

• Current smokers 

• History of substance abuse 

• Excessive alcohol intake 

• Pregnancy 

• Diabetes 

• Cardiovascular disease 

• Cancer 

• Any gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease 

• Kidney disease 

• Liver disease 

• Pancreatitis 

• Use of medications likely to interfere with energy metabolism, appetite regulation and 

hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, androgens, 

phenytoin, erythromycin or thyroid hormones. 

 

Do I have to take part? 

It is entirely up to you whether or not to take part. If you do we will ask you to sign a consent form. 

You are free to withdraw at any time and you do not have to give a reason. A decision either not to 

take part or to withdraw from the study will not affect the standard of care you receive. 

 

Will I get paid for participating? 

You will be reimbursed £400 for completing the study. 
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What will I have to do? 

 

Visit 1 – Health Screening: 

If you do decide to participate, you will initially be invited to attend a health screening to confirm your 

eligibility for the study. You will be asked to attend the NIHR/Wellcome Trust Imperial Clinical 

Research Facility at Hammersmith Hospital where you will be interviewed and examined by one of the 

researchers.  You will have a blood test (to check your liver, kidneys, cholesterol and ensure that you 

are not anemic or diabetic) and height, weight and blood pressure measurements will also be taken. 

You will also have an electrocardiogram (ECG). This is a non-invasive test to look at the health of your 

heart. All women of child bearing age will have a pregnancy test. 

The health screening should last about 1 hour. 

 

Visit 2 – Study Visit 

On the day before the study visit we will ask you to refrain from strenuous exercise, caffeine and 

alcohol. You will then be requested to fast overnight from 10 pm (you are allowed to drink water). 

On the study day, you will be asked to arrive at the NIHR/Wellcome Trust Imperial Clinical Research 

Facility at Hammersmith Hospital at approximately 8:00am. You will stay at the Clinical Research 

Facility for a 4-day visit (three nights). 

A small plastic tube (cannula) will be inserted into your arm. This will be in place for the duration of 

the study visit and will be used to take blood samples without causing you any further discomfort. 

Two thin, bendy plastic tubes will be placed through your nose and into your stomach and small 

intestine. The tubes will be placed by a Gastroenterologist. They will put some lubricant on the end of 

each tube to make it slippery and place them through your nose and down into your stomach and 

small intestine. You will be sat upright as the tubes are placed and asked to drink water through a 

straw as this will help the tubes to go down. It will feel a bit uncomfortable whilst the tubes are being 

put in, however, any discomfort should subside once the tubes have been positioned. These tubes will 

allow us to take samples from your stomach and small intestines after you have eaten to see how 

different foods are digested. These tubes will remain in place for the duration of the 4-day visit. 

 On each of the 4 study mornings you will consume a standard breakfast that will contain different 

resistant starches each morning. Blood samples will be taken at certain time points for 3 hours after 

you eat the breakfast.  A total of 80ml of blood will be taken each morning (about 16 teaspoons of 

blood). These will be taken through the plastic cannula. Following each test breakfast, samples from 

your stomach and small intestines will be taken every 15 minutes for 3 hours.  
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Following the 3-hour measurement period, you will be able to read or watch DVDs at the Clinical 

Research Facility. We will provide all of the food you require for the duration of the 4-day study visit. 

You will be requested to fast every evening of the visit from 10 pm (you are allowed to drink water). 

Following the final samples on the fourth study day, the tubes in your stomach and small intestines 

and the plastic cannula will be removed and you will be able to go home. 

 

 

What are the possible disadvantages and risks of taking part? 

In the event that we discover something about your health that you were unaware of, for example if 

your kidney tests are abnormal or if you have diabetes, we would immediately inform you of this and 

with your consent inform your GP so that you can be referred to an appropriate specialist. If you 

require more urgent assessment, we would arrange this for you immediately within the hospital. 

Some of the procedures in this study, such as the recording of your weight, height and blood pressure 

present no risk to you. Other procedures, such as taking blood samples, can cause mild discomfort. 

The risks of taking a blood sample include: slight discomfort when the needle is inserted and possible 

bruising and a localized infection. These procedures will only be carried out by experienced doctors 

under aseptic conditions to minimize all these risks. 

The potential risks of the stomach and small intestines tubes include blockage of a tube, a misplaced 

tube or infection. This procedure will only be undertaken by a Gastroenterologist and care will be 

taken to minimize any discomfort from the procedure. The tubes will be placed using a system that 

provides ‘real-time’ information about the position of the tube during placement to minimize 

discomfort and all of these risks. 

There are no major side effects associated with eating foods containing resistant starch; however, 

some people may experience mild abdominal bloating. 

 

What happens when the research study stops? 

Once the study has finished, the results of the study can be made available to you and/or your GP if 

you wish. If you have any problems immediately following the study, then you should contact one of 

the research doctors on the numbers provided. 

 

What if new information becomes available? 

Sometimes during the course of a research study, new information becomes available about the 

treatment that is being studied. If this happens, your research doctor will tell you about it and discuss 

with you whether you want to continue in the study. If you decide to continue in the study, you will 
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be asked to sign an updated consent form. Also, on receiving new information your research doctor 

might consider it to be in your best interests to withdraw you from the study. 

 

What will happen if I don’t want to carry on with the study? 

 

You can withdraw from the study at any time and you do not need to give a reason. Any stored blood 

or urine samples that can still be identified as yours will be destroyed. 

 

What if something goes wrong? 

Imperial College London holds insurance policies which apply to this study.  If you experience serious 

and enduring harm or injury as a result of taking part in this study, you may be eligible to claim 

compensation without having to prove that Imperial College is at fault.  This does not affect your legal 

rights to seek compensation. If you are harmed due to someone’s negligence, then you may have 

grounds for a legal action.  Regardless of this, if you wish to complain, or have any concerns about any 

aspect of the way you have been treated during the course of this study then you should immediately 

inform the Investigator (Professor Gary Frost; g.frost@imperial.ac.uk; 020 8383 3242).  The normal 

National Health Service complaint complaints mechanisms are also available to you.  If you are still 

not satisfied with the response, you may contact the Imperial AHSC Joint Research Compliance Office.   

What can I do if I have any complaints or concerns? 

If you wish to complain, or have any concerns about any aspect of the way you have been treated 

during the course of this study then you should immediately inform the Principal Investigator, 

Professor Gary Frost, through his secretary on 020 8383 3242 or by email at  g.frost@imperial.ac.uk 

Will my taking part in this study be kept confidential? 

All information that is collected about you during the course of the research will be kept strictly 

confidential. Any information about you that leaves the hospital will have your name and address 

removed so that you cannot be recognized from it. All electronic data about you will be stored on 

Imperial College departmental database. This is a confidential computer system which requires a 

specific password for access and can only be viewed by authorized persons. It is a requirement that 

your GP is informed of your participation in this study. 

 

What will happen to the results of the research study? 

mailto:g.frost@imperial.ac.uk
mailto:g.frost@imperial.ac.uk
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The results are likely to be published six months following the study. Your confidentiality will be 

ensured at all times and you will not be identified in any publication. At the end of the study, the 

results of the study can be made available to you and/or your GP. 

 

Contact for Further Information 

The researchers and doctors involved in the study, Professor Gary Frost and Dr Ed Chambers, will be 

available by telephone 

 

During working hours through Professor Gary Frost’s secretary   020 8383 3242 

At all other times through Hammersmith Hospital switchboard   020 8383 100 
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Appendix 4: Consent Form (Study 2) Version 2 – 25/02/2015 

 

Version 2– 25/02/15 

 

 

Department of Investigative Medicine, 

Hammersmith Hospital Campus, 

Imperial College London 

6th Floor, Commonwealth Building, 

Du cane Road, 

W120NN 

Tel 020 838 33242 

Fax 020 838 33142 

 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 2: Evaluating the impact of resistant starch from peas on small intestinal digestion 

 

Please initial the box if you agree with each statement. 

 

 

7. I have been given the opportunity to ask questions and discuss the study 

 

 

8. I have received satisfactory answers to all my questions 

 

 

9. I have received enough information about the study 

 

 

10. I confirm that I have read and understand the information sheet: 

“Evaluating the impact of resistant starch from peas on small intestinal digestion– Version 2  

– 250215” for the above study. 

 

 

11. I understand that my participation is voluntary and that I am free to withdraw at any time, without  

 giving any reason, without my medical care or legal rights being affected. 

 

 

12. I understand that sections of any of my research notes may be looked at by responsible  

 individuals from Imperial College, Imperial College NHS Healthcare Trust, and regulatory authorities 
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 where it is relevant to my taking part in research.  I give permission for these individuals to have  

 access to my records. 

 

7. I agree that that my Identifiable information can be stored on Imperial College London                                                

 computer systems 

  

12.    I agree to have my GP informed about participating in this study. 

 

 

 

13.    I agree to have my blood taken. 

 

 

 

14.    I agree to have my collected tissue samples stored and used in future ethically approved studies.  

 

 

 

15.    I agree to take part in this study. 

 

________________________ ________________ ____________________ 

Name of Patient Date Signature 

 

_________________________ ________________ ____________________ 

Name of Researcher Date Signature 

 

 1 for patient; 1 for researcher; 1 to be kept with hospital notes 
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Appendix 5: Participant Information Sheet (PIS) (Study 3) Version 3 – 29/09/2015 

 

Information Sheet for Research Participants 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 3 - Evaluating the Impact of Resistant Starch from Peas on  

Starch Delivery to the Colon 

You will be given a copy of this Information Sheet and a signed copy of your consent form to keep, 

should you decide to participate in the study. 

You are being invited to take part in a research study investigating the effect of dietary fibre on the 

diet. Before you decide if you would like to participate, it is important for you to understand why the 

research is being done and what it will involve. Please take time to read the following information 

carefully and discuss it with your friends, relatives and your GP if you wish. Ask us if there is anything 

that is not clear or if you would like more information. Take time to decide whether or not you wish 

to take part. 

If you do decide to take part, please let us know beforehand if you have been involved in any other 

study during the last year. You are free to withdraw at any time without explanation.  

 

Thank you for reading this 

 

What is the purpose of this study? 

Diabetes mellitus type 2 is a disease that is caused by insulin resistance, whereby the body fails to 

respond or produce insulin, a hormone that regulates carbohydrate metabolism. Without regulated 

carbohydrate metabolism glucose remains within the bloodstream; having disadvantageous effects. 

Insulin is secreted by β-cells that are found within a specific region of the pancreas, known as the Islet 

of Langerhans. These β-cells can deteriorate and fail to release insulin due to lifestyle factors such as 

age and obesity, as well as genetic factors.   

Resistant starches are found within certain food products, particularly fruits, vegetables and whole 

grains, and are believed to be beneficial to β-cells. This is because the resistant starch is not digested 

within the gut and is instead used by bacteria within the gut. The bacteria ferment the resistant starch 

to produce short chain fatty acids (SCFAs), which are believed to improve β-cell function. 

We are investigating the effects of different food products containing resistant starches found 

naturally in peas.  The aim of this study is to see how resistant starch fermentation on the colon 

influences metabolic pathways involved in the production of energy for the body.   
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This study was reviewed and received favorable opinion by South East-Coast Surrey Research Ethics 

Committee.    

Who is suitable to participate? 

• Male and female healthy volunteers (aged 18 to 65 years) 

• Normal to overweight individuals (body mass index (BMI) 20-35 kg/m2) 

o BMI is equal to body weight (kg) divided by height squared (m2) 

 

You are NOT suitable to participate if you have: 

• Gained or lost ≥ 3kg weight in the past two months 

• Current smokers 

• History of substance abuse 

• Excessive alcohol intake 

• Pregnancy 

• Diabetes 

• Cardiovascular disease 

• Cancer 

• Any gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease 

• Kidney disease 

• Liver disease 

• Pancreatitis 

• Use of medications likely to interfere with energy metabolism, appetite regulation and 

hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, androgens, 

phenytoin, erythromycin or thyroid hormones. 

 

Do I have to take part? 

It is entirely up to you whether or not to take part. If you do we will ask you to sign a consent form. 

You are free to withdraw at any time and you do not have to give a reason. A decision either not to 

take part or to withdraw from the study will not affect the standard of care you receive. 

Will I get paid for participating? 

You will be reimbursed £200 for completing the study. 

What will I have to do? 

Visit 1 – Health Screening: 

if you do decide to participate, you will initially be invited to attend a health screening to confirm your 

eligibility for the study. You will be asked to attend the NIHR/Wellcome Trust Imperial Clinical 
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Research Facility at Hammersmith Hospital where you will be interviewed and examined by one of the 

researchers.  You will have a blood test (to check your liver, kidneys, cholesterol and ensure that you 

are not anemic or diabetic) and height, weight and blood pressure measurements will also be taken. 

You will also have an electrocardiogram (ECG). This is a non-invasive test to look at the health of your 

heart. All women of child bearing age will have a pregnancy test. 

The health screening should last about 1 hour. 

 

Study Days 1, 2, 3 and 4: 

On the day before the study we will ask you to complete a 24-hour food diary in which you write down 

all the food and drink that you have consumed during those 24 hours. You will also be asked to refrain 

from strenuous exercise, caffeine and alcohol. You will then be requested to fast overnight (you are 

allowed to drink water). 

On the study day, you will be asked to arrive at the NIHR/Wellcome Trust Imperial Clinical Research 

Facility at Hammersmith Hospital at approximately 9:00am. A small plastic tube (cannula) will be 

inserted into your arm. This will be in place for the duration of the study day and will be used to take 

blood samples without causing you any further discomfort.  

At approximately 10:00am you will consume a standard breakfast that will contain different resistant 

starches on each study visit. The resistant starch will contain a small amount of 13Carbon. The 13Carbon 

breath test is a commonly used research tool for measuring how quickly ingested food moves through 

the stomach.  By measuring the level of 13Carbon that appears in your breath we can work out how 

quickly your stomach empties food after eating. In order to track the digestive process at 40 min and 

180 min you will have to consume two capsules which will contain the non-radioactive tracer 

molecules ²H₂-Glucose and ²H₃ Acetate. For 6 hours after eating the breakfast you will be asked every 

15 minutes to blow through a straw into a glass tube to collect breath samples. 

You will also be asked to breathe into a breath analyzer every hour after consuming the breakfast so 

that we can measure your breath hydrogen levels. This will provide us with another measurement of 

how quickly the different resistant starches eaten at breakfast have moved through the stomach. 

During the study you will have blood samples taken at certain time points. A total of 110ml of blood 

will be taken (about 22 teaspoons of blood). These will be taken through the plastic cannula.  You will 

also be asked to breathe into a breath analyzer every hour so that we can measure your breath 

hydrogen levels.  

Measurements will be taken for 6 hours after you eat the breakfast.  At the end of the study, at 

approximately 4:00pm, we will remove the cannula and you will be able to go home. During the course 

of the study day you will be able to read or watch DVDs if you wish.  
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You will be given a rack of labelled test tubes to take home with you to continue to collect breath 

samples every hour until you go to bed. You will also be asked to collect breath samples when you 

wake the following morning. You will be asked to store these samples at home and bring them with 

you the next morning.  

On the study day, you will also be asked to collect a 24-hour urine sample and a stool sample. We will 

explain to you in detail how to do this and you will be given an appropriate container.  

We request that you do not start any other new diets or intensive exercise regimes in-between the 

four study visits as this may give us conflicting results. There would also need to be a period of at least 

7 days between study visits. 

 

What are the possible disadvantages and risks of taking part? 

In the event that we discover something about your health that you were unaware of, for example if 

your kidney tests are abnormal or if you have diabetes, we would immediately inform you of this and 

with your consent inform your GP so that you can be referred to an appropriate specialist. If you 

require more urgent assessment, we would arrange this for you immediately within the hospital. 

Some of the procedures in this study, such as the recording of your weight, height and blood pressure 

present no risk to you. Other procedures, such as taking blood samples, can cause mild discomfort. 

The risks of taking a blood sample include: slight discomfort when the needle is inserted and possible 

bruising and a localized infection. These procedures will only be carried out by experienced doctors 

under aseptic conditions to minimize all these risks. 

There are no major side effects associated with eating foods containing resistant starch; however, 

some people may experience mild abdominal bloating. 

 

What happens when the research study stops? 

Once the study has finished, the results of the study can be made available to you and/or your GP if 

you wish. If you have any problems immediately following the study, then you should contact one of 

the research doctors on the numbers provided. 

 

What if new information becomes available? 

Sometimes during the course of a research study, new information becomes available about the 

treatment that is being studied. If this happens, your research doctor will tell you about it and discuss 

with you whether you want to continue in the study. If you decide to continue in the study you will be 

asked to sign an updated consent form. Also, on receiving new information your research doctor might 

consider it to be in your best interests to withdraw you from the study. 
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What will happen if I don’t want to carry on with the study? 

You can withdraw from the study at any time and you do not need to give a reason. Any stored blood 

or urine samples that can still be identified as yours will be destroyed. 

 

What if something goes wrong?Imperial College London holds insurance policies which apply to this 

study.  If you experience serious and enduring harm or injury as a result of taking part in this study, 

you may be eligible to claim compensation without having to prove that Imperial College is at fault.  

This does not affect your legal rights to seek compensation. 

iIf you are harmed due to someone’s negligence, then you may have grounds for a legal action.  

Regardless of this, if you wish to complain, or have any concerns about any aspect of the way you have 

been treated during the course of this study then you should immediately inform the Investigator 

(Professor Gary Frost; g.frost@imperial.ac.uk; 020 8383 3242).  The normal National Health Service 

complaint complaints mechanisms are also available to you.  If you are still not satisfied with the 

response, you may contact the Imperial AHSC Joint Research Compliance Office.   

 

What can I do if I have any complaints or concerns? 

If you wish to complain, or have any concerns about any aspect of the way you have been treated 

during the course of this study then you should immediately inform the Principal Investigator, 

Professor Gary Frost, through his secretary on 020 8383 3242 or by email at  g.frost@imperial.ac.uk 

Will my taking part in this study be kept confidential? 

All information that is collected about you during the course of the research will be kept strictly 

confidential. Any information about you that leaves the hospital will have your name and address 

removed so that you cannot be recognised from it. 

All electronic data about you will be stored on Imperial College departmental database. This is a 

confidential computer system which requires a specific password for access and can only be viewed 

by authorised persons. It is a requirement that your GP is informed of your participation in this study. 

 

What will happen to the results of the research study? 

The results are likely to be published six months following the study. Your confidentiality will be 

ensured at all times and you will not be identified in any publication. At the end of the study, the 

results of the study can be made available to you and/or your GP. 

 

mailto:g.frost@imperial.ac.uk
mailto:g.frost@imperial.ac.uk
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Contact for Further InformationThe researchers and doctors involved in the study, Professor Gary 

Frost and Dr Ed Chambers, will be available by telephone 

 

During working hours through Professor Gary Frost’s secretary   020 8383 3242 

At all other times through Hammersmith Hospital switchboard   020 8383 1000 
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Appendix 6: Consent Form (Study 3) Version 3 – 29/09/2015 

 

Version 3 – 29/09/2015 

 

 

Department of Investigative Medicine, 

HammersmithHospital Campus, 

ImperialCollegeLondon 

6th Floor, CommonwealthBuilding, 

Ducane Road, 

W120NN 

Tel 020 838 33242 

Fax 020 838 33142 

 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 3: Evaluating the impact of resistant starch from peas on starch delivery to the colon 

 

Please initial the box if you agree with each statement. 

 

13. I have been given the opportunity to ask questions and discuss the study 

 

 

14. I have received satisfactory answers to all my questions 

 

 

15. I have received enough information about the study 

 

 

16. I confirm that I have read and understand the information sheet : 

“Evaluating the impact of resistant starch from peas on starch delivery to the colon– Version 3 

– 290915” for the above study. 

 

 

17. I understand that my participation is voluntary and that I am free to withdraw at any time, without  

 giving any reason, without my medical care or legal rights being affected. 

 

 

18. I understand that sections of any of my research notes may be looked at by responsible  

 individuals from Imperial College, Imperial College NHS Healthcare Trust, and regulatory authorities 

 where it is relevant to my taking part in research.  I give permission for these individuals to have  
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 access to my records. 

 

7. I agree that that my Identifiable information can be stored on Imperial College London                                                

 computer systems 

  

16.    I agree to have my GP informed about participating in this study. 

 

 

 

17.    I agree to have my blood taken. 

 

 

 

18.    I agree to have my collected tissue samples stored and used in future ethically approved studies.  

 

 

 

19.    I agree to take part in this study. 

 

 

_______________________ ________________ ____________________ 

Name of Patient Date Signature 

 

_________________________ ________________ ____________________ 

Name of Researcher Date Signature 

 

 1 for patient; 1 for researcher; 1 to be kept with hospital notes 
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Appendix 7: Participant Information Sheet (PIS) (Study 4) Version 2 – 23/05/17 

 

Information Sheet for Research Participants 

Dietary resistant starch from peas for healthy glucose homeostasis 

STUDY 4 - Evaluating the Impact of Resistant Starch from Peas on β-cell function 

 

You will be given a copy of this Information Sheet and a signed copy of your consent form to keep, 

should you decide to participate in the study. 

You are being invited to take part in a research study investigating the effect of dietary fibre on the 

diet. Before you decide if you would like to participate, it is important for you to understand why the 

research is being done and what it will involve. Please take time to read the following information 

carefully and discuss it with your friends, relatives and your GP if you wish. Ask us if there is anything 

that is not clear or if you would like more information. Take time to decide whether or not you wish 

to take part. 

If you do decide to take part, please let us know beforehand if you have been involved in any other 

study during the last year. You are free to withdraw at any time without explanation.  

 

Thank you for reading this 

 

What is the purpose of this study? 

Diabetes mellitus type 2 is a disease that is caused by insulin resistance, whereby the body fails to 

respond or produce insulin, a hormone that regulates carbohydrate metabolism. Without regulated 

carbohydrate metabolism glucose remains within the bloodstream; having disadvantageous effects. 

Insulin is secreted by β-cells that are found within a specific region of the pancreas, known as the Islet 

of Langerhans. These β-cells can deteriorate and fail to release insulin due to lifestyle factors such as 

age and obesity, as well as genetic factors.   

Resistant starches are found within certain food products, particularly fruits, vegetables and whole 

grains, and are believed to be beneficial to β-cells. This is because the resistant starch is not digested 

within the gut and is instead used by bacteria within the gut. The bacteria ferment the resistant starch 

to produce short chain fatty acids (SCFAs), which are believed to improve β-cell function. 

We are investigating the effects of different food products containing resistant starches found 

naturally in peas.  The aim of this study is to see if resistant starch from peas can improve β-cell 

function. 
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This study was reviewed and received favourable opinion by South East-Coast Surrey Research Ethics 

Committee.    

Who is suitable to participate? 

• Male and female healthy volunteers (aged 40 to 70 years) 

• Normal to overweight individuals (body mass index (BMI) 20-35 kg/m2) 

o BMI is equal to body weight (kg) divided by height squared (m2) 

 

You are NOT suitable to participate if you have: 

• Gained or lost ≥ 3kg weight in the past two months 

• Current smokers 

• History of substance abuse 

• Excessive alcohol intake 

• Pregnancy 

• Diabetes 

• Cardiovascular disease 

• Cancer 

• Any gastrointestinal disease e.g. irritable bowel syndrome or inflammatory bowel disease 

• Kidney disease 

• Liver disease 

• Pancreatitis 

• Use of medications likely to interfere with energy metabolism, appetite regulation and 

hormonal balance, including: anti-inflammatory drugs or steroids, antibiotics, androgens, 

phenytoin, erythromycin or thyroid hormones. 

 

Do I have to take part? 

It is entirely up to you whether or not to take part. If you do we will ask you to sign a consent form. 

You are free to withdraw at any time and you do not have to give a reason. A decision either not to 

take part or to withdraw from the study will not affect the standard of care you receive. 

 

Will I get paid for participating? 

You will be reimbursed £400 for completing the study. 

 

What will I have to do? 

Visit 1 – Health Screening: 
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If you do decide to participate, you will initially be invited to attend a health screening to confirm your 

eligibility for the study. You will be asked to attend the NIHR/Wellcome Trust Imperial Clinical 

Research Facility at Hammersmith Hospital where you will be interviewed and examined by one of the 

researchers.  You will have a blood test (to check your liver, kidneys, cholesterol and ensure that you 

are not anaemic or diabetic) and height, weight  and blood pressure measurements will also be taken. 

You will also have an electrocardiogram (ECG). This is a non-invasive test to look at the health of your 

heart. All women of child bearing age will have a pregnancy test. 

The health screening should last about 1 hour. 

 

Dietary Supplementation Periods 

You will undergo two separate 28-day dietary supplementation periods in a random order. In each 

supplementation period you will be provided with common food products (bread, soup, yoghurt, fruit 

juice, biscuit bars) supplemented with:  

1. Normal peas (Control) 

2. Resistant starch peas (Intervention) 

 

The Intervention food products will contain 30 g/day of resistant starch, whilst the Control food  

products will provide the same amount of energy as the Intervention products. The only difference 

between the Control and Intervention food products will be the amount of resistant starch.   

You are not being asked to change your diet or lifestyle in any other way. We request that you do not 

start any new diets or intensive exercise regimes in-between the study visits as this may give us 

conflicting results. 

Before and at the end of each 28 day supplementation period you will be required to attend two study 

visits on consecutive days. There will then be a 28 day ‘wash-out’ period before you start the second 

supplementation period. The timings of the study are summarised below: 
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Study Day 1: Intravenous glucose tolerance test 

On the day before the study we will ask you to complete a 72 hour food diary in which you write down 

all the food and drink that you have consumed during those 72 hours. You will also be asked to refrain 

from strenuous exercise, caffeine and alcohol. You will then be requested to fast overnight (you are 

allowed to drink water). You will also be asked to bring a stool sample with you to this study day. We 

will explain to you in detail how to do this and you will be given appropriate containers. 

On the study day, you will be asked to arrive at the NIHR/Wellcome Trust Imperial Clinical Research 

Facility at Hammersmith Hospital at approximately 9:00am. A small plastic tube (cannula) will be 

inserted into each arm. These will be in place for the duration of the study day to allow blood sampling 

and infusion of glucose and insulin solutions. 

At approximately 09:30am and 09:45am fasting blood samples will be taken through one of the plastic 

cannulas in your arm. At approximately 10:00 we will start the glucose tolerance test by infusing a 

defined amount of sugar into one of the plastic cannulas over a 5 minute period. After 20 minutes, we 

will infuse a defined amount of insulin into one of plastic cannulas over a 5 minute period. Frequent 

blood samples will be taken over a 3 hour period following the initial glucose infusion. In total 150 ml 

of blood (approximately 30 teaspoons) will be taken during the study visit. You will also be asked to 

breathe into a breath analyser every hour so that we can measure your breath hydrogen levels.  

At the end of the study, at approximately 1:00pm, we will remove the plastic cannulas and you will be 

able to go home.  
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Study Day 2: Mixed meal tolerance test 

You will also be asked to refrain from strenuous exercise, caffeine and alcohol 24 hours before the 

study day. You will then be requested to fast overnight (you are allowed to drink water). 

On the study day, you will be asked to arrive at the NIHR/Wellcome Trust Imperial Clinical Research 

Facility at Hammersmith Hospital at approximately 9:00am. A small plastic tube (cannula) will be 

inserted into your arm. This will be in place for the duration of the study day and will be used to take 

blood samples without causing you any further discomfort.  

At approximately 9:30am, 15 blood samples will be taken at minute intervals to determine the 

variability in your fasting insulin secretion. We will then take two pre-breakfast blood samples.  

You will then consume a standard breakfast at approximately 10:00am. Further blood samples will 

then be taken at certain time points. A total of 145 ml of blood will be taken (about 30 teaspoons) 

during the entire study day. These will be taken through the plastic cannula. You will also be asked to 

breathe into a breath analyser every hour so that we can measure your breath hydrogen levels.  

 

We will also ask you to collect urine each time you go to the toilet during the study visit. You will be 

provided with an appropriate measurement container to collect urine and will be asked to note the 

total volume following each collection.  

The final blood sample will be collected at approximately 3:00pm. Once this has been collected the 

cannula will be removed and you will be able to go home. During the course of the study day you will 

be able to read or watch DVDs if you wish.  

 

What are the possible disadvantages and risks of taking part? 

In the event that we discover something about your health that you were unaware of, for example if 

your kidney tests are abnormal or if you have diabetes, we would immediately inform you of this and 

with your consent inform your GP so that you can be referred to an appropriate specialist. If you 

require more urgent assessment we would arrange this for you immediately within the hospital. 

Some of the procedures in this study, such as the recording of your weight, height and blood pressure 

present no risk to you. Other procedures, such as taking blood samples, can cause mild discomfort. 

The risks of taking a blood sample include: slight discomfort when the needle is inserted and possible 

bruising and a localised infection. These procedures will only be carried out by experienced doctors 

under aseptic conditions to minimise all these risks. 

There are no major side effects associated with eating foods containing resistant starch. Some people 

may find the taste unpleasant or may experience mild nausea or abdominal bloating initially, however, 

this should settle down after a few days. 
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What happens when the research study stops? 

Once the study has finished, the results of the study can be made available to you and/or your GP if 

you wish. If you have any problems immediately following the study, then you should contact one of 

the research doctors on the numbers provided. 

What if new information becomes available? 

Sometimes during the course of a research study, new information becomes available about the 

treatment that is being studied. If this happens, your research doctor will tell you about it and discuss 

with you whether you want to continue in the study. If you decide to continue in the study you will be 

asked to sign an updated consent form. Also, on receiving new information your research doctor might 

consider it to be in your best interests to withdraw you from the study. 

What will happen if I don’t want to carry on with the study? 

You can withdraw from the study at any time and you do not need to give a reason. Any stored blood 

or urine samples that can still be identified as yours will be destroyed. 

 

What if something goes wrong? 

Imperial College London holds insurance policies which apply to this study.  If you experience serious 

and enduring harm or injury as a result of taking part in this study, you may be eligible to claim 

compensation without having to prove that Imperial College is at fault.  This does not affect your legal 

rights to seek compensation. 

If you are harmed due to someone’s negligence, then you may have grounds for a legal action.  

Regardless of this, if you wish to complain, or have any concerns about any aspect of the way you have 

been treated during the course of this study then you should immediately inform the Investigator 

(Professor Gary Frost; g.frost@imperial.ac.uk; 020 8383 3242).  The normal National Health Service 

complaint complaints mechanisms are also available to you.  If you are still not satisfied with the 

response, you may contact the Imperial AHSC Joint Research Compliance Office.   

What can I do if I have any complaints or concerns? 

If you wish to complain, or have any concerns about any aspect of the way you have been treated 

during the course of this study then you should immediately inform the Principal Investigator, 

Professor Gary Frost, through his secretary on 020 8383 3242 or by email at  g.frost@imperial.ac.uk 

Will my taking part in this study be kept confidential? 

mailto:g.frost@imperial.ac.uk
mailto:g.frost@imperial.ac.uk
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All information that is collected about you during the course of the research will be kept strictly 

confidential. Any information about you that leaves the hospital will have your name and address 

removed so that you cannot be recognized from it. 

All electronic data about you will be stored on Imperial College departmental database. This is a 

confidential computer system which requires a specific password for access and can only be viewed 

by authorized persons. It is a requirement that your GP is informed of your participation in this study. 

 

What will happen to the results of the research study? 

The results are likely to be published six months following the study. Your confidentiality will be 

ensured at all times and you will not be identified in any publication. At the end of the study, the 

results of the study can be made available to you and/or your GP. 

Contact for Further Information 

 

The researchers and doctors involved in the study, Professor Gary Frost and Dr Ed Chambers, will be 

available by telephone 

 

During working hours through Professor Gary Frost’s secretary   020 8383 3242 

At all other times through Hammersmith Hospital switchboard   020 8383 1000 
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Appendix 8: Consent Form (Study 4) Version 2 – 23/05/17 

Version 2 – 230517 

 

 

Department of Investigative Medicine, 

Hammersmith Hospital Campus, 

Imperial College London 

6th Floor, Commonwealth Building, 

Du cane Road, 

W120NN 

Tel 020 838 33242 

Fax 020 838 33142 

 

Evaluating the impact of resistant starch from peas on glucose homeostasis 

STUDY 4: Evaluating the impact of resistant starch from peas on β-cell function  

 

Please initial the box if you agree with each statement. 

 

19. I have been given the opportunity to ask questions and discuss the study 

 

 

20. I have received satisfactory answers to all my questions 

 

 

21. I have received enough information about the study 

 

 

22. I confirm that I have read and understand the information sheet: 

“Evaluating the impact of resistant starch from peas on β-cell function– Version 2  

– 230517” for the above study. 

 

 

23. I understand that my participation is voluntary and that I am free to withdraw at any time, without  

 giving any reason, without my medical care or legal rights being affected. 

 

 

24. I understand that sections of any of my research notes may be looked at by responsible  

 individuals from Imperial College, Imperial College NHS Healthcare Trust, and regulatory authorities 

 where it is relevant to my taking part in research.  I give permission for these individuals to have  

 access to my records. 
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7. I agree that that my Identifiable information can be stored on Imperial College London                                                

 computer systems 

  

20.    I agree to have my GP informed about participating in this study. 

 

 

 

21.    I agree to have my blood taken. 

 

 

 

22.    I agree to have my collected tissue samples stored and used in future ethically approved studies.  

 

 

 

23.    I agree to take part in this study. 

 

 

________________________ ________________ ____________________ 

Name of Patient Date Signature 

 

_________________________ ________________ ____________________ 

Name of Researcher Date Signature 

 

 1 for patient; 1 for researcher; 1 to be kept with hospital notes 

 

 

 

 

 

 

 

 


