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ABSTRACT 

 

Introduction: Insulin and glucagon are key hormones involved in glucose 

physiology and the secretion of both is dysregulated in children with 

hyperinsulinaemic hypoglycaemia (HH). Glucagon-like peptide 1 (GLP-1) and 

Glucose-dependent insulinotropic peptide (GIP) are incretins released in the gut in 

response to glucose ingestion. Amylin is secreted in response to nutrients and 

pancreatic polypeptide (PP) is released in the circulation in response to nutrient 

ingestion (especially protein and fat) and a glucose load. The roles of these 

hormones have not been fully explored in children with different types of HH and 

severe insulin resistance syndrome. 

Aims:  

1. To understand the role of insulin, glucagon, amylin and PP at a genetic, 

histological and circulating plasma concentrations level in different types of 

HH. 

2. To identify the role of circulating GLP-1 and GIP during fast and feeds in 

children with HH. 

3. To elucidate the role of insulin hepatic clearance (IHE) in children with HH. 

4. To characterise the role of pancreatic and gut hormones in children with 

insulin resistance syndrome [(Donohue syndrome (DS)]. 

Methods: Gene expression of insulin, glucagon, amylin and PP was determined by 

real-time quantitative Polymerase Chain Reaction (RTqPCR) from pancreatic 

samples of children with HH (n=6). These hormones were also localised by same-

slide double-staining immunohistochemistry (IHC) in pancreata of children with HH 

(n=7). By the use of a multiplex immunoassay, circulating concentrations of the 

above hormones and GLP-1 and GIP were determined during fast (n=24) and after 

feeds [mixed meal (MM) and oral glucose tolerance test (OGTT)] (n=14) in HH 

children and in controls. IHE was determined by the C-peptide:insulin molar ratio 

(n=38). Pancreatic and gut peptides were also measured during MM test in children 

with DS (n=2).  
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Results: In pancreata of patients with HH, the expression of insulin is 

inappropriately high and not paralleled by that of amylin. The expression of glucagon 

is decreased in HH patients and there is no difference in PP expression between 

controls and HH cases. Histologically, amylin and PP do not co-localise with insulin, 

glucagon or each other in control or HH pancreata; and no difference was found in 

the localisation of these hormones when comparing control, diffuse and focal HH 

tissue. The plasma concentrations of amylin tend to decrease during a fast in HH 

cases as opposed to controls. In HH cases, MM test triggers a more potent 

response than OGTT for glucose, insulin, amylin, PP, GLP-1 and GIP and it does 

not suppress glucagon. The pattern of PP during fast, OGTT and MM is similar in 

HH patients to controls. GLP-1 and GIP are normally released in HH cases during 

OGTT and only in excess after MM, as it also happens for idiopathic postprandial 

hypoglycaemia (PPHH) where GIP concentrations are increased. Plasma circulating 

concentrations of pancreatic and gut hormones in controls and HH cases are 

included in this study. There is no difference in the IHE of children with HH versus 

controls. In DS patient’s high amylin levels accompany the supra-physiological 

concentrations of insulin, with low GIP and PP, whilst glucagon is undetectable. 

Conclusions: There is an independent regulation of insulin and amylin in the β-cell 

of children with HH. This potentially indicates a β-cell preserved mechanism through 

amylin, to minimise the hypoglycaemia triggered by insulin in HH. There seems to 

be a limited, if any, role for PP in glucose regulation. The secretion of GLP-1 and 

GIP is not constitutively abnormal in all forms of HH, however raised GIP levels 

could explain idiopathic PPHH in children. This agrees with the potential use of 

incretin receptor blockers for some forms of HH. The robust response of glucose, 

pancreatic hormones and incretins to MM in children with HH indicates the 

relevance of feed modification strategies in the management of this condition. This 

study confirms that IHE is preserved in HH. Abnormal pancreatic and incretin levels 

may be contributing to the biochemical features of DS. RTqPCR methodology for 

investigating pancreatic hormones in children with HH has been optimised herein, 

however further studies with bigger number of samples are needed to confirm our 

findings. 
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1.1. GLUCOSE PHYSIOLOGY 

Glucose is the most important substrate for energy homoeostasis in the body. The 

brain requires a continuous glucose supply from the circulation to function normally 

(Amiel 1995), hence the importance in maintaining normal blood glucose 

concentrations, especially during the neonatal period in order to avoid brain 

damage. 

Plasma glucose concentration is tightly controlled by a balance between its 

production and its utilisation by insulin-dependent tissues, namely liver, skeletal 

muscle and adipose tissue. Normal individuals will maintain blood glucose 

concentrations between 3.5 – 5.5 mmol/l whilst fasting and feeding, provided an 

adequate interplay between glucose, insulin, and the counter-regulatory hormones 

glucagon, catecholamines, growth hormone and cortisol. Any alteration of this 

equilibrium will result in hypoglycaemia. 

Glucose production. Glucose present in the circulation derives from: 

-Intestinal absorption following digestion of diet carbohydrates 

-Glycogenolysis, this is the breakdown of glycogen, which is polymerised glucose, 

from liver and muscle, in response to glucagon and adrenaline during the fast. 

-Gluconeogenesis, which is the synthesis of glucose from precursors such as 

lactate, pyruvate, amino acids and glycerol, in kidney and liver in response to 

glucagon and glucocorticoids, 2-3 hours after a meal. 

Glucose utilisation. Most peripheral tissues utilise glucose, via different tissue-

specific transporters*. Pancreatic β-cells and hepatocytes predominantly express 

glucose transporter 2 (GLUT 2). Once inside the cell, depending on the blood 

glucose concentration, length of fasting and hormone influence (i.e. insulin), glucose 

can follow one of the following pathways: 

-Glycolysis, the catabolism of glucose to generate adenosine triphosphate (ATP) 

-Glycogenesis, the storage of glucose as glycogen (in liver and muscle) 

-Conversion to fatty acids and storage as triglycerides (in adipose tissue) 

These pathways are represented in Figure 1. 
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Figure 1. Schematic representation of glucose production and glucose 

utilisation pathways. 

 

The green arrows indicate the metabolic pathways that lead to glucose production, 

whereas the red arrows indicate those of glucose utilisation. The dashed arrow 

indicates generation of adenosine triphosphate (ATP) when acetyl CoA enters the 

citric acid cycle. 

 

*All cells express glucose transporters. There are two main types of them: sodium-

glucose linked transporters (SGLTs), found mainly in small intestine and renal 

tubules, and facilitated diffusion glucose transporters (GLUTs). The latter can be 

divided in various types, differing in their expression location and properties (Navale 

and Paranjape 2016). GLUT 1 to 3 are insulin-independent transporters and GLUT 4 

is insulin-dependent. GLUT 1 is expressed mainly in erythrocytes and blood-brain 

barrier. GLUT 3 is found in neurons, and GLUT 4 is expressed in adipose tissue and 

striated muscle (skeletal and cardiac muscle) (Navale and Paranjape 2016). 
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1.2. PANCREATIC HORMONES INVOLVED IN GLUCOSE REGULATION 

The functional endocrine unit of the pancreas is the islet of Langerhans, which in the 

post-embryological period comprises of the α, β, δ and F cells. These islet cells 

secrete hormones -glucagon, insulin and amylin, somatostatin** and pancreatic 

polypeptide, respectively - that collaborate in maintaining glucose homeostasis via 

effects on tissues (liver, muscle, adipose tissue). β-cells comprise approximately 

70% of all islet cells, α-cells 20–30% (Brissova et al. 2005), δ-cells <5% and F cells 

are only present in traces. These cell types appear as single cells, or small or large 

clusters of islets dispersed throughout the pancreas.  Ghrelin cells have been 

identified to be quite abundant in the human foetal and neonatal pancreas but 

scarce in the adult pancreas, limited to a few cells in the islet periphery, exocrine 

tissue and ducts (Wierup et al. 2002). Recently, the human α-cell has been 

identified to express Glucose dependent insulinotropic peptide (GIP) and GLP-1 

Glucagon-like peptide 1 (GLP-1) (Fujita et al. 2010; Omar et al. 2014).  Figure 2 

depicts the relative distribution of these cell types within the islet of Langerhans. 

Figure 2: Schematic cartoon of the anatomical parts of the pancreas and the 

islet of Langerhans with the relative distribution of the cell types within.  

Image of islet extracted from (Brissova et al. 2005) 

**Somatostatin is not subject to study in this thesis as it cannot be determined using 

the multiplex assay kit where all the other hormones are analysed, and secondly, as 

this hormone has been subject of a whole PhD by one of my lab group colleagues. 
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The role of insulin, C-peptide, glucagon, amylin and pancreatic polypeptide in blood 

and pancreatic tissue will be described below. 

 

1.2.1. Insulin 

Structure  

Insulin is a 51 amino acid hormone formed by two peptide chains known as chain A 

and chain B (Weiss, Steiner, and Philipson 2014). Both subunits are linked by two 

disulphide bonds whereby chain A consists of 21 amino acids and chain B of 30. 

The mature protein is the post-translational product of proinsulin, a single chain 

precursor (Weiss, Steiner, and Philipson 2014), containing insulin and C-peptide, 

cleaved by type 1 and type 2 endopeptidases. Proinsulin derives from preproinsulin 

which is a longer single chain precursor. These steps are depicted in Figure 3. 

Preproinsulin is encoded by the insulin gene (INS gene, OMIM 176730) (Bell et al. 

1980).  

Figure 3: Processing of preproinsulin 

 

Preproinsulin undergoes proteolysis that releases the signal peptide (in yellow) and 

the proinsulin molecule. Proteolytic endopeptidases cleave proinsulin producing 

mature insulin and C-peptide. Image modified from https://scvmcmed.com 

 

Insulin is stored in the β-cell as insoluble crystalline hexamers packed in “granules” 

which also contain C-peptide and amylin. 
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Secretion 

Under normal circumstances the main mechanism for insulin secretion is in 

response to hyperglycaemia (Chapter 1.4.1.2 describes the steps that take place 

inside the β-cell for insulin secretion). Glucose-dependent insulinotropic peptide 

(GIP) and Glucagon-like peptide-1 (GLP-1) are two gastrointestinal (GI) hormones 

which amplify the pancreatic β-cell glucose-induced insulin secretion, in what is 

known as the incretin effect (Lindgren et al. 2014). Other substances known to 

stimulate insulin release include oral and intravenous (iv) amino acids (arginine, 

leucine, lysine and phenylalanine in particular) (Lindgren et al. 2014) and oral fat, in 

this case indicating an incretin effect (Lindgren et al. 2011). Cholecystokinin (CCK), 

parasympathetic neurotransmitters (both of these via phospholipase C) (Ahren et al. 

1991) and sulfonylureas are also known to stimulate insulin release (Bhavsar, 

Watkins, and Young 1998). Insulin secretion is suppressed by the release of 

somatostatin, ghrelin (Dezaki, Kakei, and Yada 2007), Peptide-YY (Karra, 

Chandarana, and Batterham 2009), leptin (Wauters, Considine, and Van Gaal 

2000), sympathetic neurotransmitters (Ahren et al. 1991) and pancreatic polypeptide 

at high concentrations (Aragon et al. 2015). 

Insulin hepatic clearance (IHE) 

The liver clears insulin from the circulation. Insulin hepatic clearance (IHE) can be 

calculated from the C-peptide:insulin molar ratio, which is a widely used accurate 

estimator (Henry, Brechtel, and Griver 1988) as it is clinically available. C-peptide is 

secreted in equimolar amounts with insulin from the β-cell, but -as opposed to 

insulin- it does not have hepatic extraction and has a constant peripheral clearance 

(Gower et al. 2002).  

Functions 

Insulin binds to the insulin receptor in the cellular membrane (Wilcox 2005), resulting 

in a conformational change which activates tyrosine kinase activity in the insulin 

receptor. This triggers activation of signalling pathway proteins: Mitogen-activated 

Protein Kinase (MAPK) and Phosphatidylinositol-3-Kinase (PI-3K). The first pathway 

is involved in cell growth and gene expression and the latter one in cell proliferation, 
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synthesis of lipids, proteins and glycogen, as well as distribution of glucose for 

cellular functions (Boucher, Kleinridders, and Kahn 2014). 

Insulin is the most relevant circulating peptide regulating glucose homeostasis. It 

lowers glycaemia through different mechanisms. It stimulates glucose uptake into 

muscle cells and adipocytes through the glucose transporter 4 (GLUT4). It 

decreases glucose generation by inhibiting hepatic gluconeogenesis and stimulating 

glycolysis (Bansal and Wang 2008). It suppresses lipolysis. The synthesis of 

glycogen is increased and its breakdown, glycogenolysis, decreased (Wilcox 2005). 

Insulin inhibits glucagon secretion through three intraislet mechanisms (Bansal and 

Wang 2008): 1) It activates the α-cell ATP-sensitive potassium channels (KATP), 

leading to an increased efflux of potassium ions out of the α-cell hence 

hyperpolarizing its membrane potential which prevents an increase in intracellular 

calcium that finally inhibits glucagon release (Franklin et al. 2005).  2) It promotes 

the membrane translocation of type A GABA receptor (GABAAR) which promotes 

GABA-mediated chloride influx that leads to a hyperpolarized α-cell membrane, and 

the suppression of glucagon secretion (Xu et al. 2006). 3) It inhibits the transcription 

of proglucagon gene, suggesting a long-term regulation of α-cell function (Philippe 

1989).  

In the absence of hypoglycaemia, insulin has an anorectic effect after central and 

peripheral administration (Schwarz et al. 1992), reducing body weight (Woods et al. 

1979). Insulin stimulates the melanocortin system in the hypothalamic arcuate nuclei 

neurones (Benoit et al. 2002),  and also increases the hindbrain response to CCK 

which is a satiating signal (Riedy et al. 1995). In mice, neuronal insulin receptor 

deletion leads to obesity (Bruning et al. 2000). Conversely, in states of insulin-

resistance like obesity, elevated circulating insulin quickly facilitates fat storage, but 

there is suppression of the responsiveness of the central nervous system to insulin, 

possibly leading to hyperphagia (Schwarz et al. 1992). 

Postprandial insulin has been shown to contribute to the reduced ghrelin secretion 

after a meal in humans (Murdolo et al. 2003). The concentration of insulin peaks 

approximately 20 minutes before the nadir in ghrelin (Frecka and Mattes 2008). It 

has been speculated that insulin could act upon the gastric mucosa X/A-like ghrelin-

producing cells which are in close contact with the capillary network, inhibiting the 

synthesis or release of ghrelin (Gil-Campos et al. 2010).  
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1.2.2. C-peptide or connecting peptide 

Structure  

C-peptide is a polypeptide made of 31-amino-acids. It is the portion in the middle of 

the proinsulin molecule, as it connects chains A and B that, once cleaved, will 

become the mature form of insulin. 

Secretion 

C-peptide and insulin are co-secreted in an equimolar ratio by the β-cell. Since C-

peptide has no hepatic extraction but a constant peripheral clearance its half-life is 

longer than that of insulin (30-35 minutes versus 5-10 minutes) (Waldhausl et al. 

1979). 

Functions 

C-peptide participates in the synthesis of insulin as it links subunits A and B in the 

proinsulin molecule facilitating the correct folding and interchain bond formation. The 

removal of C-peptide renders A and B chains bound together forming the insulin 

molecule.  

C-peptide is also involved in the activation of intracellular signalling pathways and 

gene transcription as it binds to its G-protein-coupled receptor on the surface of 

neuronal, fibroblast, endothelial and renal tubular cells activating pathways like 

Mitogen-activated Protein kinases (MAPK), Phospholipase C-gamma (PLCγ), and 

Protein kinase C (PI-3KC) (Hills and Brunskill 2008), involved in nerve and kidney 

function. Anti-inflammatory effects have also been identified for C-peptide as it 

contributes to smooth muscle repair (Luppi et al. 2008).  

 

 

 

https://en.wikipedia.org/wiki/Proinsulin
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1.2.3. Glucagon 

Structure 

Pancreatic α-cells, intestinal L-cells and the central nervous system (CNS) express 

the precursor pre-proglucagon, a 160-residue peptide. Differential post-translational 

processing by prohormone convertase 1 and 2 will take place in various tissues 

(Holst 2004) giving rise to products such as glucagon, GLP-1, GLP-2, glicentin and 

oxyntomodulin (Karra and Batterham 2010). Figure 4 is a schematic diagram of the 

processing of pre-proglucagon and its products. 

 

Figure 4: Schematic diagram of the processing of pre-proglucagon and its 

products. 

 
  
 

 

Pancreas                Brain and gut 
 
 

 

 

 

 

 

 

 

Image modified from (Wren and Bloom 2007). Note: size of depicted peptides is not 

in proportion with real size. Sig pep: Signal peptide. SP1: Spacer peptide. GRRP: 

Glicentin-related pancreatic peptide. MPGF: Major proglucagon fragment 

 

Secretion 

Glucagon is strongly stimulated by hypoglycaemia. Glucagon concentrations also 

increase after oral and iv amino acid administration (Lindgren et al. 2014) and both 

sympathetic and parasympathetic nerve stimulation (Ahren et al. 1991). Glucagon 

can enhance further glucagon release by binding to glucagon receptors in the α-

Sig pep GRRP Glucagon SP-1 GLP-1 SP-2 GLP-2 

Preproglucagon 

GRRP Glucagon GLP-1 SP-2 GLP-2 GRRP Glucagon SP-1 GLP-1 GLP-2 

GRRP Glucagon GLP-1 GLP-2 GRRP Glucagon SP-1 GLP-1 GLP-2 

MPGF Glicentin 

Oxyntomodulin 
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cells (Ma et al. 2005) and also by glutamate which is co-secreted with glucagon from 

α-cells and acts in an autocrine fashion driving glucagon secretion during small 

physiological fluctuations in glycaemia (Cabrera et al. 2008).  

Glucagon’s release is suppressed by inhibitory paracrine factors like somatostatin, 

insulin, Zinc, GABA and serotonin (produced and released by the β-cell) (Almaca et 

al. 2016), which are secreted in response to high glucose (Ma et al. 2005). 

Pancreatic polypeptide also seems to suppress glucagon release (Aragon et al. 

2015).  

Functions 

There are glucagon receptors in many tissues including the islet β-cells, liver, 

kidney, brain, adipose tissue, duodenum, adrenal gland and heart (Burcelin, Li, and 

Charron 1995). Glucagon binds to its G-protein-coupled receptor, which activates 

adenylate cyclase leading to increased intracellular levels of cAMP and activation of 

Protein kinase A (PKA). Active PKA phosphorylates key enzymes of glucose 

homeostasis, modifying their activities (Jiang et al. 2001). 

Glucose homeostasis is one of the main functions of glucagon as it protects against 

hypoglycaemia by stimulating glucose release in the liver via glycogenolysis and 

gluconeogenesis and simultaneously inhibiting glycolysis and glycogenesis (Bansal 

and Wang 2008; Jiang and Zhang 2003). Its autocrine effect on α-cells stimulating 

exocytosis (Ma et al. 2005) also contributes against hypoglycaemia. Interestingly, it 

also promotes glucose-stimulated insulin secretion in the β-cell (Huypens et al. 

2000). 

Glucagon also exerts gastrointestinal (GI) effects as it suppresses ghrelin secretion 

in the stomach (Arafat et al. 2006), inhibits GI motility and promotes relaxation of the 

sphincter of Oddi (Mochiki et al. 1998). Other effects in various organs are collected 

in Table 1. 
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Table 1. Glucagon effects on other organs. 

Receptor location Effect Reference 

Brain 

↓ ghrelin secretion 
↑ somatostatin release from the hypothalamus 
↑ neuronal ketone metabolism 
↑ feeding 
↑ sympathetic nervous activity 

(Arafat et al. 
2006), 

(Bansal and 
Wang 2008) 

Adipose tissue ↑ brown fat cell growth and thermogenesis 
(Billington 

et al. 1991) 

Adrenal gland ↓ ACTH-stimulated cortisol production 
(Mazzocchi 
et al. 2000) 

Kidney 

↑ bicarbonate secretion 
↓ urinary acidification 
↑ glomerular mesangial cell proliferation 
↑ natriuresis 
↑ K+ excretion 
↑ glomerular filtration rate 

(Ahloulay et 
al. 1996) 

Heart 
↑ heart rate and muscle contractility 
↑ atrioventricular conduction 

(Peterson, 
Leeder, and 

Sterner 
1984) 

↑: Stimulation effect; ↓: Inhibitory effect 

Table modified from (Bansal and Wang 2008) 

 

 

1.2.4. Amylin or islet amyloid polypeptide (IAPP) or diabetes-associated 

peptide 

 

Structure 

Amylin is the biologically active hormone composed of 37-amino acids, derived from 

the 67 amino acid precursor called proislet amyloid polypeptide (proIAPP) that 

undergoes post-translational modification (Guidobono et al. 1997). 

Secretion 

Amylin is co-packaged and co-secreted into the blood circulation, with insulin in the 

same secretory vesicles by the pancreatic β-cells (Badman et al. 1996) and 

detectable amounts have been localised in islet non-β cells (Cooper 1994). Various 
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tissues show immunoreactivity and/or mRNA expression of amylin-like peptide such 

as the GI tract (Mulder et al. 1994), dorsal root ganglia (Mulder et al. 1995), lungs, 

and the developing kidney (Wagner et al. 1995).  

Amylin is secreted in response to nutrient ingestion, GLP-1, glucagon and neural 

input (Butler et al. 1990). Its release may also be stimulated by large iv glucose 

loads (Mitsukawa et al. 1990) and possibly by transient hyperinsulinaemia and 

insulin insensitivity (Mitanchez-Mokhtari et al. 2004). Amylin’s release is inhibited by 

hypoglycaemia (Gedulin and Young 1998). 

Functions 

Amylin binds to its G-protein-coupled receptor on the cell surface, which increases 

intracellular cAMP and calcium, as well as phosphorylation of extracellular signal-

regulated kinase 1 and 2 (ERK1/2)(Hay et al. 2015). This initiates cellular signalling 

cascades.  

Amylin is considered by many the third pancreatic hormone regulating carbohydrate 

metabolism, after insulin and glucagon (Young, Pittner, et al. 1995), (Karhunen et al. 

2008). Amylin complements insulin’s effects on glycaemia through four mechanisms 

(Weyer, Maggs, et al. 2001):  

1) Suppression of postprandial glucagon release (Gedulin, Rink, and Young 

1997).  

2) Slowing the nutrient delivery rate from stomach to small intestine, hence 

controlling the inflow of glucose into the circulation (Young, Gedulin, et al. 

1995). Amylin is considered the most potent endogenous inhibitor of gastric 

emptying (Young 1997). The mechanism could be by amylin influencing the 

parasympathetic -vagus- efferent activity to the stomach through neurons in 

the brain stem (Young 1997). 

3) Inhibition of glycogen synthesis and stimulation of glycogenolysis. It 

increases lactate production and its translocation from the muscle to the liver.  
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4) It affects insulin secretion and sensitivity (Huml et al. 2011). It reduces the 

insulin-stimulated non-oxidative use of glucose in the muscle.  

Pramlintide (AC137) (Symlin) is a synthetic amylin analogue differing in three amino 

acids from the native human peptide, which results in a non-aggregating agent with 

the biological effects of native amylin (Young, Gedulin, and Rink 1996). It is FDA-

approved (Food and Drug Administration) for the treatment of type 2 diabetes 

mellitus (T2DM) (Chapman et al. 2005), and type 1 diabetes mellitus (T1DM) 

(Hassan and Heptulla 2009).  

In humans and rodents amylin has a feeding inhibitory effect, both on acute and 

chronic, peripheral and CNS administration (Lutz et al. 2001),(Lutz et al. 1995), 

(Chapman et al. 2005; Arnelo et al. 1996). The entire CNS seems to have binding 

sites for amylin’s anorectic effect (Lutz et al. 2001). The vagus mediation in amylin’s 

CNS action is not clear. The anorectic effect of amylin is stronger when the glucose 

or fat to protein ratio is increased in diet (Michel et al. 2007). Amylin interacts with 

other hormones producing synergistic reduction of food intake and body weight gain, 

likely converging on intracellular signalling pathways and/or subsequent 

neurotransmission. Table 2 lists these hormones that participate in the control of 

eating. 
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Table 2: Peptides that interact with amylin and participate in the control of 

eating. 

Hormone 
Main site 

of 
synthesis 

Best 
established 

action 

Type of interaction with 
amylin 

Reference 

CCK R 
Intestinal I 

cells 
Satiation 

signal 

Synergistic effect on meal 
size; mediation of CCK’s 

effect by amylin 

(Bhavsar, Watkins, and 
Young 1998; Lutz et al. 

1996)   

PYY R 
Intestinal L 

cells 
Satiation 

signal 

Synergistic effect on eating 
and body weight in 

combination with amylin 

(Roth et al. 2007; Michel et 
al. 2007) 

GLP-1 R, 
P 

Intestinal L 
cells 

Satiation 
signal 

Stronger effect on eating and 
body weight in combination 

with amylin 

(Bello et al. 2010) 
(Riediger et al. 2004) 

Insulin R 
Pancreatic 

β-cell 
Adiposity 

signal 

Stronger effect on eating and 
body weight in combination 

with amylin 
(Osto et al. 2007) 

Leptin R, 
H 

Adipose 
tissue 

Adiposity 
signal 

Stronger effect on eating and 
body weight in combination 
with amylin; sensitization of 
obese individuals to leptin, 

but not to amylin 

 (Roth et al. 2008) 
(Trevaskis et al. 2010; 
Jung and Kim 2013)    

(Chapman et al. 2005)  

Leptin + 
CCK R 

Adipose 
tissue + 
I cells 

 

Stronger effect on eating and 
body weight than amylin plus 

leptin; amylin but not CCK 
overcame leptin resistance 

(Trevaskis et al. 2010) 
 

GLP-1 + 
GIP R 

L cells + K 
cells 

Satiation 
signal 

Stronger effect on eating 
weight in combination with 

amylin 
(Young 1997) 

Oestradiol 
R 

Ovary 
(cyclic 

release) 

Modulation 
of satiation 
(by CCK, 
GLP-1) 

Acute: enhanced satiation of 
amylin by oestradiol 

Chronic: stronger effects of 
amylin on eating and body 
weight by lack of oestradiol 

(Lutz 2013) 

The peptide hormones include also the synthetic analogue (e.g. pramlintide and 

salmon calcitonin for amylin, exendin-4 for GLP-1, metreleptin for leptin) and active 

forms (e.g. PYY3-36 for PYY). CCK: Cholecystokinin. PYY: Peptide YY or peptide 

tyrosine-tyrosine. GIP: Glucose-dependent insulinotropic peptide. GLP-1: Glucagon-

like peptide-1. R: data in rodents; P: data in non-human primates; H: data in 

humans. Table modified from (Lutz 2013). 

 

Amylin also has been found to have anti-inflammatory properties (Clementi et al. 

1995). Amylin is a member of the calcitonin family of peptides and shares 50% 

structural and biological activities with calcitonin gene related peptide (Poyner et al. 

2002), which is known to be elevated in acute inflammatory states (Onuoha and 

Alpar 1999).   

It also has vascular properties although this effect is still unclear and seems to vary 

depending on the plasma concentration of amylin. Some authors have documented 
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vasodilatation at small doses of amylin (Westfall and Curfman-Falvey 1995), 

whereas others have reported increased arterial pressure at about physiological 

concentrations (Hall and Brain 1999), and others hypotension at higher 

concentrations (Haynes, Hodgson, and Cooper 1997). Speculation on the 

mechanism of action involves activation of the renin–angiotensin system (Haynes, 

Hodgson, and Cooper 1997) and perhaps insulin-induced renin release (Ikeda, 

Iwata, and Ochi 2001). Amylin has also been involved in cognition, with lower levels 

associated with cognitive deficits, which improve with administration of amylin 

mimetics (Adler et al. 2014). 

Amylin protects the gastric mucosa as it inhibits gastric acid secretion (hydrochloride 

acid and pepsin) but increases that of bicarbonate. It also promotes the stabilising 

effect of mast cells, improves stomach circulation with vasodilation and stimulates 

contractility of the mesenteric lymphatic system (Samonina et al. 2004). It protects 

the stomach mucosa in a dose-dependent manner in several ulcer models such as 

stress, vagal stimulation, ethanol, acetic acid, reserpine and serotonin administration 

and pylorus ligation (Guidobono et al. 1997), (Clementi et al. 1996), (Clementi et al. 

1997).  

Finally, amylin also has a role in calcium homeostasis with a strong hypocalcaemic 

effect (Alam et al. 1993) as it increases urinary calcium excretion (Vine et al. 1998), 

decreases osteoclast activity (Cornish et al. 1998) and stimulates that of osteoblasts 

(Horcajada-Molteni et al. 2001). 

 

1.2.5. Pancreatic Polypeptide (PP) 

Structure 

PP is a 36-amino acid hormone that belongs to the PP-fold peptide family, which 

also includes peptide tyrosine-tyrosine (PYY) and neuropeptide Y (NPY). The three 

peptides share a characteristic U-shaped tertiary structure, known as the PP-fold 

(Berglund, Hipskind, and Gehlert 2003).  
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Secretion 

PP is mainly produced by the pancreatic F or PP cells, peripherally located in the 

islets, but also by the exocrine component of the pancreas, and in smaller proportion 

by colon and rectum (Ekblad and Sundler 2002). The uncinate process in the head 

of the pancreas is abundant in clusters of PP-cells with minimum presence of α and 

β cells (Wang et al. 2013). Developmentally, the relative density of islet PP cells 

decreases from the pre- to postnatal period (Hahn von Dorsche et al. 1989), 

indicating the influence of growth, feeding habits and adaptation of the intestine’s 

secretion and motility (Pyarokhil et al. 2012). 

The stimulus for the secretion of PP into the circulation is mainly nutrient ingestion 

(especially protein and fat), glucose load (Naessen et al. 2011), but also CCK, 

Ghrelin, motilin, secretin (Wren and Bloom 2007) and efferent nervous activation like 

adrenergic following insulin-induced hypoglycaemia or exercise, and also vagal 

(Schwartz 1983) (Teff 2010). 

It is released in a biphasic fashion during the pre-absorptive and postprandial 

phases of food ingestion and in proportion to the caloric load (Schwartz 1983). Both 

phases are under vagal control but the second one also depends on metabolic and 

hormonal factors like the presence of food in the GI tract and on CCK (Asakawa et 

al. 2003; Kojima et al. 2007). 

The release of PP is inhibited by somatostatin analogues (Havel et al. 1992) and by 

physical or chemical vagotomy (e.g. the anticholinergic muscarinic antagonist 

atropine) (Schwartz 1983). PP like other GI hormones is hydrolysed and inactivated 

by the enzyme dipeptidyl peptidase 4 (DPP-4), which is present in the circulation 

and on cell surface.  

Functions 

PP binds to all the YR family receptor subtypes (G-protein-coupled receptor 

superfamily) but has the strongest affinity for the Y4R subtype, and also but less for 

Y5R (Larhammar 1996). The coupling inactivates adenylyl cyclase, decreases 

calcium channel activity, and activates PLC and PI3K cascades. This has multitude 

effects on stimulation or inhibition of hormone/neurotransmitter release (Brothers 
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and Wahlestedt 2010). PP exerts different actions depending on the route of 

administration (central or peripheral), likely reflecting differing sites of activation of 

receptors. 

It is possible that PP has an indirect involvement on insulin secretion, although 

reports have described none or minor effect of PP over the endocrine pancreas in 

vivo and in vitro studies (Adrian et al. 1978; Fujimoto 1981). In a particular study 

(Batterham, Le Roux, et al. 2003) PP was infused whilst fasting and it showed no 

effect on insulin release, suggesting that the PP effects on insulin and glucose 

concentrations directly depend on inhibition of gastric emptying. The delay in gastric 

emptying of a meal causes a sustained postprandial glucose response, which 

subsequently delays insulin release, as demonstrated on a study in healthy adults 

(Schmidt et al. 2005). However a recent publication showed that high concentrations 

of PP inhibit insulin release from human 1.1B4 β-cell lines during hyperglycaemia 

(16.7mmol/l) (Khan et al. 2017). Other works state that PP increases liver sensitivity 

to insulin and reduces the amount of glucose produced by the liver (Brunicardi et al. 

1996). In mouse islets, PP at physiological concentrations inhibits glucagon release 

through its receptors in the α-cell (Aragon et al. 2015). 

PP modulates gastric emptying (Schmidt et al. 2005). In normal mice peripheral 

administration of PP inhibits gastric emptying, reduces the expression of ghrelin and 

increases vagal tone (Asakawa et al. 2003). Centrally injected PP has the opposite 

effect stimulating gastric emptying (Clark et al. 1984). 

In humans some studies linked the anorectic effects of iv PP administration to 

delayed gastric emptying, but other works have not proven these findings or even 

alteration in gastric emptying after infusion (Batterham, Le Roux, et al. 2003). 

Fasting and postprandial circulating concentrations of PP are lower in females with 

bulimia nervosa possibly related to enlarged gastric capacity (for large meals) and 

decreased muscle tone in the stomach (Naessen et al. 2011).  

PP centrally injected in rats stimulates daytime food intake (Clark et al. 1984) 

whereas its peripheral administration decreases feeding and body weight in mice 

(Asakawa et al. 2003; Liu et al. 2008) and in humans (Batterham, Le Roux, et al. 

2003), (Jesudason et al. 2007).  Subjects with anorexia nervosa have increased 

plasma PP concentrations and patients with Prader-Willi syndrome reduced 
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concentrations (Zipf et al. 1981). A long acting analogue of PP, PP1420, has been 

developed as a treatment for obesity; it is subcutaneously administered (Asakawa et 

al. 2003; Batterham, Le Roux, et al. 2003) and well tolerated (Tan et al. 2012), but 

further studies are required. 

Enhancement of colonic contractile activity has been demonstrated in rodents where 

peripherally administered PP stimulates Y4R provoking longitudinal and circular 

muscle contractility and subsequently faecal output, happening in a dose dependent 

manner (Moriya et al. 2010). 

Other metabolic actions described for PP include oxygen consumption, sympathetic 

activity (Asakawa et al. 2003) and spontaneous motor activity (Liu et al. 2008) which 

are increased in normal weight mice receiving PP injected peripherally. This 

indicates that PP may increase energy expenditure. Also, repeated PP 

administration in ob/ob and fatty liver Shionogi (FLS)-ob/ob obese rodents, improves 

obesity, insulin insensitivity, hyperlipidaemia and liver enzyme abnormalities 

(Asakawa et al. 2003).  

PP seems to have a role in emotional-affective behaviour: Chronic peripheral PP 

administration reduces anxiety (Asakawa et al. 2003) whereas its central 

administration involving the area postrema (AP) (Tasan et al. 2009) does not alter it 

(Asakawa et al. 1999). 

Factors that stimulate and inhibit the release of each pancreatic hormone are 

collected in Figure 5. 
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Figure 5: Schematic diagram of factors that stimulate () and inhibit (--I) 

pancreatic hormone synthesis and release. 

 

α: α-cell; β: β-cell; PP: PP cell; GABA: gamma-Aminobutyric acid; 5HT: Serotonin; 

SST: Somatostatin; Zn2+: Zinc; Symp NT: Sympathetic neurotransmitters; 

Parasymp NT: Parasympathetic neurotransmitters; CCK: Cholecystokinin; GIP: 

Gastric Inhibitory Polypeptide; GLP-1: Glucagon-like peptide 1. IV: intravenous. 

DPP-4: Dipeptidyl peptidase 4. ?: uncertainty/controversy. 

 

 

1.3. INCRETINS  

The relationship between the gut and pancreas is known as the “enteroinsular axis” 

(Unger and Eisentraut 1969). “Incretin” is the term used for those GI hormones that, 

in response to enteral stimulation, augment insulin release more robustly than the 

equivalent iv glucose load (Creutzfeldt 1979). 
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1.3.1. Glucagon-like peptide 1 (GLP-1) 

GLP-1 is 30 amino acid peptide produced by the intestinal L-cells after post-

translational cleavage (see Glucagon section, Figure 3) (Holst 2004). GLP-1 is also 

expressed in the α-cells (Omar et al. 2014). It is released postprandially into the 

circulation where it’s degraded by dipeptidyl peptidase-4 (DPP-4) within 1-2 minutes 

(Hansen et al. 1999). GLP-1 acts on β-cells promoting their proliferation, it also 

enhances the differentiation of new β-cells from progenitor cells (via PDX1 

pancreatic and duodenal homeobox gene). It also increases glucose-stimulated 

insulin secretion via cAMP, increasing β-cell function by increasing the expression of 

Kir6.2 and SUR-1 (McClenaghan, Flatt, and Ball 2006) and preventing the down-

regulation of KATP channels during hyperglycaemia (Drucker 2007a). Impaired 

signalling of GLP-1 leads to glycaemic disruption. GLP-1 inhibits glucagon secretion 

at glycaemic concentrations ≥ 3.7mmol/l (Schirra et al. 1998). 

 

1.3.2. Glucose dependent insulinotropic peptide (GIP) 

GIP is a 42 amino acid peptide released postprandially by the duodenal K-cells, into 

the circulation where it is degraded by DPP-4 within 7 minutes (Drucker 2007a). It is 

also expressed in pancreatic α-cell as a shorter isoform (30 amino acid) and 

secreted in response to arginine stimulation (Fujita et al. 2010). In the β-cell it 

promotes glucose-stimulated insulin secretion (Drucker 2007b) by increasing cAMP 

levels and inhibiting KATP channels. This incretin effect is lost when GIP is 

“redundant” (Tseng, Zhang, and Wolfe 1999) and in diabetic state. On the α-cell it 

induces an increase in glucagon concentrations (Fieseler et al. 1995). GIP receptor 

agonists produce a reduction in weight gain, improve glycaemia and increase insulin 

release and insulin sensitivity (Green et al. 2004).  

Table 3 describes the main effects of the above-mentioned enteroinsular hormones 

on glucose metabolism, GI transit and their expected concentrations regarding the 

state of feed/fast. 
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Table 3. Effects of enteroinsular hormones in humans. 

 
GI 

motility 
Gastric 

emptying 

Hepatic 
glucose 
output 

Circulation 
concentration 
during fasting 

Circulation 
concentration 
during satiety 

Insulin 
secretion 

Insulin - - ↓ ↓ ↑ N/A 

C-peptide - - - - - ↑ 

Glucagon ↓ - ↑ ↑ ↓ ↑ 

Amylin ↓ ↓ ↓ ↓ ↑ ↑ 

PP 

↓ (p 
admin) /  

↑ (c 
admin) 

↓ (p 
admin) 

↓ ↓ ↑ ↑/↓* 

GLP-1 ↓ ↓ ↓ ↓ ↑ ↑ 

GIP ↓ -/↓* ↓ ↓ ↑ ↑ 

The effects of each hormone over gastrointestinal motility, gastric emptying, hepatic 

glucose output, insulin secretion and its plasma concentrations during fasting and 

postprandially are presented in this table. 

GI: Gastrointestinal tract. ↑: increased effect. ↓: decreased effect. -: no effect. N/A: 

Non-applicable. P admin: PP peripherally administered. C admin: PP centrally 

administered. *Controversy 

Modified from (Huml et al. 2011). 
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1.4. HYPOGLYCAEMIA  

Hypoglycaemia is one of the most common biochemical abnormalities in paediatric 

practice, yet it cannot be defined by a single cut-off value that suits all children in all 

situations, hence the uncertain threshold to medically intervene (Thornton et al. 

2015; Stanley et al. 2015). This is due to the poor correlation between plasma 

glucose concentrations (level and duration of a certain glycaemic concentration), the 

onset of symptoms, and long-term neurological repercussions. For each individual, 

depending on their state of maturity and presence of pathology, hypoglycaemia will 

be defined as the blood glucose concentration where a response is demonstrated to 

the inadequate delivery of glucose to an organ (e.g. the brain) and should be 

interpreted in the context of counterregulatory hormone and intermediate metabolite 

responses. 

After birth, for the first 72h of life, the blood glucose concentrations in a normal term 

neonate appropriate for gestational age, can range between 1.4 - 6.2mmol/l, but 

after that they reach normal infant/child/adult values of 3.5 – 5.5 mmol/l (Guemes, 

Rahman, and Hussain 2015). 

For intervention purposes, despite numerous approaches to define hypoglycaemia, 

the latest advice recommends following operational thresholds (Thornton et al. 

2015; Stanley et al. 2015), which suggest that in any baby with signs and symptoms 

of hypoglycaemia, blood glucose should be kept over 45mg/dl (2.6mmol/l) unless 

suspicion of hyperinsulinaemic hypoglycaemia (HH) in which case an upper 

threshold of 65mg/dl (3.5mmol/l) should be followed (Thornton et al. 2015; Stanley 

et al. 2015).  

There are many causes of hypoglycaemia in the childhood period involving different 

metabolic (gluconeogenesis, carnitine metabolism, fatty acid oxidation) and 

hormonal (cortisol, growth hormone, hyperinsulinism) pathways. These range in 

their severity of hypoglycaemia, from very aggressive congenital hyperinsulinaemic 

hypoglycaemia (CHI) to mild forms such as ketotic hypoglycaemia (KH). They also 

range in the length of time, from transient forms (e.g sepsis), to lifelong conditions 

like most inborn errors of metabolism. 
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1.4.1. Hyperinsulinaemic hypoglycaemia (HH) 

The most common cause of recurrent and persistent hypoglycaemia in the new-born 

period is congenital HH (CHI). Sporadic forms of HH have an estimated incidence of 

1 in 40-50,000, but in communities with high consanguinity familial forms are more 

common (Kapoor, Flanagan, James, et al. 2009).  HH is characterised by 

inappropriate and unregulated insulin secretion from pancreatic β-cells in the 

presence of a low blood glucose concentration (Hussain and Aynsley-Green 2000). 

In this condition, at the time of hypoglycaemia, alternative substrates such as ketone 

bodies and free fatty acids are low/suppressed -as an effect of excess of insulin- 

hence leading to potential adverse effects over brain function. Therefore its prompt 

recognition, diagnosis and management is paramount to prevent hypoglycaemic 

brain injury (Aynsley-Green et al. 2000). HH is a heterogeneous condition in terms 

of onset age, clinical characteristics at presentation, duration, grade of severity, 

histology, molecular genetics and therapeutic response (Kapoor, Flanagan, James, 

et al. 2009).  

Aetiology of HH 

 1.- Transient hyperinsulinism 

In this form, hypoglycaemia resolves spontaneously within a few days of life, and 

although the mechanism is not fully understood, it is usually linked to maternal risk 

factors and perinatal conditions (Senniappan et al. 2012). Table 4 includes these 

causes. However, exceptional cases have been reported to be “idiopathic” without 

any risk factors, and some cases have required diazoxide for a short period of time 

(Fafoula, Alkhayyat, and Hussain 2006).  If not managed properly, neurological 

damage can be permanent. 
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Table 4. Infants at-risk of HH. 

Maternal conditions Neonatal conditions 

- Pre-gestational or gestational diabetes 

- Medication: β-blockers, oral 

hypoglycaemic agents, intrapartum glucose 

administration 

- Prematurity 

- Small for gestational age/Intrauterine 

growth retardation (IUGR) 

- Large for gestational age 

- Perinatal hypoxia-ischemia 

- Infection 

- Polycythaemia 

- Hypothermia 

- Parenteral nutrition 

 

 

 2.- Persistent (congenital) forms of HH.  

Glucose homeostasis is controlled by a precise coordination between plasma 

glucose concentrations and β-cell insulin secretion (Ashcroft, Harrison, and Ashcroft 

1984). Postprandial increase in plasma glucose concentration leads to glucose 

entrance into the β-cell through the glucose transporter 2 (GLUT-2). Glucokinase 

phosphorylates glucose, which is then metabolised in the glycolysis pathway. This 

process will increase the intracytosolic ATP/ADP ratio, which inhibits the membrane 

sulfonylurea receptor 1 (SUR1) subunit of the ATP sensitive potassium channel 

(KATP channel), leading to closure of the KATP channel. This closure depolarises the 

β-cell membrane, which causes the voltage-gated calcium channels to open, with 

calcium influx inside the cell. Intracellular calcium increase triggers exocytosis of 

insulin. Figure 6 depicts these steps. In healthy individuals, in the face of low plasma 

glucose concentrations, the β-cell membrane remains hyperpolarised, not allowing 

insulin to be released. However in HH, glucose metabolism and insulin secretion is 

not synchronised, with inappropriate insulin secretion during hypoglycaemia.  
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Figure 6. β-cell synchronisation of glucose metabolism and insulin secretion. 

Genetic defects associated with HH are included (in red).  

 

 GLUT2: Glucose transporter 2; Glucokinase (GCK) encoded by GCK gene; ADP: 

Adenosine diphosphate; ATP: Adenosine triphosphate; Monocarboxylate transporter 

(MCT1) encoded by SLC16A1 gene; Glutamate dehydrogenase (GDH) encoded by 

GLUD1 gene; Uncoupling protein 2 (UCP2) encoded by UCP2 gene; L-3-

hydroxyacyl-coenzyme A dehydrogenase (HADH) encoded by HADH gene; SUR1 

subunit of the KATP channel encoded by the ABCC8 gene; Kir6.2 subunit of the 

KATP channel encoded by KCNJ11 gene; Hepatocyte nuclear factor 4α (HNF4α) 

encoded by HNF4A gene; Hepatocyte nuclear factor 1α (HNF1α) encoded by 

HNF1A gene. 

 

To date, mutations in at least 12 different genes, involved in insulin regulation within 

the β-cell, have been identified to cause HH, and are depicted in Figure 5 (in red).   

A) KATP channel defects: Mutations in ABCC8 and KCNJ11 genes. 

The KATP channel is the key controller of the glucose metabolism – insulin 

secretion coupling (Ashcroft, Harrison, and Ashcroft 1984). The KATP channel 

is formed by four sulfonylurea receptor 1 (SUR1) subunits and four inward-

rectifier potassium channel (Kir6.2) subunits (Aguilar-Bryan et al. 1995). 

SUR1 and Kir6.2 are encoded by genes ABCC8 and KCNJ11, respectively. 
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Mutations in ABCC8 and KCNJ11 genes account for the most common 

cause of HH. The most severe forms are caused by recessive inactivating 

(loss of function) mutations in these genes (Thomas et al. 1995), and are 

usually unresponsive to diazoxide. These mutations affect the KATP channel 

formation and turnover, intracellular channel trafficking and channel 

response to stimuli (Yan et al. 2007).  

Milder forms of HH, usually medically responsive, are caused by dominant 

inactivating mutations in these genes (Pinney et al. 2008). 

B) Mutations in GLUD1 

Dominant missense mutations in this gene, which encodes the mitochondrial 

enzyme glutamate dehydrogenase (GDH), lead to 

hyperinsulinism/hyperammonaemia syndrome (HI/HA) (Stanley et al. 1998), 

the second most common cause of HH, that is usually a mild form of HH. 

This mutation creates a gain of function that allows activation by the amino 

acid leucine, and leads to inappropriate insulin secretion and ammonia 

production (Stanley et al. 1998). 

These patients have hypoglycaemia whilst fasting and following protein-rich 

meals (leucine), with raised/normal plasma ammonia and raised urine α-

ketoglutarate. They often have learning disabilities and epilepsy (Bahi-

Buisson et al. 2008). 

C) Mutations in HADH 

Mutations in this penultimate step of the mitochondrial β-oxidation are a rare 

cause of HH (Clayton et al. 2001) and can either lead to severe neonatal HH 

or mild late-onset HH (Martins et al. 2011). Although the mechanism is not 

fully understood, all patients reported have responded to diazoxide 

medication. Some cases are protein sensitive and some have raised 

acylcarnitines (Kapoor, Flanagan, Fulton, et al. 2009). 

D) Mutations in GCK 

Glucokinase (GCK) is an important glycolytic enzyme acting as a sensor for 

glucose-stimulated insulin secretion in the β-cell. Heterozygous activating 

mutations result in an increased ATP:ADP ratio that leads to excessive 

insulin release causing fasting hypoglycaemia (Glaser et al. 1998). There is 

high variability in terms of severity, age of presentation and responsiveness 

to medical therapies for HH (Sayed et al. 2009). 

E) Mutations in SLC16A1 
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SLC16A1 gene encodes the transporter of lactate and pyruvate into the β-

cell, monocarboxylate transporter 1 (MCT1), which in normal conditions is 

minimally expressed. Individuals carrying activating mutations in this gene 

that undergo strenuous exercise (Exercise-induced HH) or a pyruvate load 

test, accumulate lactate and pyruvate which stimulates insulin secretion 

(Meissner et al. 2005). Medication to prevent hypoglycaemia may not be 

required provided intense exercise is avoided. 

F) Mutations in HNF4A and HNF1A 

Hepatocyte nuclear factor 4α (HNF4A) and Hepatocyte nuclear factor 1α 

(HNF1A) cause maturity-onset diabetes of the young type 1 and type 3, 

respectively. Mutations in both genes have been reported to cause neonatal 

transient or persistent HH, that can be diet controlled or that requires 

diazoxide, respectively (Flanagan et al. 2010). 

G) Mutations in UCP2 

Mitochondrial uncoupling protein 2 (UCP2) negatively regulates insulin 

secretion by reducing the ATP/ADP ratio inside the β-cell. Loss of function 

mutations in this gene have been described to cause mild HH (Gonzalez-

Barroso et al. 2008), however the role of UCP2 in HH is still not clear. 

            3.- Syndromes associated with HH 

HH may present in the neonatal period or at a later age in various developmental 

syndromes. Some of them include (Kapoor, James, and Hussain 2009): overgrowth 

syndromes (Beckwith-Wiedemann, Sotos, Simpson-Golabi-Behmel, Perlman), 

growth failure syndromes (Costello and Kabuki), chromosomal abnormality 

syndromes (Turner mosaic, Trisomy 13), and others (congenital central 

hypoventilation syndrome, insulin resistance syndrome, Usher syndrome, Timothy 

syndrome, congenital disorders of glycosylation types 1a, 1b and 1d).  

The syndrome that is most frequently associated with HH is Beckwith-Wiedemann, 

as almost 50% of these patients will have this form of hypoglycaemia (Munns and 

Batch 2001). Although in most cases hyperinsulinism is transient, about 5% of cases 

will require medical or even surgical treatment (Munns and Batch 2001). 

Insulin resistance syndrome (Donohue syndrome (OMIM 246200)) is a rare 

autosomal recessive disorder affecting the insulin receptor gene (INSR; 19p13), 
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resulting in total or near-total lack of functional insulin receptors (Elsas et al. 1985). 

It is the most severe form of the insulin resistance spectrum, hence the majority of 

cases die within the first year of life. The phenotype includes severe intrauterine and 

postnatal growth retardation, decreased muscle and subcutaneous fat, elfin-like 

features with low-set protuberant ears, hirsutism, acanthosis nigricans, distended 

abdomen, and enlarged hands, feet and genitalia (Elsas et al. 1985). There is a 

genotype/phenotype correlation between INSR mutation and phenotype severity 

(Longo et al. 2002). Biochemical insulin resistance is identified by extreme 

hyperinsulinaemia, fasting hypoglycaemia, postprandial hyperglycaemia and initial 

resistance to ketosis (Ogilvy-Stuart et al. 2001). Histologically, there is hyperplasia 

of the pancreatic islets, myocardial hypertrophy and enlarged cystic gonads.  

4.- Postprandial Hyperinsulinaemic Hypoglycaemia (PPHH) 

The development of hypoglycaemia within a few hours from meal ingestion is 

labelled as PPHH and is explained by inappropriate secretion of insulin in response 

to food. In children, the most common cause of PPHH is due to dumping syndrome 

following a Nissen´s fundoplication surgery (Bufler, Ehringhaus, and Koletzko 2001), 

where the new anatomical configuration allows a fast emptying of hyperosmolar 

carbohydrate-containing solutions into the small bowel, resulting in rapid glucose 

absorption with exaggerated GLP-1 release, followed by hyperglycaemia and 

hyperinsulinaemia (Palladino et al. 2009). Less common causes include insulin 

autoimmune syndrome, some genetic forms of HH and idiopathic PPHH (Guemes, 

Melikyan, et al. 2016) where no cause is found. 

It is diagnosed upon the presence of symptomatic neuroglycopaenic HH after a 

mixed meal or oral glucose tolerance test. 

5.- Other causes 

Childhood or adolescent onset of HH should exclude insulinoma as a cause (Shin, 

Gorden, and Libutti 2010). This is a rare neuroendocrine tumour, usually benign, 

solitary and its surgical enucleation has high cure rates (Shin, Gorden, and Libutti 

2010). It may also be part of multiple endocrine neoplasia syndrome type 1 (MEN 1) 

hence a positive family history can shed light in the familial cases. 
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Munchausen syndrome by proxy, where exogenous insulin or antidiabetic agents 

such as sulfonylureas are administered to the patient, leads to factitious 

hyperinsulinism. Some cases have led to misdiagnosis and even pancreatectomy 

(Giurgea et al. 2005). 

Histological forms of HH 

Three different forms can be visualised under the microscope: diffuse (DCHI), focal 

(FCHI) and atypical. In diffuse disease, the whole pancreas is affected by islets 

containing hypertrophied β-cells (abundant cytoplasm and bigger size nuclei); 

whereas in the focal form a small area with nodular adenomatous hyperplasia of the 

islet and ductoinsular complexes with big β-cell nuclei surrounded by normal tissue 

will be found. The atypical form, recently described and extremely rare, entails 

localised areas of the pancreas where there is coexistence of large islets with β-

cells with abundant cytoplasm and occasional enlarged nuclei, with other shrunken 

islets with the opposite characteristics (Sempoux et al. 2011). This latter form 

accounts for 10% of pancreatectomies, is not associated with any known genetic 

mutations, it cannot be identified by PET scan and it is variably responsive to 

medication (Sempoux et al. 2011). Figure 7 illustrates these differences. 
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Figure 7. Histological forms of HH.  

 
Focal, diffuse and atypical forms of HH. Haematoxylin-eosin-safrain stain [HES] 

images extracted from (Arnoux et al. 2014) for focal and diffuse forms, and from 

(Sempoux et al. 2011) for the atypical form of disease. : islet adenomatosis. 

 : large nuclei.  

Clinical characteristics 

Most times HH manifests in the new-born period, but milder forms can present 

during infancy and childhood. Hypoglycaemic symptoms are nonspecific ranging 

from mild (poor feeding, lethargy, irritability) to severe, including apnoea, seizures 

and coma.  

Clinical history should target risk factors for HH, like gestational diabetes (GD), 

intrapartum dextrose infusion, perinatal asphyxia and low/large birth weight. The 

relationship between hypoglycaemic episodes and the most recent meal needs to 

be understood as HH tends to occur after a short fast, PPHH manifests after meals, 

and some types of HH only present after protein meals (Stanley et al. 1998) or 

exercise (Meissner et al. 2005). Consanguinity and family history of hypoglycaemia 

or diabetes mellitus (DM) and age of its onset should be inquired. 
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Physical examination must include auxology (IUGR or macrosomia), phenotype 

suggestive of a developmental syndrome, midline abnormalities (to exclude 

hypopituitarism) and hepatomegaly. The latter can be due to increased glycogen 

storage in HH or to other metabolic conditions (Aynsley-Green et al. 2000). Hepatic 

storage of glycogen is relevant in HH because at times of hypoglycaemia, 

exogenous administration of glucagon will trigger glucose release (via 

glycogenolysis). 

Diagnosis of HH 

The early recognition, diagnosis and immediate management is important, as delay 

in the diagnosis and management can lead to hypoglycaemic brain injury (Aynsley-

Green et al. 2000).  

1.- Biochemical features 

HH is the only condition where hypoglycaemia persists despite continuous glucose 

infusion, so much so that a glucose requirement exceeding 8mg/kg/min is virtually 

diagnostic of HH (Aynsley-Green et al. 2000). The presence of detectable/raised 

insulin and/or C-peptide and concomitantly low/suppressed ketones and fatty acids, 

at the time of hypoglycaemia, indicates HH. Table 5 summarises the criteria for HH. 

The concentration of insulin at the time of hypoglycaemia does not correlate with the 

severity of the disease (Aynsley-Green et al. 2000). Low insulin growth factor 

binding protein 1 (IGFBP-1) is also a marker of HH as its transcription is suppressed 

by insulin (Levitt Katz et al. 1997). Raised (although sometimes normal) ammonia in 

HH is suggestive of HIHA syndrome, whereas elevated plasma 

hydroxybutyrylcarnitine and urinary 3-hydroxyglutarate indicate HADH deficiency. 

Stimulation tests can aid in confirming and understanding the type of HH, and these 

are also included in Table 5. A positive glycaemic response over 1.5mmol/l to an 

injection of glucagon (Finegold, Stanley, and Baker 1980) or octreotide, at the time 

of hypoglycaemia, supports the diagnosis of HH. A protein/leucine load test will help 

diagnose HIHA syndrome cases (Stanley et al. 1998); an exercise/pyruvate load test 

will be needed to confirm exercise induced HH (Meissner et al. 2005); and a mixed 

meal/oral glucose tolerance test to diagnose PPHH; insulin antibodies should be 

measured if insulin autoimmune syndrome is suspected. 
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Table 5: Diagnostic criteria for HH.  

 Hormone/Metabolite measured Result HH type 

Glucose infusion rate >8mg/kg/min* 

All forms 
of HH 

A
t 

ti
m

e
 o

f 
h

y
p

o
g

ly
c

a
e
m

ia
 

Laboratory blood glucose <3.0 mmol/L (<54mg/dl) 

Serum insulin. 

Serum C-peptide 

Detectable insulin.                  
C-peptide ≥0.5 ng/mL  

Serum 3-β-hydroxybutyrate Suppressed/low (<2mmol/l) 

Serum fatty acids Suppressed/low (<1.7mmol/l) 

Serum ammonia level 2-5 fold increase/normal 
HI/HA 

syndrome 

Plasma hydroxyl-butyrylcarnitine Raised 
HADH 

deficiency Urinary 3-hydroxyglutarate Raised 

Supportive evidence (when diagnosis is in doubt or difficult): 

Serum levels of IGFBP-1.  
Serum proinsulin 

Low IGFBP-1 (≤110 ng/mL). 
Detectable proinsulin 

(>20pmol/l) 

 

All forms 
of HH 

Branch chain amino acids 
(leucine, isoleucine and valine) 

Suppressed 

P
ro

v
o

c
a
ti

o
n

 t
e

s
ts

 

Administration of im/ 
iv glucagon (0.5-1mg) 

Positive glycaemic 
(>1.5mmol/L or 27mg/dl) 

response 

Administration of sc/ 
iv dose of octreotide 

Positive glycaemic 
(>1.5mmol/L or 27mg/dl) 

response 

Protein/leucine load 
Hypoglycaemic 

hyperinsulinaemic response 
HI/HA 

syndrome 

Exercise/pyruvate load test 
Hypoglycaemic 

hyperinsulinaemic response 
EIHI 

Mixed meal/oral glucose 
tolerance test 

Hypoglycaemic 
hyperinsulinaemic response 

PPHH 

HI/HA syndrome: Hyperinsulinism hyperammonaemia; HADH: L-3-hydroxyacyl-Co-

enzyme A dehydrogenase. EIHI: Exercise induced hyperinsulinism. IGFBP1: Insulin 

growth factor binding protein 1. Iv: Intravenous. Im: intramuscular. Sc: 

subcutaneous. *normal glucose requirements: 4-6mg/kg/min. Modified from 

(Guemes and Hussain 2015). 

2.- Genetic testing 

Patients who have not responded to the first-line treatment, diazoxide, require 

further investigations. The genetic information is useful as it can distinguish between 

focal and diffuse forms of HH, which have different management. In 45-55% of 
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patients with HH, identifying the genetic diagnosis is possible (Flanagan, Kapoor, 

and Hussain 2011). Homozygous or compound heterozygous mutations in ABCC8 

and KCNJ11 indicate DCHI. Conversely, paternal mutations in ABCC8 or KCNJ11, 

or no identification of mutation, potentially indicate FCHI, hence imaging is required 

(Senniappan et al. 2012).  

3.- Imaging 

18F-L-3,4-dihydroxyphenylalanine-PET/Computed Tomography (PET CT) is the 

gold standard technique (Otonkoski et al. 2006) used for HH as it has a sensitivity 

and specificity in distinguishing focal from diffuse disease of 89% and 98% (Treglia 

et al. 2012), respectively, and an accuracy of 80% in localising the focal lesion 

(Treglia et al. 2012). Β-cells with high insulin synthesis and secretion rate have an 

increased uptake of the positron releasing tracer 18F-DOPA, as opposed to 

unaffected pancreatic areas, hence allowing recognition of affected pancreas, 

extremely useful prior to surgery (Barthlen et al. 2008), should this be required.  

Management of HH 

In children with HH, blood glucose concentrations must be kept over 3.5mmol/l 

given the lack of alternative brain substrates (Hussain et al. 2007).  

A.- Feeds 

Children with HH often have feeding issues that challenge their oral intake, such as 

disturbed feeding pattern, feed refusal behaviour and gastroesophageal reflux 

(Aynsley-Green et al. 2000). Maintaining orality should be encouraged, but some 

cases of food refusal need to be fed via nasogastric tube (NGT). Severe 

gastroesophageal reflux may require gastrostomy +/- Nissen’s fundoplication. 

Feeding options include increase in volume/frequency of meals and 

supplementation with glucose polymers (i.e. Maxijul or Polycal) or raw corn-starch 

(from age 1 year). 
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B.- Intravenous carbohydrates 

If hypoglycaemia persists, then iv glucose bolus 1-2ml/kg (ideally no more than 2 

boluses) followed by iv continuous infusion must be commenced. As the glucose 

requirements typically exceed 8mg/kg/min in this condition, a secure central venous 

access needs to be provided. 

C.- Medications 

Responsiveness to HH medication is defined as: (1) normal frequency and volume 

of feeds, (2) adequate fasting ability for age and maintaining euglycaemia, (3) 

low/undetectable insulin concentration at the end of the fast, and (4) appropriate 

generation of ketones and fatty acids at the end of the fast (Arnoux et al. 2014).  

C.1.- Diazoxide 

Diazoxide is the first-line drug of choice for HH (Aynsley-Green et al. 2000). It binds 

to intact KATP channels, keeping them open and thus, reducing insulin release; 

therefore it may be ineffective in mutations altering the KATP channel. The initial dose 

is 5mg/kg/day - although IUGR babies may respond to 1-3mg/kg/day (Guemes and 

Hussain 2015) - and maximum dose is 20mg/kg/day. As it can cause fluid retention, 

volume restriction and simultaneous administration with the diuretic chlorothiazide 

(7-10mg/kg/day) is required, especially in neonates. Other side effects include 

hypertrichosis, tachycardia and leukopaenia. 

C.2.- Somatostatin analogues 

Octreotide is the second-line treatment for diazoxide-unresponsive cases. It 

stabilises the KATP channel, inhibits insulin exocytosis and reduces the calcium influx 

into the β-cell. The starting dose is 5μg/kg/day subcutaneously, either by continuous 

infusion or in 6-8 hourly injections, up to a maximum dose of 35μg/kg/day (Yorifuji et 

al. 2013). 

Lanreotide/LAR-octreotide are long acting formulations that facilitate long-term 

therapy (Le Quan Sang et al. 2012), combined with frequent feeds during the 
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daytime +/- continuous enteral feeds overnight. Tachyphylaxis, necrotising 

enterocolitis and cholelitiasis are potential adverse effects (Thornton et al. 1993).  

  C.3.- Glucagon 

In acute scenarios until definite treatment is established, glucagon can be given as 

0.5-1mg iv or intramuscular bolus or as 1-10μg/kg/h continuous infusion (Aynsley-

Green et al. 2000). Caution should be taken at high doses of glucagon as it causes 

paradoxical insulin release. 

  C.4.- Calcium channel blockers 

Albeit limited reports have documented its use in HH cases, a study in 11 patients 

with KATP channel mutations showed no glycaemic improvement (Guemes, Shah, et 

al. 2016). 

  C.5.- Α-glucosidase inhibitors 

For the management of PPHH, diet modification is the first approach (frequent 

feeds, long-acting carbohydrates, increased protein – fibre and fat meals). If 

medication is needed, the first option is acarbose, an α-glucosidase enzyme 

inhibitor which prevents the cleavage of polysaccharides to monosaccharides, 

therefore slowing the absorption of glucose into the bloodstream. This then avoids 

hyperglycaemia peak followed by insulin surge. 

C.6.- Mammalian Target of Rapamycin (mTOR) Inhibitors 

Sirolimus, an mTOR inhibitor, has been reported useful in some infants with DCHI 

unresponsive to diazoxide and octreotide therapy (Senniappan et al. 2014). mTOR 

pathway is implicated in cellular response to nutrients and growth signalling. A 

constitutive activation of pathway 1 and 2 of the signalling cascade is hypothesised 

in DCHI and sirolimus is thought to inhibit it (Alexandrescu et al. 2010). Its most 

important adverse effect is immunosuppression. 
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C.7.- Glucagon-Like Peptide-1 Receptor (GLP-1) Antagonist 

GLP-1 induces glucose-dependent stimulation of insulin secretion. GLP-1 receptor 

antagonist, Exendin-(9-39), reduces intracellular cAMP and elevates fasting blood 

glucose concentrations in mice and adult humans with KATP HH (Calabria et al. 

2012). More effectiveness, safety and pharmacokinetic studies are needed prior its 

use in children with HH, outside experimental trials (Calabria et al. 2016). 

 D.- Surgery 

The focal form of CHI can be cured by lesionectomy, whereas medically-

unresponsive HH requires 95-98% pancreatectomy (Fekete et al. 2004). The latter 

has high incidence of pancreatic exocrine insufficiency and DM. When feasible, 

laparoscopic approach reduces operative trauma and grants a faster recovery. 

Figure 8 illustrates the management steps for children with HH. 
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Figure 8: Algorithm for the management of HH. Modified from (Guemes and 

Hussain 2015). 
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Paternal	ABCC8/KCNJ11	
or	no	ABCC8/KCNJ11	

mutations	

Genetically	confirmed	diffuse	
disease	(Homozygous/compound	

heterozygous	ABCC8/KCNJ11)	

18F-DOPA-PET/CT	
High	calorie	and	volume	feeds	

Octreotide	therapy	

Focal	disease	 Diffuse	disease	

Surgical	resection	(laparoscopic	
if	possible)	of	focal	lesion	
potentially	curing	patient	 General	Follow	up:	

Growth		

Neurodevelopment	
Genetic	counselling	
	

Sirolimus	therapy	

Near	total	
pancreatectomy	

	

Unresponsive	Responsive	

Unresponsive	Responsive	

	

General	Follow	up:	
Growth		

Neurodevelopment	

Genetic	counselling	
+	

Assessment	of	
pancreatic	exocrine	

and	endocrine	

function		
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2.1. HYPOTHESIS 

In children with HH, insulin and glucagon are known to be dysregulated, with 

inappropriate insulin secretion and undetectable glucagon in the face of 

hypoglycaemia (Hussain et al. 2005). In other conditions affecting the pancreas, 

such as DM and pancreatitis, amylin and PP are respectively reduced (Huml et al. 

2011; Andersen et al. 1980), however not much is known about the role of these two 

hormones in patients with HH. Lately, interest has risen regarding the role of 

incretins, GLP-1 and GIP, in HH as an abnormal response has been documented in 

some forms of this condition, namely dumping syndrome with exaggerated GLP-1 

release (Palladino et al. 2009). Also, the postprandial ratio GLP-1:GIP has been 

reported to be higher in children with atypical HH (Shi et al. 2015). We had 

previously performed prolonged OGTT in children with idiopathic PPHH 

hypothesising a role for gut hormones, aetiology which was pending of confirmation 

(Guemes, Melikyan, et al. 2016). 

Hence, given the known abnormalities in certain pancreatic islet cells and in gut 

hormones, a thorough understanding of the implication of other islet components 

and of incretins is required. The comprehension of the role of pancreatic hormones 

in HH has to include from genetic level, to histology and finally to circulating plasma 

concentrations. Most findings in pancreatic physiology derive from studies in adults, 

and only inferences into childhood have been extrapolated. Reference ranges of 

pancreatic and incretin hormones in children of different ages during fast and in 

response to diverse enteral feeds have not been investigated in sufficient sample-

sized cohorts. This study aimed to identify these ranges in control children, so as to 

subsequently compare the values with those in children with different forms of HH. 

Therapeutic agents mimicking amylin and PP and others targeting the GLP-1 

receptor are being used in adults, mainly for T2DM. Light needs to be shed on the 

specific role of amylin, PP and enteroinsular hormones in HH; as if these are proven 

to promote insulin release in this condition, therapies targeting those peptides could 

be investigated for the management of HH (for instance receptor blockers of those 

hormones). 

Insulin hepatic clearance (IHE) has not been previously reported in children with HH 

and it would be relevant to identify if it has an impact in the pathophysiology of this 
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condition. In addition, the measurement of IHE can be attainable with ease using C-

peptide and insulin concentrations without having to perform difficult invasive 

laboratory tests in patients. 

The role of pancreatic and gut hormones has also not been explored in any 

pathophysiological condition of severe hyperinsulinaemia not due to congenital 

hyperinsulinism. Here we studied the role of pancreatic and gut hormones in a 

condition called Donohue syndrome (a form of severe insulin resistance due to 

defects in the insulin receptor gene).  

The main hypothesis of this study is that gene expression profile, pancreatic 

histology and plasma concentrations of pancreatic hormones, as well as 

circulating incretin concentrations, are dysregulated in patients with 

hyperinsulinaemic hypoglycaemia and in extreme insulin resistance 

syndromes. 
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2.2. OBJECTIVES 

The aims of this thesis are: 

1. To quantify the expression of pancreatic hormones (glucagon, amylin, PP, 

insulin, C-peptide) in control and in different histological forms of HH (focal 

and diffuse disease) using specific pancreatic tissue and to correlate this with 

the clinical phenotype. 

2. To identify the localisation and interrelationship between these 

pancreatic hormones within the islet in control and HH forms (focal and 

diffuse disease), making use of pancreatic tissue.  

3. To understand how plasma concentrations of pancreatic (glucagon, 

amylin, PP, insulin, C-peptide) and gut hormones (GLP-1, GIP) change in 

relation to fasting [beginning (normoglycaemia) and end of fast 

(hypoglycaemia in cases, normoglycaemia in controls)] and feeding (different 

types of nutrients) in healthy and hypoglycaemic children of different ages. 

Correlation analysis with the clinical phenotype in hypoglycaemic patients will 

be performed. 

4. To elucidate if insulin hepatic clearance is preserved in children with HH 

as it has not been investigated to what degree changes in circulating insulin 

concentrations can be attributed to changes in hepatic clearance in this 

condition.  

5. To understand if pancreatic and gut hormones are altered in children 

with Donohue syndrome, as they could play a role in the pathophysiology of 

the condition.  
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3.1. SUBJECTS 

3.1.1. Ethical approval 

Ethical approval was obtained for the collection and analysis of patients’ blood 

samples and inclusion of clinical and biochemical data on the database.  

The National Research Ethics (NRES) committee (The London – Bloomsbury 

Research Ethics Committee) reviewed and approved this study [REC 13/WM/0033]. 

The Research and Development Office at Great Ormond Street Hospital for Children 

NHS Foundation Trust (GOSH) gave institutional approval [R&D number: 09CM07]. 

Verbal and written information was given to the participant´s parents/guardians 

before obtaining the informed consent. Appendix 1 contains these documents. 

Ethical authorisation of analysis of pancreatic tissue had been previously obtained 

jointly by Prof Hussain and Prof DeCoppi.  

3.1.2. Subject recruitment for hormone concentration determination 

All the children referred to the Endocrinology department at Great Ormond Street 

Hospital for Children NHS Foundation Trust (GOSH) for investigations of possible 

hypoglycaemia routinely undergo a Diagnostic Fast test. All of these children were 

eligible to be recruited in the current study. If they developed hypoglycaemia with 

detectable insulin in the Diagnostic Fast test, they were categorised as “HH cases” 

and undertook further investigations. If they did not develop hypoglycaemia and 

were clinically and biochemically healthy children, then they were classified as 

“controls” and did not require further investigations. If the children classified as 

“controls” would subsequently ever have a documented hypoglycaemia, then they 

were excluded from this study. Given the ethical limitation of avoiding potentially 

hazardous tests for participants (such as prolonged fast test), these were the best 

controls that could be obtained at Great Ormond Street Hospital for Children NHS 

Foundation Trust. Previous paediatric studies investigating hypoglycaemia have 

also used these children as controls (Palladino et al. 2009).  
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The “cases” will go on to have further investigations to determine the cause of 

hypoglycaemia. The tests employed were Oral Glucose Tolerance (OGTT) and 

Mixed Meal (MM). The results from these stimulation tests plus the clinical picture 

(e.g. if specific food components trigger hypoglycaemia, if hypoglycaemia responds 

to a particular medication), genetic result and imaging - when available - will lead to 

the diagnosis of the type of HH. 

This study also includes other groups of children with exceedingly rare and 

challenging phenotypes involving glucose homoeostasis, where determination of 

pancreatic hormones can aid in the understanding of their pathophysiology. These 

are cases of insulin resistance syndrome (Donohue syndrome), described in 

Chapter 1.4.1 (Syndromes associated with HH). 

A specific database was created for collecting information related to this study, 

which included: personal and family history, clinical features, biochemical results, 

imaging, management and genetics. Only the project researchers had access to this 

dataset.  

3.1.3. Number of subjects included in the study  

Gene expression of pancreatic hormones was determined in 6 samples from 

pancreatic tissue of children diagnosed with HH. Pancreatic hormone localisation 

was analysed in pancreata of 7 children with HH. Circulating concentrations of 

pancreatic and incretin hormones were investigated in 9 controls and 15 cases of 

HH during a fast. The same pancreatic and incretin hormones were determined in 6 

controls and 8 HH cases during a stimulation test (Mixed Meal or Oral Glucose 

Tolerance Test). Insulin hepatic clearance was analysed in 15 controls and in 23 HH 

cases. Pancreatic and incretin hormones were determined during a Mixed Meal in 2 

children with Donohue syndrome. (Further details in following chapters) 

3.2. MATERIALS 

Pipette tips, eppendorfs, solvents, reagents and other supplies were acquired from 

Sigma Aldrich (Sigma Aldrich, Dorset, UK), Invitrogen (Invitrogen, Paisley, UK) or 

WWR (VWR, Lutterworth, UK), unless if otherwise specified. 
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The calculation of auxology standard deviation scores (SD) was obtained using 

Auxology 1.0 b17 program, by Pfizer 2003 GLN AB – IT solutions, based on KIGS 

(International Growth Study).  

3.2.1. Samples 

Frozen pancreatic tissue specimens 

Collection of pancreatic tissue specimens from patients undergoing pancreatectomy 

(focal or near-/sub-total) was facilitated by the Histopathology laboratory at Great 

Ormond Street Hospital for Children NHS Foundation Trust, level 3 Camelia Botnar 

building. Specimens were characterised by the pathologist as: normal, diffuse HH or 

focal HH lesion. All specimens were stabilized in RNAlater® (Invitrogen, Thermo 

Fisher Scientific, USA) on extraction. 

Paraffinised sections of pancreatic tissue  

Samples were facilitated by GOSH Histopathology department, level 3 Camelia 

Botnar building. The samples belonged to subjects that had undergone 

pancreatectomy (focal or near-/sub-total) and the tissue had been characterised by 

the pathologist as: normal, diffuse HH or focal HH lesion. Since normal tissue 

cannot be obtained from healthy individuals, the best one that could be obtained 

was the adjacent endocrine tissue in the FCHI pancreas, which is morphologically 

and functionally normal (Henquin et al. 2011). The tissue samples had been 

embedded in paraffin and wax, sliced with a microtome and float mounted on to 

positively charged Swiss glass slides. 

Blood for hormone concentration determination 

The patients recruited in this study had the hypoglycaemia investigations performed 

in Kingfisher/Rainforest wards at GOSH. These tests include: 

-Diagnostic Fast   

This test involved stopping enteral feeds and monitoring blood glucose 

concentrations every 15 to 60 minutes until hypoglycaemia (blood glucose 
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concentration ≤3.0mmol/l) was achieved. The aimed length of the fast relied on the 

age and size of the child. At baseline and at the time of hypoglycaemia the following 

plasma metabolites were measured: glucose, insulin, C-peptide, non-esterified fatty 

acids, ketone bodies, cortisol, growth hormone, branch chain amino acids, 

ammonia, lactate, pyruvate, carnitine (total and free), acylcarnitine profile, insulin-

like growth factor 1 (IGF1), insulin-like growth factor binding protein (IGFBP3) and 

urine organic acids.   

- Oral Glucose Tolerance Test (OGTT)   

Children were asked to have a normal balanced diet for the 5 days prior to the test 

and had a 6-hour fast pre-test.  A glucose load of 1.75 g/kg (maximum 75 g) was 

orally administered and sampling of serum glucose and insulin with simultaneous 

capillary glucose determination took place every 30 minutes, for up to 120 - 150 

minutes, depending on the case. The hypoglycaemia cut-off point was considered 

as 3.5mmol/l, like in any form of hyperinsulinism (Hussain and Dunne 2005).  

-Mixed Meal Test (MM)  

A 5-day healthy balanced diet and a 6-hour fast were required prior to commencing 

the test. The volume administered was 20% of the estimated average requirement 

for age, in the form of PaediaSure Plus® (Abbott, UK). This drink provides 16.7 g of 

carbohydrate, 4.2 g of protein and 7.5 g of lipids per 100ml, accounting for 150 kcal. 

The blood determinations and hypoglycaemia cut-off point were the same as in the 

OGTT. 

Prior to the commencement of these tests and provided clinically acceptable in each 

case, participants were told to withhold GI medication (e.g. anti-gastroesophageal 

medication) 48-72h beforehand. Medications for HH would only be stopped prior to 

these tests should the team consider the need to assess under those conditions. 

Other drugs including antiepileptics and asthma medications, were not routinely 

discontinued for these tests for safety reasons. 

All of these children had a local anaesthetic cream (Lidocaine - prilocaine, tetracaine 

hydrochloride) applied prior cannula insertion for routine blood sampling for 

investigations.  
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The blood samples for this study were aliquoted from the samples the nurses took at 

each of the time points during the routine tests (fasting and MM/OGTT). These 

blood samples were collected and processed according to the manufacturers’ 

instructions for the measurement of hormones using commercially available assays. 

The blood was collected in chilled syringes and immediately transferred to premade 

vaccutainers (BD, Oxford, UK) which contained Ethylediaminetetraacetic acid 

(EDTA) and where the following inhibitors had been added: 

- 5 μL of Protease inhibitor cocktail (Sigma-Aldrich, USA)  

- 5 μL of DPP-IV inhibitor (Millipore, Watford, UK)  

The tubes were kept in the fridge at all times prior to and after blood collection (4°C) 

to guarantee stability of the Protease inhibitor cocktail. The amount of blood 

collected into each prepared tube was 0.2mls at each of the time points when 

routine blood tests (fast /MM/OGTT) were drawn. Each tube was labelled clearly 

with time and a record was kept on the datasheet. 

The blood was centrifuged immediately after collection at GOSH or Institute of Child 

Health (ICH) laboratory, at 2000-3000rpm for 15 minutes at 4°C. The patient’s 

identification label was removed from the tube and placed on a new Eppendorf tube 

noting date and time. The plasma was aspirated -without disturbing the blood pellet- 

into the new tube. The samples were stored at -80°C in the ICH laboratory until use. 

Samples were not subject to more than 2 freeze/thraw cycles. The clinical database 

with participants’ characteristics was regularly updated. 

3.2.2. Assays  

3.2.2.1. GENE EXPRESSION 

Gene expression is the phenotypic manifestation of a gene by the processes of 

genetic transcription (DNA to mRNA) and translation (mRNA to protein). 

Determination of the levels of both mRNA and protein aids in the study of protein 

expression regulation, especially in patients with genetic mutations.  
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To quantify the expression of insulin, glucagon, amylin and PP at the mRNA level in 

HH, pancreatic tissue was collected from diseased patients (FCHI, DCHI and control 

tissue). An endocrine marker was needed to distinguish endocrine gene expression 

to that in the exocrine tissue. NeuroD1 was initially chosen as an endocrine marker, 

however immunohistochemistry images suggested this marker was also staining the 

exocrine component of the pancreas (images shown in Chapter 4.2. Results. 

Immunohistochemistry), therefore NeuroD1 was no longer used. PDX1 

(Pancreas/Duodenum Homeobox Protein 1) gene, a known pancreatic endocrine 

marker (Melloul 2004), was used for this purpose as it is critically required for normal 

β-cell function and it was not staining the exocrine pancreas. PDX1 is a transcription 

factor that embryologically regulates the development of both endocrine and 

exocrine pancreas, but in mature pancreas it is crucial for β-cell function as it directs 

replication, neogenesis, apoptosis and insulin production (Pedica et al. 2014), being 

expressed in insulin cells. In response to increased plasma glucose concentrations, 

and other stimulating factors, PDX1 translocates to the cell nucleus where it 

promotes the transcription of the insulin gene (Macfarlane et al. 1999). Conversely, 

inactivation of PDX1 leads to loss of β-cell phenotype and ultimately, diabetes 

(Ahlgren et al. 1998). 

mRNA was extracted, reversed transcribed and used as a template for quantitative 

real time PCR. Expression of individual genes were calibrated to a housekeeper 

gene (RPL19) and compared to expression in the controls. 

-Whole tissue RNA extraction  

Eppendorfs were autoclaved prior the commencement of the experiment and 

unopened pipette tip boxes were used. RNase inhibitor (RNaseZap; Ambion, 

Huntingdon, UK) was sprayed over the utensils to minimise degradation of RNA by 

environmental RNases. 

Frozen pancreatic tissue section (volumes ranging from 7×10−8m3 to 3.55–5×10−6 

m3) was taken to room temperature and homogenised in 1 ml of Trizol® (Ambion, 

Life Technologies, USA) using an Ultra-Turrax® Homogeniser (IKA Labortechnik, 

Germany). The suspension was vortexed with 200 μL of chloroform and incubated 

at room temperature for 5 minutes. This was followed by centrifugation at 13,000rpm 

for 15 minutes at 4°C using a bench top microfuge AccuspinTM MicroR (Fisher 



 
 

48 
 

Scientific, PA, USA). Subsequently the aqueous phase containing the RNA was 

transferred into a tube and 500 μL of ice-cold isopropanol were added to precipitate 

nucleic acids, followed by vigorous vortexing. Tubes were incubated at room 

temperature for 20 minutes and then centrifuged at 13,000rpm for 30 minutes at 

4°C. The supernatant was then removed without disturbing the RNA pellet. The 

RNA pellet was washed by applying 500 μL of ice-cold 70% ethanol and vortexing 

the contents until the pellet was lifted from the bottom of the tube. The tube was 

then centrifuged at 8000rpm for 5 minutes at 4°C, the supernatant removed and the 

pellet rewashed with 500 μL of 70% ethanol vortexing vigorously until the pellet 

dislodged and then centrifugation at 8000rpm for 5 minutes at 4°C. 

The supernatant was once again discarded without disturbing the pellet and residual 

liquid removed using a pipette. To evaporate residual ethanol from the sample, the 

top of the tube was left open with cling film covering it, at room temperature for 5-10 

minutes. To resuspend the mRNA pellet, 30 μL of nuclease free water (NFW, 

Ambion, Huntingdon, UK) was added and the tube incubated at 55-60°C using a 

heat block (AccublockTM Digital Dry Bath (Labnet Intl. Inc, NJ, USA)) for 15 minutes. 

Finally, the tube was vortexed and placed on ice for further analysis.  

- DNase treatment of RNA  

The purpose of this step was to remove genomic DNA that is contaminating the 

RNA by using a DNase, an enzyme that selectively digests DNA. By doing so, this 

reduces the possibility of amplifying genomic DNA in subsequent real-time 

quantitative Polymerase Chain Reaction (RTqPCR) analyses.  

In a sterile RNase-free microcentrifuge tube on ice, the following mix (Table 6) was 

added, as per manufacturer´s instructions (Invitrogen, Deoxyribonuclease I, 

Amplification Grade. Catalogue number 18068-015): 
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Table 6: Mix for DNase treatment. 

Reagent Volume (μL) per reaction 

RNA sample 1 μg 

10X DNase I Reaction Buffer (Invitrogen, Thermo 

Fisher Scientific, USA) 

1 

DNase I, Amplification Grade [1unit/μl] (Invitrogen, 

Thermo Fisher Scientific, USA) 

1 

Nuclease-free water to 10μl 

 

The reaction mixture was incubated at room temperature for 15 minutes before 

inactivating the DNase by addition of 1 μL of 25mM EDTA and heating to 65ºC for 

10 minutes on a heat block. The RNA sample was then ready to be used in reverse 

transcription. 

- Quantification of RNA yield and purity 

The concentration of total RNA was quantified using a NanoDrop Bioanalyzer 

ND1000 ThermoScientific Spectrophotometer (Labtech Intl., Ringmer, UK). 1 μL of 

RNA sample was placed on the sensor, and absorbance at 260nm determined. 

Nucleic acid absorbs at a wavelength of 260nm and protein at 280nm, hence as well 

as quantifying the concentration of RNA by measuring the absorbance at 260nm, 

the ratio of absorbance 260nm:280nm was used to examine the purity of RNA 

samples. RNA samples with A260/A280 ratio between 1.8 – 2.0 were used for 

RTqPCR (Becker et al. 2010). A RNA final concentration >2ng/μL was considered 

optimal. 

- Reverse transcription 

RNA samples were reverse transcribed to convert the single stranded RNA (ssRNA) 

template into complementary DNA (cDNA), for use as a template for RTqPCR. This 

reaction is catalysed by the enzyme reverse transcriptase.  
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In a sterile RNase-free microcentrifuge tube, 0.5 μg (2 μl) of random primers 

(Promega Corporation WI, USA) were added with 2 μg (1 μl) of RNA and diluted 

with 11 μL of distilled water. This mix was heated at 70ºC for 5 minutes to melt 

secondary structures of the ssRNA and then cooled immediately on ice to prevent 

secondary structure from reforming and briefly spun to collect the solution at the 

bottom of the tube. 14 μL of this annealed primer-template was added to the mix in 

Table 7, following the manufacturer´s instructions. 

Table 7: Mix to be added to annealed primer-template for reverse transcription 

Reagent Volume (μL) per 

reaction 

M-MLV Reaction Buffer (5x) 5 

Deoxynucleotide triphosphates (dNTPs) (10mM) 

Promega Corporation (WI, USA) 

5 

Recombinant RNase inhibitor (40units/μl) 25 units 

M-MLV Reverse Transcriptase (200units/μl) (Moloney 

Murine Leukemia Virus Reverse Transcriptase (M-MLV 

RT, Promega Corporation (WI, USA)) 

1 

Total volume 11 

This tube was gently flicked to mix and then incubated for 60 minutes at 37ºC. A 

negative control, nuclease free water (NFW, Ambion, Huntingdon, UK) instead or 

RNA, was used in each run. CDNA samples are stored at -20ºC for further use. 

- Endogenous control gene: RPL19 

In order to compare gene expression between samples, the expression levels must 

be normalised to that of a stable endogenous control gene. This provides a relative 

expression level. RPL19: Ribosomal protein L19 was used as a housekeeping gene 

in this study as it is a ribosomal protein ubiquitously expressed across tissues. 

RPL19 is expressed in human pancreas as well 

(http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.381061) and 

it is unlikely to be altered in the diseased subjects in this study.  RPL19 was also 

http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.381061
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chosen as it is well validated and routinely used within our group for qPCR 

(Demetriou et al. 2014). 

- Primer design 

Literature search was performed to identify primers that had worked in previous 

studies for the genes of interest (insulin, glucagon, PP, IAPP and PDX-1 as an 

endocrine marker). Primers for the genes of interest for which it was not possible to 

validate primer sequences from the literature were designed using National Centre 

for Biotechnology Information (NCBI) (primer design website: 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

These primers were ordered after having been blasted in the website: 

http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearc

h&LINK_LOC=blasthome, checking that they were specific for the human gene of 

interest; and after checking for SNPs in the website: www.SNPcheck.net. To obtain 

the whole gene sequence the following website was used: www.Ensamble.org. The 

following website was used to obtain the reverse sequence: www.reverse-

complement.com. Primers were requested and produced by Sigma-Aldrich Co Ltd. 

All the primers tried and optimised are collected in the below Table 8. These were 

later diluted with distilled water to 100 µM, following the manufacturer´s indications. 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
http://www.reverse-complement.com/
http://www.reverse-complement.com/
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Table 8: Successful primers for pancreatic genes of interest for RTqPCR. 

Gene 
Pri

mer 

Primer sequence 

(5'  3') 

Genbank 

Accession number 

(HAS) or NCBI 

Reference 

Sequence 

Publication 

Melting 

temperature 

(Tm) 

Product 

size (bp). 

Location 

in gene 

Human 

GCG 
F CAAGGCAGCTGGCAACGT NM_002054.4 

(Amato et al. 

2014) 
67.7ºC 

134 

Primers 

within 2 

different 

exons 

Human 

GCG 
R CTGGTGAATGTGCCCTGTGA BC005278 

(Strausberg et al. 

2002) 
67.4ºC 

Human 

IAPP 
F TGAGAAGCAATGGGCATCCT M26650.1 (Nishi et al. 1989) 66.9ºC 

60 

Primers 

within 

the same 

exon 

Human 

IAPP 
R 

CAATGCAACAGAGAGCACAA

TG 
X68830.1 

(Hoppener et al. 

1992) 
65.6ºC 

Human 

RPL19 

F 

GCGGAAGGGTACAGCCAAT 

 

NM_000981 
(Demetriou et al. 

2014) 
66.1ºC 

130 

Primers 

within 

the same 

exon 

R 
CAGGCTGTGATACATGTGGCG 

 
NM_000981 

(Demetriou et al. 

2014) 
68.8ºC 

Human 

hPP1 
F 

GTGGTGGGACTGAATCAGGG 
M11726.1 - 66.8ºC 

162 

Primers 

within 

the same 

exon 

Human 

hPP 
R 

TATAAGTCCAGCGGGCTGAG 
M11726.1 - 64.1ºC 

GCG: Glucagon. IAPP: Amylin. RPL19: Ribosomal protein L19. hPP1: human 

Pancreatic Polypeptide. F: Forward. R: Reverse. -: primer designed by the author of 

this PhD. 

Despite repeated efforts, the primers for insulin and PDX-1 were not optimised, 

hence commercially available primer sets for these genes were used:  

http://www.ncbi.nlm.nih.gov/nucleotide/184047?report=genbank&log$=nucltop&blast_rank=13&RID=UVMYBAAS016
http://www.ncbi.nlm.nih.gov/nucleotide/32582?report=genbank&log$=nucltop&blast_rank=12&RID=UVN97AHJ016
http://www.ncbi.nlm.nih.gov/nucleotide/190269?report=genbank&log$=nucltop&blast_rank=18&RID=UTHUCJKM016
http://www.ncbi.nlm.nih.gov/nucleotide/190269?report=genbank&log$=nucltop&blast_rank=18&RID=UTHUCJKM016
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-BioRad (UK) PrimePCR™ SYBR® Green Assay: PDX1, Human. Item: 10025636. 

Assay ID: qHsaCED0003576. Product size 133 bp, exonic 

-Gene Copeia™ (USA) Insulin All-in-One™ qPCR Primer. Accesion number: 

NM_000207. Catalogue number: HQP009749. Product size 67 bp. 

 

The location of each pair of primers was identified within its gene to make sure of 

the suitability. An example of this is represented in Figure 9 for housekeeper gene 

RPL19. 

Figure 9. Illustration of the location of forward and reverse primers for 

housekeeper Homo sapiens RPL19 gene.  

 

RPL19 gene is located in chromosome 17q12 and contains 6 exons. NM_000981 

primers are contained within exon 4. Forward and reverse primers are highlighted in 

blue. 

 

Figures 10 - 15 illustrate the amplification, melt and standard curve of the optimised 

primers selected for RTqPCR. RPL19 was run in triplicates in all the plates where 

other genes were analysed. Values for CT RLP19 are included in the tables of each 

gene (included in Results section). All target expression data is shown relative to 

RPL19 expression. 

 

 

        

        1 gcagataatg ggaggagccg ggcccgagcg agctctttcc tttcgctgct gcggccgcag 

       61 ccatgagtat gctcaggctt cagaagaggc tcgcctctag tgtcctccgc tgtggcaaga 

      121 agaaggtctg gttagacccc aatgagacca atgaaatcgc caatgccaac tcccgtcagc 

      181 agatccggaa gctcatcaaa gatgggctga tcatccgcaa gcctgtgacg gtccattccc 

      241 gggctcgatg ccggaaaaac accttggccc gccggaaggg caggcacatg ggcatagGTA 

      301 AGCGGAAGGG TACAGCCAAT GCCCGAATGC CAGAGAAGGT CACATGGATG AGGAGAATGA 

      361 GGATTTTGCG CCGGCTGCTC AGAAGATACC GTGAATCTAA GAAGATCGAT CGCCACATgt 

      421 atcacagcct gtacctgaag gtgaagggga atgtgttcaa aaacaagcgg attctcatgg 

      481 aacacatcca caagctgaag gcagacaagg cccgcaagaa gctcctggct gaccaggctg 

      541 aggcccgcag gtctaagacc aaggaagcac gcaagcgccg tgaagagcgc ctccaggcca 

      601 agaaggagga gatcatcaag actttatcca aggaggaaga gaccaagaaa taaaacctcc 

      661 cactttgtct gtacatactg gcctctgtga ttacatagat cagccattaa aataaaacaa 
     721 gccttaatct gcaaaaaaaa aaaaaaaa 

!Exon!1 ! !!!!!!!!Exon!2! ! !!!!!!!!!!!!!!!!!Exon!3!!!!!!!!!!!!!!Exon!4 ! ! !!!!!Exon!5!!!!!!!!Exon!6!
!
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Figure 10: A) Optimisation of Ribosomal protein L19 RPL19 primers, used as 

housekeeping gene. 

 

Figure 10. B) Amplification plot, melt curve and standard curve of the 

standards for RPL 19 gene. 

 

Efficiency of RPL19 ranged between 70.47 – 103.55%, in the different plates 
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Figure 11: A) Optimisation of insulin primers.  

 

Figure 11: B) Amplification plot, melt curve and standard curve of the 

standards for Insulin. 

 

Efficiency 90.18% 
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Figure 12: A) Optimisation of glucagon primers.  

Figure 12: B) Amplification plot, melt curve and standard curve of the 

standards for Glucagon. 

Efficiency 131.48% 
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Figure 13: A) Optimisation of Amylin (IAPP) primers. 

 

Figure 13: B) Amplification plot, melt curve and standard curve of the 

standards for IAPP gene. 

 

Efficiency 76.84% 



 
 

58 
 

Figure 14: A) Optimisation of pancreatic polypeptide (PP) primers. 

 
Figure 14: B) Amplification plot, melt curve and standard curve of the 

standards for PP. 

 
Efficiency 70.47%. 
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Figure 15: A) Optimisation of Pancreas/Duodenum Homeobox Protein 1 (PDX-

1) primers. 

 

 

Figure 15: B) Amplification plot, melt curve and standard curve of the 

standards for PDX-1 gene. 

Efficiency 77.50% 
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- Agarose gel electrophoresis  

This technique is employed to estimate the size and integrity of PCR products as it 

involves the migration of DNA fragments depending on their molecular weight/size. 

Given that DNA molecules have an overall negative charge, when exposed to an 

electric field they move towards the positively charged anode.  

The 2% agarose gel was made by adding 4 g of UltraPureTM agarose powder to 200 

ml of 1X TBE buffer, the mix was swirled and microwaved until bubbles appeared 

and the solution became transparent clear. Under the fume hood, ethidium bromide 

concentration (1 μL per 100 ml of TBE) was added to the mix. This solution was 

swirled and poured onto a tape sealed gel tray with combs, for at least 15 minutes to 

solidify. Once the gel had solidified, it was immersed in 1xTBE buffer inside the 

electrophoresis tank. 4 μL of gel loading dye (Blue (6x) #B7021S New England 

BioLabs inc, USA) were mixed with the PCR product and then 10 μL were pipetted 

into the electrophoresis gel well. 5 μl of 100 bp DNA ladder (Promega) were also 

loaded in the well as a size marker. The gel was run for 30 – 60 minutes at 80 volts 

and the migrated PCR products were visualised by fluorescence under UV exposure 

using a Genosmart camera. Data of the electrophoresis gel for each gene of interest 

not shown.  

 

-Real-time quantitative Polymerase Chain Reaction (RTqPCR) 

This technique detects and quantifies an amplified PCR product in “real time”. PCR 

is a method used for the selective logarithmic amplification of a specific target DNA 

sequence (Mullis et al. 1986). The process involves three cyclically repeated 

reactions (matrix denaturation, primer hybridisation and elongation) in their 

respective temperatures. 

A fluorescent reporter dye (Power SYBR® Green in this experiment, ABI) binds to 

double stranded DNA (dsDNA), but not to single stranded (ssDNA), and fluoresces 

brightly, so as more DNA is synthesised, more dye will bind and the fluorescence 

will increase (Hongbao Ma 2006). A detector measures the fluorescence in each 
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well of the plate, hence the expression of a gene can be quantified at any point 

during the amplification process.  

By using relative target quantification, comparisons are made between the samples 

and each sample expression is normalised to that of an endogenous control gene. 

In this study the “Comparative Ct” method was used which assumes that the 

amplification of the endogenous control gene and target gene are equally efficient. 

A standard curve was produced using five serial 1:10 dilutions of control cDNA for 

every primer pair, to determine the efficiency of each primer pair. The “Relative 

standard curve” method in the RTqPCR was used for this purpose. The amplification 

and standard curve calculation is shown in Figure 16. 

Figure 16: Graphical representation of RTqPCR threshold data. Amplification 

Plot (regular view) and calculation of the Standard Curve. 

Amplification Plot (Regular view)     

 

Image modified from Applied Biosystems, 

https://www.thermofisher.com/uk/en/home/brands/applied-biosystems.html# 

 

The RTqPCR reactions were run in triplicates on a 96-well reaction plate (microAmp 

Fast Optical, ABI). Each well contained 25 μL of the SYBR Green reaction mix 

specified in Table 9, as per manufacturer´s instructions.  

Cycle number 

∆
R

n
 

Exponential phase 

Threshold 

 

Standard Curve 

https://www.thermofisher.com/uk/en/home/brands/applied-biosystems.html
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Table 9. SYBR Green reaction mix for RTqPCR.  

Reagent Volume (μL) per reaction 

Power SYBR® Green PCR Master Mix 12.5 

Forward primer 1 

Reverse primer 1 

Distilled water 9.5 

cDNA [or distilled water for negative controls] 1 

Total volume 25 

 

The quantitative expression analysis of the genes of interest, insulin, glucagon, PP, 

amylin, PDX-1 and of the endogenous control gene, ribosomal protein L19 (RPL19) 

was determined by RTqPCR in 6 pancreatic samples (2 control, 2 DCHI, 2 FCHI). 

Every set of primers was free of primer-dimer products. Each gene of interest was 

run in triplicates along with the housekeeping gene in the 96-well plate, which was 

sealed with Optical Adhesive Cover (ABI) and briefly spun prior being placed in the 

StepOne PlusTM Real-Time PCR Systems (ABI) for analysis.   

The amplification of the reaction was programmed for incubation at 50ºC for 2 

minutes, polymerase activation at 95ºC for 10 minutes, 40 cycles of denaturation at 

95ºC for 15 seconds and annealing and extension step at 60ºC for 1 minute. 

Fluorescence of the SYBR green was captured at the end of each extension cycle. 

Analysis of the data was performed using StepOne software version 2.3. The fidelity 

of the amplified target sequence was confirmed on analysis of the melt curve. This 

software detects the cycle number at which the fluorescence crosses an arbitrary 

line, the cycle threshold (CT), in which fluorescence begins to exceed the 

background level. That crossing point is the CT value and the increment of 

fluorescent signal at each cycle point is measured as ∆Rn. The machine 

automatically sets the threshold high enough to guarantee the reaction crosses the 
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line due to amplification and not to noise. This threshold is the same for all the wells 

in a plate. 

To determine the difference in CT values (∆CT) the following formula is applied: 

∆CT = average target CT (gene of interest) – average control CT (endogenous 

gene)  

Samples were run in triplicate as variation in the CT value of a sample may occur 

due to pipetting errors; so that any CT value not within one cycle of the other two 

repeats, was excluded from the analysis. To relative quantify the gene of interest the 

following formula is applied: 2^-∆CT. 

 

 

3.2.2.2. IMMUNOHISTOCHEMISTRY (IHC) 

IHC is a technique used to detect the presence of antigens in cells or tissues (Matos 

et al. 2010) by specific binding of antibodies to them. The resulting reaction is 

visualised because the antibody is attached to a substance that absorbs light or 

generates colour (Fuertes et al. 2013). The process commences by retrieving the 

antigen (A) in the cell/tissue and then it is blocked to reduce non-specific binding. 

This is followed by addition of primary antibody (purple) that labels the antigen and 

subsequently binding of a second fluorescently-labelled antibody (green) and is 

visualised under a fluorescent microscope.  

-Preparation of the slides 

Paraffinised slides containing pancreatic tissue were baked at 70°C for 10 minutes 

and were deparaffinised through a progression of: Xylene I, Xylene II, 100% alcohol, 

95% alcohol, 70% alcohol and deionised water; 1 minute in each. Slides were 

cooked in a pressure cooker (15 minutes to reach full pressure at around 125ºC) in 

a container with 10% antigen retrieval solution and deionised water. The slides were 

then cooled in phosphate buffered saline (PBS) for 15 minutes.  
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-Immunostaining 

The slides were placed in 0.1% protein block for 30 minutes. The primary antibody 

was prepared as optimised (Table 10) and 100 μL of it was added per slide. Slides 

were incubated at 4°C overnight in a humidity chamber.  

Table 10. Primary Antisera used for IHC in this study. 

Antibody  Animal 
raised in 

Supplier Catalogue 
Number 

Working 
dilution 

Anti- PP  Goat Novus 
Biologicals 

NB100-1793 1:100 

Anti-insulin  Rabbit Acris lab AP20659PU-N 1:100 

Anti-insulin Mouse Santa Cruz 
Biotech 
 

(2D11-H5) sc-8033  

Anti-Glucagon  Rabbit Abcam 
 

ab8055 1:50 

Anti-Amylin  Mouse Abcam 
 

(R10/99) ab115766 1:100 

Anti-NeuroD1 Mouse Abcam ab60704 1:100  

Anti-PDX-1 Rabbit Abcam 
 

[EPR3358(2)] 
ab134150 

1:100  

Anti-Somatostatin  Rabbit Millipore AB5494 1:50  

 

To distinguish the pancreatic endocrine from the exocrine portion, an endocrine 

marker was needed; hence anti-NeouroD1 was initially used but showed potential 

staining of the exocrine pancreas. Therefore, anti-PDX1 (Pancreas/Duodenum 

Homeobox Protein 1) (Pedica et al. 2014) was used, as for RTqPCR, which is 

expressed in β-cells.  

On the following day, to remove excess of primary antibody, the slides were washed 

in PBS for 5 minutes at room temperature on a shaker at 100rpm. 200 μL of the 

secondary antibody (1:200) (Invitrogen™, Life technologies, Eugene, Oregon USA) 

were added to the slide for 30 minutes at room temperature and in the dark. These 

secondary antibodies are collected in Table 11. The slide was washed again in PBS 

for 10 minutes at room temperature in the dark on a shaker. DAPI mounting media 

(Vectashield®, Vector Laboratories Inc., Burlingame, California, USA) was added for 

mounting coverslips onto slide and fixed. 
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Table 11. Secondary antibodies used for IHC in this study. 

Antibody  Animal 

raised in 

Supplier Catalogue Number Working 

dilution 

Anti-rabbit IgG. 

Alexa Fluor 488 

Goat Life technologies A11008 1:200 

Anti-mouse IgG, 
Alexa Fluor 594 

Goat Life technologies A11005 1:200 

Anti-rabbit IgG, 
Alexa Fluor 555  

Goat Life technologies A21428 1:200 

Anti-mouse IgG, 

Alexa Fluor 488   

Goat Life technologies A11001 1:200 

Anti-goat IgG, 
Alexa Fluor 488   

Rabbit Life technologies A11078 1:200 

Anti-goat IgG, 
Alexa Fluor 555   

Rabbit Invitrogen Molecular 

Probes 

A21431 1:200 

Anti-mouse IgG, 
Alexa Fluor 405   

Goat Invitrogen Molecular 

Probes 

A31553 1:200 

Anti-mouse IgG, 
Alexa Fluor 350   

Goat Invitrogen Molecular 

Probes 

A11045 1:200 

Anti-mouse IgG, 

Alexa Fluor 568   

Donkey Life Technologies A10037 1:200 

Anti-rabbit IgG, 
Alexa Fluor 488   

Donkey Life Technologies A21206 1:200 

 

-Visualisation of images 

The slides were visualised using a fluorescent microscope (Leica Upright, Leica 

microsystems, UK, ltd) and images were captured on Micro.Manager 1.4, and Fiji 

(ImageJ for Windows) for picture visualisation and processing. 
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3.2.2.3.  MULTIPLEX MAGNETIC BEAD PANEL ASSAY  

This immunoassay simultaneously analyses multiple hormones and metabolites per 

well using as little as 25 μL sample, by a bead-based panel, where beads have an 

internal fluorescent dye that generates a specific spectral address. Antibodies are 

conjugated to the surface of beads to capture analytes of interest, and then 

incubated with the reporter streptavidin-phycoerythrin. Fluorescent quantification 

takes place in a CCD-based instrument. The mechanism is illustrated in Figure 17. 

Figure 17. Schematic illustration of the multiplex immunoassay process.  

Each bead is internally coloured with two fluorescent dyes (red and infrared). 

Diverse concentrations of these 2 colours will generate 100 different bead regions. 

(a) Every bead region will be conjugated to a particular target analyte, (b) followed 

by binding of a biotinylated detection antibody (c) plus a reporter dye, streptavidin-

conjugated phycoerythrin. Image taken from http://www.bio-rad.com/en-

es/applications-technologies/multiplex-immunoassays 

 

The assay used was MILLIPLEX® MAP Kit, Human Metabolic Hormone Magnetic 

Bead Panel, 96-Well Plate Assay, catalogue number: HMHEMAG-34K (Millipore, 

Watford, UK). Accuracy of measurements was warranted with the standard 

concentrations from the company. Intra-assay coefficient of variation (%CV) is <10% 

and inter-assay <20%, according to the manufacturer.  

The metabolites analysed in our kit were a total of 13 in one sample, out of which 7 

were used in my study (Insulin, C-peptide, glucagon, active/total amylin, PP, active 

http://www.bio-rad.com/en-es/applications-technologies/multiplex-immunoassays
http://www.bio-rad.com/en-es/applications-technologies/multiplex-immunoassays
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GLP-1 and GIP). Preparation of reagents for the immunoassay was performed 

following the manufacturer’s protocol. All the reagents were allowed to warm to 

room temperature (20-25°C) before being used in the assay. A diagram of the 

placement of the Standards, Controls, and Samples on a well map worksheet was 

written up in a vertical configuration. Reactions were carried out in duplicates. 

200 μL of assay buffer were added into each well of the plate. This plate was mixed 

on a plate shaker for 10 minutes at room temperature (20-25°C). The assay buffer 

was decanted and the residual amount from all wells removed. 25 μL of each 

Standard or Control was added into the appropriate wells [assay buffer is used for 

the 0 pg/mL standard (Background)] and 25 μL of assay buffer to the sample wells. 

Then 25 μL of serum matrix solution was added to the background, standards, and 

control wells. After this, 25 μL of sample were added into the appropriate wells 

followed by the addition of 25 μL of the mixed beads to each well. The plate was 

sealed, wrapped with foil and incubated with agitation on a plate shaker for 

overnight incubation (16-18 hours) at 4°C.  

Subsequently the well contents were removed and the plate was washed 3 times. 

Then, 50 μL of detection antibodies were added into each well and the plate was 

sealed, covered with foil and incubated with agitation on a plate shaker for 1 hour at 

room temperature (20-25°C). This was followed by the addition of 50 μL of 

streptavidin-phycoerythrin to each well and incubation on a plate shaker for 30 

minutes at room temperature (20-25°C). Then the well contents were removed and 

washed 3 times. 100 μL of drive fluid was added to all the wells and the plate was 

placed on the plate shaker for 5 minutes to resuspend the beads.  

Finally, the plate was run on MAGPIX® with xPONENT® software. MILLIPLEX® MAP 

is based on the Luminex xMAP® technology (Millipore, UK). This instrument was 

located in the 9th floor of the Institute of Neurology, London. The data was saved 

and analysed.   

The levels of detection for each analyte measured are: C-peptide: ≥175.251pg/ml, 

insulin: ≥137pg/ml, glucagon: ≥13.717pg/ml, amylin (total and active): ≥13.717pg/ml, 

PP: ≥2.743pg/ml, active GLP-1 ≥ 2.743pg/ml and GIP: ≥1.371 pg/ml. 

The standard curves for the analytes are represented in  Figure 18. 
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Figure 18. Standard curves of the analytes used in the multiplex 

immunoassay. A) C-peptide. B) Insulin. C) Glucagon. D) Active amylin. E) PP. 

F) Active GLP-1. G) GIP. 
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3.2.3. Statistical analysis 

During the conceptualisation of the project, a meeting was held with statistician (Ms. 

Deborah Ridout) at the Institute of Child Health, University College London. Here the 

objectives of the research were outlined and the statistics methodology to pursue 

these was discussed. Points addressed included: number of patients to recruit, how 

to orientate the project so as to make it statistically robust and appropriate statistical 

analysis methods to be used. 

Given the invasive nature of the methods used (pancreatic tissue for expression 

studies and IHC, and stimulation tests for plasma concentrations) along with the 

scarce literature on pancreatic and incretin hormones in HH children, there was no 

specific n number to be achieved. Considering the small sample in expression and 

IHC studies, only descriptive statistics were used for these results. Descriptive data 

is expressed as median +/- IQR (interquartile range). 

Circulating hormone concentrations were determined as cross-sectional data. For 

hormone determination, firstly, normality of the numeric data was tested with 

D’Agostino & Pearson omnibus, Shapiro-Wilk and Kolmogorov-Smirnov normality 

tests. As data was found to be non-normally distributed, non-parametric tests were 

employed. Differences among paired data were examined by Wilcoxon sign rank 

paired test, whereas for unpaired Mann-Whitney test was used. To compare the 

medians of more than 2 groups, Kruskal-Wallis Analysis of Variance (ANOVA) was 

used, followed by Dunn´s multiple comparison test. Relationships among particular 

hormone concentrations were analysed using Spearman’s rank correlation test. The 

area under curve was estimated by the linear trapezoidal method from the 

concentration time curve.  Mann-Whitney test was used to compare Area Under the 

Curve (AUC).  

Data interpolation, statistical analysis and representation of group data was 

performed using GraphPad Prism 6.0c (GraphPad Software, CA, USA). A p value of 

≤ 0.05 was considered statistically significant.   
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4.1.1. Background 
In HH circulating concentrations of insulin are known to be raised and glucagon 

decreased. In this chapter the aim is to study the gene expression of insulin (INS) 

and glucagon (preproglucagon) in patients with different forms of HH, and also to 

understand the expression of pancreatic peptides amylin, pancreatic polypeptide 

and PDX-1 in these patients. 

 

4.1.2. RNA extraction results 
RNA was extracted from 6 pancreatic frozen samples: 2 with focal form of HH 

(FCHI), 2 with diffuse form of HH (DCHI) and 2 controls (normal tissue reported by 

pathologist surrounding HH lesion). The samples were stored in the freezer for a 

time ranging between 1 week to 2 years, between surgical extraction and sample 

analysis. The characteristics of the patients whose sample was analysed are 

collected in Table 12. 

Table 12: Characteristics of the patients in whom the pancreata tissue was 

obtained from.  

*Normal histology surrounding a lesion 
**along with iv glucose infusion 
F: Female. M: Male. Op: Operation. M: months. BW: birth weight. GA: gestational 

age. NA: not available. Pat: paternally inherited. Htz: heterozygous. Comp: 

compound. Hmz: homozygous. Pathol: pathology. Periop: perioperative 

 ID 

Sex Age 
at 
op 

BW, 
GA 

Genetics PET 
Part of 

pancreas 

Pathol 
report on 

this 

sample 

Periop 
drugs** 

Control 
* 

1 
F 11m 4.6kg, 

term 

Pat  

KCNJ11 

Focal 

(tail) 
Tail Normal No 

2 
M 7m 5.2kg, 

term 
Htz pat 
KCNJ11 

Focal 
(head) 

Body Normal 
Glucagon 
Octreotide 

FCHI 

3 

M 4y 4.1kg, 
term None 

identified 
Focal 
(tail) 

Tail 
Focal 
lesion 

Diazoxide 
Topiramate 

Levetira-

cetam 

4 

F 4m NA 
Pat 

ABCC8 
Focal 
(tail) 

Tail 
Focal 
lesion 

(3 days off 
Octreotide) 

 

DCHI 

5 

F 2m 3.3kg, 

term Comp htz 
ABCC8 

Not 
done 

Tail Diffuse No 

6 
M 7m NA Hmz 

ABCC8 
Diffuse Body + tail Diffuse No 
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The first step was to assess the RNA purity of the pancreatic samples. This is 

collected in Table 13. 

Table 13: Assessment of RNA yield and purity with Nanodrop. 

 ID 

RNA 

(ng/μL) 
A260/A280 

Total volume 

(μL) 

Total amount 

(μg) 

Control 

1 3861.9 1.80 50 193 

2 3506.8 1.88 57 199.9 

FCHI 

3 3860.4 1.84 80 308.8 

3 post 

DNase 

treatment¥ 

2483.5 2.11 35 86.5 

4 227.4 1.81 30 6.8 

DCHI 

5 2706.0 1.94 70 189.4 

6 2786.6 1.93 30 83.6 

7 4280.2 1.86 40 147 

¥DNase treatment was given to sample 3, observing a decrease in the RNA content 

of 1/3 from the initial sample. Although DNase treatment for all the samples would 

be the ideal, given the small amount of starting tissue of human pancreatic biopsies, 

DNAse treatment would have compromised the RNA yield. Therefore to ensure 

accurate quantification of mRNA and not gDNA, intron-spanning primers were used; 

forgoing the DNAse step as a balance between RNA yield and RTqPCR.  

 

As each sample was run in triplicates the result of gene expression is shown as 

average cycle threshold (CT) of each gene. Also, as there were only 2 samples of 

each type of tissue, data is presented as a normalised ratio in relation with the CT 

housekeeping gene RPL19 instead of absolute values. The results of gene 

expression are shown gene by gene in the following Tables (14A – 14E) and that 

data is represented in Figures (19A – 19E).  
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PDX1 GENE EXPRESSION 

Table 14.A: Average CT values for PDX-1 (endocrine marker) and 

housekeeping RPL19. Results are presented as a normalised ratio in relation with 

the housekeeping gene as: CT PDX-1 / CT RPL19. 

 Sample Average CT  
PDX-1 

Average CT RPL19 
CT PDX-1  / CT 

RPL19 

Control 

cDNA1 
27.61267 23.34737 1.182689 

cDNA2 
28.79271 23.08202 1.247408 

FCHI 

cDNA3 
29.96136 24.48056 1.223884 

cDNA4 
26.59145 22.09655 1.203421 

DCHI 

cDNA5 
23.52962 26.61516 0.884068 

cDNA6 
31.46956 26.40991 1.191581 

 

Figure 19.A: Representation of CT PDX-1 / CT RPL19 values for control, FCHI 

and DCHI.  

 

μ: mean value between the two samples 

There is no difference in expression of PDX-1/RPL19 between controls, FCHI and 

DCHI – except for sample cDNA5 which shows a lower expression.  A correction 

factor of “~1.3” could be used for measuring all the other endocrine hormones for 

cDNA5 in this experiment, but given the small n size which does not allow statistics, 

it was preferred to show the raw data. 
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INSULIN (INS) GENE EXPRESSION 

 

Table 14.B: Average CT values for insulin and housekeeping RPL19. Data is 

presented as a normalised ratio in relation with the housekeeping gene as: CT 

Insulin / CT RPL19. 

 Sample Average CT 
Insulin 

Average CT RPL19 

CT  Insulin / CT 

RPL19 

Control 

cDNA1 
18.43616 21.85894 0.843415 

cDNA2 
19.83574 25.92818 0.765026 

FCHI 

cDNA3 
32.20712 25.38186 1.268903 

cDNA4 
24.05526 26.21341 0.91767 

DCHI 

cDNA5 
21.75488 24.8498 0.875455 

cDNA6 
26.85772 27.99004 0.959545 

 

 

Figure 19.B: Representation of CT Insulin / CT RPL19 values for control, FCHI 

and DCHI. 

 

μ: mean value between the two samples 
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GLUCAGON (PREPROGLUCAGON) GENE EXPRESSION 

 

Table 14.C: Average CT values for glucagon and housekeeping RPL19. Data is 

presented as a normalised ratio in relation with the housekeeping gene as: CT 

glucagon / CT RPL19 instead of absolute values. 

 Sample 
Average CT GCG 

Average CT 

RPL19 

CT GCG/ CT 

RPL19 

Control 

cDNA1 
40.3744 25.04078 1.612346 

cDNA2 
38.27566 25.27227 1.514532 

FCHI 

cDNA3 
22.78625 25.23038 0.903128 

cDNA4 
31.80959 26.62867 1.194562 

DCHI 

cDNA5 
22.75869 22.18198 1.025999 

cDNA6 
32.21156 28.36769 1.135502 

 

 

Figure 19.C: Representation of CT glucagon / CT RPL19 values for control, 

FCHI and DCHI. 

 

μ: mean value between the two samples 
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AMYLIN (IAPP) GENE EXPRESSION 

 

Table 14.D: Average CT values for amylin (IAPP) and housekeeping RPL19. 

Data is presented as a normalised ratio in relation with the housekeeping gene as: 

CT IAPP / CT RPL19. 

 Sample 
Average CT IAPP 

Average CT 

RPL19 

CT IAPP / CT 

RPL19 

Control 

cDNA1 
23.85675 24.97023 0.955408 

cDNA2 
25.75539 25.16379 1.02351 

FCHI 

cDNA3 
25.68629 25.94808 0.989911 

cDNA4 
26.4296 25.98901 1.016953 

DCHI 

cDNA5 
21.35084 22.03329 0.969026 

cDNA6 
30.03701 28.08291 1.069583 

 

 

Figure 19.D: Representation of CT IAPP / CT RPL19 values for control, FCHI 

and DCHI. 

 

μ: mean value between the two samples 

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

0 1 2 3 4 5 6

C
T 

IA
P

P
/ 

C
T 

R
P

L1
9

cDNA

FCHI DCHIControls

µ: 0.98

µ: 1.00
µ: 1.01



 
 

78 
 

PANCREATIC POLYPEPTIDE (PP) GENE EXPRESSION 

 

Table 14.E: Average CT values for PP and housekeeping RPL19.  Data is 

presented as a normalised ratio in relation with the housekeeping gene as:  CT PP / 

CT RPL19. 

 Sample 
Average CT PP 

Average CT 

RPL19 
CT PP / CT RPL19 

Control 

cDNA1 
30.73962 24.53186 1.253044 

cDNA2 
29.11623 24.47413 1.189673 

FCHI 

cDNA3 
33.38161 25.58483 1.304747 

cDNA4 
30.81665 26.67203 1.155406 

DCHI 

cDNA5 
32.36026 21.67481 1.493034 

cDNA6 
32.92324 27.82328 1.18331 

 

 

Figure 19.E: Representation of CT PP / CT RPL19 values for control, FCHI and 

DCHI. 

 

μ: mean value between the two samples 
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4.1.3. DISCUSSION OF HORMONE EXPRESSION  

The data shown herein are preliminary results on pancreatic hormone expression, 

using a small sample. To the best of our knowledge, this is the first study in 

childhood to assess the expression of all four pancreatic hormones (insulin, 

glucagon, amylin and PP), comparing it between the different forms of HH and with 

control pancreata. Our results show decreased glucagon expression in HH versus 

controls and no difference in PP expression between HH and controls. Insulin and 

amylin seem to have a higher expression in HH than controls, although there is not 

a big difference in expression. All the published studies looking at the RNA 

expression of these hormones in adults or rodents have used alternative techniques 

for quantification, mainly Northern blot. The latter is a less sensitive and reliable 

method, but with greater specificity than RTqPCR (Streit et al. 2009), which is the 

method used in the present study. 

Given the presumed constant expression of housekeeping genes in most tissues, 

RPL19 gene was used as the endogenous control, as it is ubiquitously expressed 

across tissues. It is known that RPL19 is expressed in human pancreas of various 

ages, also in pancreatic tumours 

(http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.381061). 

Here it has been shown that RPL19 is also expressed in the pancreas of children 

with different forms of HH. 

The results of insulin expression are in keeping with the reported high circulating 

concentrations in patients with HH (Aynsley-Green et al. 2000). Insulin has a higher 

expression in the pancreas of patients with both forms of HH, however a bigger 

difference was initially expected in comparison with the expression in controls. 

Except for cDNA 3 (FCHI) who showed the highest expression of insulin, the 

remaining affected individuals had similar increased levels of this hormone. In HH, 

even in the face of hypoglycaemia, insulin overexpression is evident, as opposed to 

its negative regulation in cases of exogenous insulin administration where insulin 

mRNA content is decreased (Mulder, Ahren, and Sundler 1997; Gasa et al. 1997). 

Conversely, it has been reported that in human adult insulinomas, insulin plasma 

levels were high, but mRNA and peptide levels did not correlate (Williams et al. 

1992). The latter may be explained by uncontrolled insulin secretion, through a 

http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.381061
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constitutive pathway, and/or lower storage capacity for insulin in tumour cells (van 

Hulst et al. 1999). 

As expected, glucagon expression was lower in all patients with HH than in controls. 

Case cDNA3 (FCHI with the highest expression of insulin) was again the one with 

the lowest expression level of glucagon. This patient had a severe form of HH and 

was cured after resection of the focal lesion in the tail of the pancreas. Plasma 

sample from this patient was not available, hence not allowing to see if there is a 

correlation between the levels of gene expression and circulating concentrations; 

however it is known that the severity of HH is not determined by the insulin plasma 

concentrations (Aynsley-Green et al. 2000), and unlikely by glucagon 

concentrations. The other patients with HH had similar low expression levels of 

glucagon. This is different to the condition of chronic pancreatitis, where a study in 

adults with that condition, showed that glucagon expression did not decrease with 

the progression of disease (Mitnala et al. 2010), and not even when patients 

developed DM secondary to chronic pancreatitis (Larsen et al. 1988). 

Careful analysis of the expression of amylin does not conclude higher expression of 

it in HH cases. Only by looking at the mean values between groups of patients it 

could seem there is higher amylin expression in HH, however the means between 

controls and HH groups only differ from each other by 0.01 units (negligible 

difference) and individual expression values are quite variable and comparable to 

expression of controls. Therefore, it can be stated that amylin expression did not 

mimic that of insulin.  

Initially, this result was unexpected as a previous publication showed that a Northern 

blot analysis performed in isolated rat islets found a correlation between the amount 

of amylin mRNA relative to the one of insulin mRNA, with the content of circulating 

peptide (amylin mRNA is 1%–10% that of insulin mRNA) (Clark, de Koning, and 

Morris 1993). Although, the ratio of the amount of insulin mRNA and peptide to the 

amount of amylin mRNA and peptide varies between β-cells (Clark, de Koning, and 

Morris 1993). However, other publications have shown that insulin and amylin 

mRNA production is regulated in synchronisation in normal conditions but separately 

in others like DM, obesity and insulin resistance (Gedulin, Rink, and Young 1997; 

Permert et al. 1994). In these conditions although insulin mRNA content and 

circulating levels increase, amylin (both mRNA and peptide) are much more 
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elevated. Although uncertain, this selective augmentation of amylin secretion during 

hyperglycaemia is thought to involve a Golgi-dependent mechanism (Gasa et al. 

1997). Different content of amylin and insulin mRNA in the β-cells could be 

explained by preferential transcription of amylin and/or increased stability of amylin 

mRNA (Cluck, Chan, and Adrian 2005). Also, in adult insulinoma studies, despite 

the elevated insulin plasma levels, those of amylin were within the normal range 

(van Hulst et al. 1999), or even lower than insulin mRNA (Nieuwenhuis et al. 1992). 

Amylin and insulin mRNA and peptide content varied widely between the tumour 

specimens; supporting the notion that the expression of the two genes is not 

necessarily co-regulated (van Hulst et al. 1999), however, mRNA and peptide levels 

of amylin were correlated (van Hulst et al. 1999). In the scenario of insulin-induced 

hypoglycaemia, amylin mRNA content decreased in parallel to insulin in one study 

(Gasa et al. 1997) but it was not affected in another study (Mulder, Ahren, and 

Sundler 1997). 

Similarly to these pathological conditions and in insulinomas, the results of this study 

suggest that in HH there is independent gene expression of amylin and insulin 

genes. As amylin complements insulin’s effects on glycaemia (Weyer, Maggs, et al. 

2001), our hypothesis is that the β-cell - in the face of unregulated over expression 

of insulin - preserves the mechanism to minimise amylin’s contribution to 

hypoglycaemia. Possible speculations to explain this include: 1) Amylin production is 

negatively inhibited by hypoglycaemia (Gedulin and Young 1998); 2) A potential 

negative feedback of insulin over amylin expression as a safety mechanism in the 

face of low blood glucose concentrations; 3) Insulin storage capacity would be high 

in HH β-cells, perhaps negatively signalling to amylin gene. The second and third 

explanations seem more plausible given the surgical state of patients receiving iv 

glucose and other medications intraoperatively. 

PDX-1 is required for the expression of amylin and insulin genes (Macfarlane, 

Shepherd, et al. 2000; Macfarlane, Campbell, et al. 2000). In response to an 

increase in blood glucose, PDX-1 relocates to the nucleus to promote insulin gene 

transcription (Macfarlane, Shepherd, et al. 2000). In adult humans with chronic 

pancreatitis, the expression of insulin and PDX-1 genes was significantly reduced 

and a correlation was identified between β-cell dysfunction and decreased PDX-1 

gene expression (Mitnala et al. 2010). Conversely, increased expression of PDX-1 

has been identified in pancreatic cancer (Koizumi et al. 2003) and progressive 
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metaplasia (Miyatsuka et al. 2006). As our HH cases had higher expression of 

insulin not paralleled by that of amylin, it was not surprising to find an equivalent 

expression of PDX-1 between controls, FCHI and DCHI tissue, except for case 

cDNA5 with lower expression. As PDX-1 is a marker of endocrine tissue, a possible 

argument for this could be that cDNA5 contains less endocrine and more exocrine 

tissue. Or in other words, the ratio of endocrine to exocrine is similar for all samples, 

except for cDNA5. However, as an exocrine marker was not used, this cannot be 

confirmed and there may be other factors influencing the quality of that sample that 

could contribute to a lower expression of PDX-1 in cDNA5. cDNA5 is a case that 

had a very aggressive form of DCHI for which the patient has remained on HH 

medication after pancreatectomy with raised expression of insulin, low expression of 

amylin and the highest PP expression. Therefore, it seems that for most cases of 

HH with similar PDX-1 expression to controls, the excessive production of insulin is 

promoted by transcription factor/s other than PDX-1. 

PP has been suggested to be a marker of early pancreatic islet dysfunction and a 

prognostic factor of chronic pancreatitis (Sliwinska-Mosson and Milnerowicz 2016). 

This study therefore hypothesised that it may have an abnormal expression in 

children with HH. When examining the mean values between groups it could seem 

as FCHI, and especially DCHI cases, have slightly higher PP expression than 

controls; which is questionable when looking at the individual values. Just like for 

amylin, in DCHI there also seems to be more variation between the PP values of the 

samples than in control or FCHI. An explanation could be looked for in the 

localisation of samples, cDNA 5 (DCHI) sample belongs to the tail and cDNA 6 

(DCHI) is body + tail of pancreas, hence both are not expected to be PP-cell rich 

expression areas. Controls and FCHIs are taken from tail and body of the pancreas, 

where rich PP expression would not be expected, and a specific pattern for PP 

levels cannot be identified. Hence although it seems that PP regulates insulin (Khan 

et al. 2017) and glucagon (Aragon et al. 2015) secretion, it may not receive a 

feedback from them. For a clear understanding, more samples including different 

pancreatic regions would need to be analysed. 

The main limitation for interpretation of the expression levels in this study is the 

small sample size for each category of patients and controls. Anyhow, obtaining 

these pancreatic samples from children with HH is inevitably difficult given ethical 

issues. Secondly, feeding-status could impact on expression of pancreatic 
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hormones but this could not be elucidated in this study as all patients were fasting 

for the surgical procedure. A study in rats showed that dietary modifications, like 

fasting or fasting and refeeding, had mild effect on amylin mRNA expression (Leffert 

et al. 1989). 

Lastly, another factor to take into consideration is the age-related changes in 

pancreatic islet cell gene expression. The ages of the patients included in this study 

at the time of pancreatectomy ranged between 2 months and 4 years, which may be 

a broad interval. A study in rats with ages between 2 and 12 months showed very 

little increment in insulin pancreatic mRNA content, but doubling of amylin and 

glucagon mRNA content during that period (Giddings, Carnaghi, and Mooradian 

1995). There is no equivalent expression study in humans to help us compare our 

values with normative data.  

 

4.1.4. CONCLUSIONS OF HORMONE EXPRESSION 

Our preliminary results have optimised the methodology to study pancreatic 

hormone expression. Given the sample size it is difficult to obtain conclusions, as 

the glucagon findings were consistent with circulating concentrations, whereas the 

rest of hormones showed variable results. 

This study shows that mRNA of housekeeper gene RPL19 is also found in pancreas 

of children with HH. This is a useful finding for further expression studies in 

pancreata of HH patients requiring a valid endogenous control. 

The expression of insulin and glucagon genes in children with diffuse and focal 

forms of HH is abnormal, in keeping with the circulating values reported in literature. 

This means that potential therapies targeting expression of these genes could be 

used in children with HH. 

The main significance of our findings is a further understanding of the pancreatic 

expression of amylin and PP in children with HH. In HH, the expression of amylin 

and PDX-1 do not parallel that of insulin, potentially indicating a β-cell preserved 

mechanism to minimise hypoglycaemia, perhaps regulated by other transcription 
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factors. In terms of implications for patients with HH, this would mean that given the 

independent expression of amylin and insulin in HH, potential treatments targeting 

insulin overexpression would not affect amylin´s expression, as this last hormone 

has many other functions in the body. 

PP expression is comparable in controls and HH cases, so it cannot be used as a 

marker for early islet dysfunction in this condition. This is relevant for patients as it 

seems PP potentially plays no/minimal role in the glycaemic status, therefore 

researchers in the field of HH may exclude PP as a candidate in the 

physiopathology and in the development of future therapies for HH. 

However, both amylin and PP show the greatest variability in patients with DCHI, 

therefore expression studies with bigger size cohorts of pancreatic HH samples are 

needed to confirm our results.  
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4.2.1. Background 

There is minimal data on the localisation of amylin and pancreatic polypeptide in 

relation with insulin and glucagon in the pancreas of children with different types of 

HH. Hence, the aim of this chapter was to investigate the localisation of these 

pancreatic hormones using same-slide co-staining immunohistochemistry. 

4.2.2. Antibody optimisation 

Normal distribution of islet cell subtypes were confirmed employing fluorescent 

immunostaining using Alexa Fluor dyes. Primary and secondary antibody dilution 

factors were identified for all the antibodies (see Tables 11 and 12 in Methods). To 

evaluate the correct staining of the antibodies, staining distribution was assessed.   

4.2.3. Negative controls 

Negative controls for primary antibodies were done prior to optimisation of 

antibodies and are shown in Figure 20. Tissue from patients with insulinoma was 

used. No secondary antibody was added, to assess primary antibody non-specific 

staining. Images were taken under the three emission colours of the fluorescent 

microscope (red (wavelength 555-594nm), green (488nm), blue (384nm)). Nuclei 

are stained with DAPI (blue). 
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Figure 20: Confirmation of negative controls for primary antibodies.  

 

 All the slides derived from human insulinoma tissue. In each slide one primary 

antibody was used (for Insulin, amylin, GCG, PP, Neuro D1, PDX-1), without 

secondary antibody. DAPI was used before mounting. Magnification x 20 for all, 

except x 40 for PDX-1. Reference line: 20µm 

 

4.2.4. Participants 

The characteristics of the participants whose pancreatic tissue were used for IHC 

are included in Table 15. Tissue samples had been stored between 1 month and 5 

years prior to analysis. 
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Table 15: Characteristics of the participants in immunohistochemistry. 

 
Pathol 
report 

Pancreatic 
origin of 
sample 

Diagnosis Genetics 
Periop 

Treatment* 
Age at 

op 

Control 
1 

Normal Body-tail 

Hypoglyca-
-emia 

Unknown 
cause 

Heterozygous

HRAS (Costello 
Syndrome) 

Vit K, 
Lansoprazole, 

tranexamic 
acid, 

furosemide. 
Octreotide 

stopped day 
before op 

9 
months 

Control 
2 
£ 

Normal Head FCHI 
Heterozygous 

Paternal 
KCNJ11 

Glucagon 
Octreotide 

4 
months 

FCHI 1 
$ 

Focal Tail FCHI None identified 
Diazoxide 

Topiramate 
Levetiracetam 

4 
months 

FCHI 2 
 

Focal Body FCHI None identified 

Ocreotide and 
glucagon 

stopped day 
before op 

4 years 
1 month 

FCHI 3 
 

Focal Head FCHI 
Paternal 
ABCC8 

Octreotide 
1.5 

months 

DCHI 1 
€ 

Diffuse Body-tail DCHI 
Homozygous 

ABCC8 
No 

6.5 
months 

DCHI 2 
§ 

Diffuse Body-tail DCHI 
Compound 

heterozygous 
ABCC8 

No 
1.5 

months 

Pathol: Pathology. Periop: perioperative. Op: operation. *besides iv glucose infusion. 

FCHI: Focal form of HH. DCHI: Diffuse form of HH. Vit: vitamin. 
£Control 2 corresponds in RTqPCR analysis to cDNA 2 

$FCHI 1 corresponds in RTqPCR to cDNA 3 

€DCHI 1 corresponds in RTqPCR to cDNA 6 

§DCHI 2 corresponds in RTqPCR to cDNA 5 
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4.2.5. Immunohistochemistry results 

Images are presented showing each antibody stain and, if deemed useful, DAPI 

stain was also included, especially for antibody staining the nuclei (i.e. PDX-1). 

Firstly, representative images of each antibody stain in control paediatric pancreatic 

tissue will be presented, followed by images of the findings in DCHI and lastly in 

FCHI. 

 

CONTROL TISSUE 

-Individual hormones  

Each hormone antibody localised in a specific component within the paediatric 

pancreatic tissue. Insulin and amylin localised in β-cells, glucagon in α-cells, PP in 

PP-cells and PDX-1 in the nuclei of endocrine cells. The following figures show 

these localisations. 

 

Figure 21: Representative image of the localisation of insulin and amylin in 

control pancreas. (A) Insulin expressed in β-cells in two control paediatric 

pancreatic samples (red: insulin, blue DAPI: nucleus). Magnification x 10 in Normal 

1 and x 40 in Normal 2. Reference line: 20µm. (B) Amylin expressed in β-cells in 

two control paediatric pancreatic samples (red: amylin, blue DAPI: nucleus). 

Magnification x 40 in Normal 1 and x 10 in Normal 2. Reference line: 20µm. 
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Figure 22: Representative image of glucagon and PP in control pancreas. (A) 

Glucagon localising in α-cells in two control paediatric pancreatic samples (green: 

glucagon, blue DAPI: nucleus). Magnification x 40 in Normal 1 and x 10 in Normal 2. 

Reference line: 20µm. (B) PP localises in PP-cells in two control paediatric 

pancreatic samples (green: PP, blue DAPI: nucleus). Magnification x 40 in Normal 1 

and x 10 in Normal 2. Reference line: 20µm.  

 

 

Figure 23: Representative image of PDX-1 localising in the nuclei of endocrine 

cells in control paediatric pancreatic samples (green: PDX-1, blue DAPI: nucleus). 

Magnification x 40. Reference line: 20µm.  

 

 

-Co-staining of 2 hormones 

Antibodies for two different hormones were used simultaneously on control 

paediatric pancreas tissue.  

A marker to differentiate exocrine from endocrine tissue was needed. NeuroD1 

(ND1) was initially selected as a marker of endocrine tissue. ND1 showed nuclear 
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staining but some images were unclear where NeuroD1 seemed to be expressed in 

the exocrine tissue as well. Therefore NeuroD1 was no longer used and PDX-1 was 

instead used as a known β-cell marker (Melloul 2004). PDX-1 did not localise in 

other endocrine cells. Insulin and amylin clearly localised in different parts of the β-

cell. As expected, insulin and glucagon stain different islet cell subtypes; β and α-

cells, respectively. β-cells were very abundant in all sections, whereas PP-cells 

were scarce. PP did not co-localise with any of the other antibodies in control 

pancreatic tissue. Amylin did not co-localise with other hormones either. Interaction 

was repeatedly found between products in PP and PDX-1 antibody bottles. Several 

PP bottles of antibody and different secondary antibodies were tried, but whenever 

combined with PDX-1 antibody, it led to PDX-1 not staining. Interaction between 

other products/stabilisers within antibody bottles seems a plausible explanation for 

this phenomenon. However, DAPI did stain nuclei.   

Figure 24: Representative image of Neuro D1 staining nuclei in control 

paediatric pancreatic samples. (A): Co-staining with glucagon (green: Neuro 

D1, red: glucagon, blue DAPI: nucleus). Magnification x 40 in Normal 1. Reference 

line: 20µm. (B) Co-staining with insulin (green: Neuro D1, blue DAPI: nucleus). 

Magnification x 20 in Normal 2. Reference line: 20µm.  
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Figure 25: Insulin localises in PDX-1 expression cells in control paediatric 

pancreatic samples (red: insulin, green: PDX-1, blue DAPI: nucleus, turquoise: co-

localisation of DAPI and PDX-1). Magnification x 40. Reference line: 20µm.  

 
 

Figure 26: In control pancreas insulin and amylin localise in different parts of  

the β-cell (red: insulin, green: amylin). Magnification x 40. Reference line: 20µm.  
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Figure 27: In control pancreas insulin localises in the β-cells whereas 

glucagon stains α-cells. β-cells are much more abundant than α-cells (red: insulin, 

green: glucagon). Magnification x 40. Reference line: 20µm.  

 
 

Figure 28: Insulin localised in the β-cells and PP in PP-cells. Note the paucity of 

PP cells even in this sample from the head of the pancreas (red: insulin, green: PP). 

Magnification x 40. Reference line: 20µm. 
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Figure 29: Glucagon localised in the α-cells and amylin in β-cells (red: 

glucagon, green: amylin). Magnification x 20. Reference line: 20µm. 

   
 

 

Figure 30: Amylin and PP in control pancreas. It is difficult to identify areas rich in 

PP cells, hence this section was selected, although it was not particularly abundant 

in β-cells (red: amylin, green: PP). Magnification x 40. Reference line: 20µm. 
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Figure 31: Amylin and PDX-1 delimiting islet in control pancreas. DAPI images 

are included to show that PDX-1 is localised in nuclei. (red: amylin, green: PDX-1, 

blue DAPI: nucleus, turquoise: co-localisation of DAPI and PDX-1). Magnification x 

40. Reference line: 20µm.  

 
Figure 32: Localisation of glucagon and PP in control pancreas. (red: glucagon, 

green: PP). Magnification x 40. Reference line: 20µm.  
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Figure 33: The nuclei of α-cells does not seem to stain with PDX-1 suggesting 

that PDX-1 is a marker of β-cell nuclei (red: glucagon, green: PDX-1, blue DAPI: 

nuclei, turquoise: co-localisation of DAPI and PDX-1). Magnification x 40. Reference 

line: 20µm.  

 
 

 

Figure 34: Interaction between products in PP and PDX-1 antibody bottles. 

Several PP bottles of antibody and different secondary antibodies were tried, but 

whenever combined with PDX-1 antibody, it led to PDX-1 not staining. Interaction 

between other products/stabilisers within antibody bottles seems a plausible 

explanation for this phenomenon. However, DAPI did stain nuclei.  (red: PP, green: 

PDX-1, blue DAPI: nuclei). Magnification x 40. Reference line: 20µm. 
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DIFFUSE DISEASE (DCHI) 

In DCHI, insulin and amylin are differentially localised in the β-cell, without co-

localising. Glucagon is identified in α-cells and does not co-localise with other 

hormones. PP is found in PP-cells and does not co-localise with other hormones. 

PP-cells are also scarce in DCHI. PDX-1 is identified in β-cells of DCHI pancreas 

and in no other endocrine cells. 

 

 

Figure 35: Representative image of insulin and amylin staining paediatric 

sections in DCHI. (red: insulin, green: amylin). Magnification x 40. Reference line: 

20µm.  
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Figure 36: In DCHI insulin and glucagon localise in β-cell and α-cells, 

respectively, as expected. (red: insulin, green: glucagon). Magnification x 40. 

Reference line: 20µm. 

 
Figure 37: Insulin and PP staining in DCHI pancreas. (red: insulin, green: PP). 

Magnification x 40. Reference line: 20µm. 
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Figure 38: Insulin, PDX-1 and DAPI stained in DCHI pancreas. Pattern of 

staining is the same as in control pancreas (red: insulin, green: PDX-1, blue DAPI: 

nuclei, turquoise: co-localisation of DAPI and PDX-1). Magnification x 40. Reference 

line: 20µm.  

 

Figure 39: Glucagon and amylin staining α and β cells, respectively, in DCHI 

(red: glucagon, green: amylin). Magnification x 40. Reference line: 20µm.  
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Figure 40: PP cells are scarce in comparison with abundant amylin-secreting 

β-cells, also in DCHI (red: amylin, green: PP). Magnification x 40. Reference line: 

20µm. 

 

Figure 41: β-cells producing amylin with nuclei stained by PDX-1 and DAPI 

(red: amylin, green: PDX-1, blue DAPI: nucleus, turquoise: co-localisation of DAPI 

and PDX-1). Magnification x 40. Reference line: 20µm. 
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Figure 42: PP cells are difficult to find outside the head of the pancreas 

whereas glucagon is abundant throughout this organ (red: glucagon, green: 

PP). Magnification x 40. Reference line: 20µm.  

 
Figure 43: Glucagon and PDX-1 were localised in DCHI similar to control 

pancreas. The nuclei of α-cells does not seem to stain with PDX-1 suggesting that 

PDX-1 is a marker of β-cell nuclei (red: glucagon, green: PDX-1, blue DAPI: 

nucleus, turquoise: co-localisation of DAPI and PDX-1). Magnification x 40. 

Reference line: 20µm.  
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Figure 44: As in control tissue, when combining the antibodies of PP and 

PDX-1, the staining for PDX-1 does not fluoresce, although DAPI does (red: 

PP, green: PDX-1, blue DAPI: nucleus). Magnification x 40. Reference line: 20µm. 

 

 

 

 

 

FOCAL DISEASE (FCHI) 

As for control and DCHI tissue, insulin and amylin clearly occupy different parts of 

the β-cell and do not co-localise. α and β-cells are abundant in FCHI, whereas PP 

cells are scarce outside the head of the pancreas. There is no co-localisation 

between glucagon and other hormones or between PP and other hormones in FCHI. 

PDX-1 staining is preserved in FCHI, just like in control pancreata. 
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Figure 45: Representative images of insulin and amylin distributed in different 

parts of the β-cell (red: insulin, green: amylin). Magnification x 40. Reference line: 

20µm. 

 

Figure 46: Insulin and glucagon abundantly localised in FCHI (red: insulin, 

green: glucagon). Magnification x 20. Reference line: 20µm. 
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Figure 47: PP cells are known to be more infrequent outside the head of the 

pancreas. FCHI1 is a tail sample and FCHI2 belongs to the body of pancreas (red: 

insulin, green: PP). Magnification x 40. Reference line: 20µm. 

 
 

 

Figure 48: Insulin and PDX-1 in FCHI. Just from these slides it cannot be 

observed a particularly higher concentration of insulin being produced from focal 

hyperinsulinism (red: insulin, green: PDX-1, blue DAPI: nuclei, turquoise: co-

localisation of DAPI and PDX-1). Magnification x 40. Reference line: 20µm.  
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Figure 49: Localisation of glucagon and amylin in FCHI (red: glucagon, green: 

amylin). Magnification for FCHI1 x 40 and for FCHI2 x 20. Reference line: 20µm. 

 

 

Figure 50: Staining for amylin and PP in FCHI. As expected there are less PP 

cells outside the head of pancreas (FCH1: tail, FCHI2: body), (red: amylin, green: 

PP). Magnification x 40. Reference line: 20µm.  
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Figure 51: Amylin and PDX-1 in FCHI (red: amylin, green: PDX-1, turquoise: co-

localisation of DAPI and PDX-1). Magnification x 40. Reference line: 20µm.  

 

 

 

 

Figure 52: Localisation of glucagon and PP in FCHI (red: glucagon, green: PP). 

Magnification x 40. Reference line: 20µm.  
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Figure 53: PDX-1 does not stain the nuclei of α-cells in FCHI, just like in control 

tissue and DCHI (red: glucagon, green: PDX-1, blue DAPI: nucleus, turquoise: co-

localisation of DAPI and PDX-1). Magnification x 40. Reference line: 20µm.  

 

 

 

 

Figure 54: FCHI stained for PP, PDX-1 and DAPI. As in control tissue and DCHI 

when using antibodies for PP and PDX-1, the latter one does not fluoresce. (red: 

PP, green: PDX-1, blue DAPI: nucleus). Magnification x 40. Reference line: 20µm. 
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4.2.6. DISCUSSION OF IMMUNOHISTOCHEMISTRY 

This is the first study to use co-staining in the same slide for pancreatic sections in 

children with different forms of HH. Our findings indicate that the pancreatic peptides 

(insulin, amylin, glucagon, PP, PDX-1) do not co-localise in controls, FCHI or in 

DCHI children when using same slide staining. Previous publications used old 

morphological methods prior to the IHC era, which reported co-localisation of 

hormones on consecutive slides instead of, as in the present study, double staining 

on the same slide. Overlapping slides under the microscope is not an accurate 

method to assess co-localisation of hormones in the same cell subtype.  

Given that β-cells represent 70-80% (Brissova et al. 2005) of the total islet cell 

population, it was easy to identify insulin fluorescence in control and HH tissue as 

these β-cells appear in large clusters throughout the pancreas. In control tissue, 

FCHI and DCHI (Mulder et al. 1998), β-cells primarily occupy the central portion of 

islets. Previous reports have mentioned that HH have a relative increase of size 

(Falkmer, Sovik, and Vidnes 1981) and intense staining of insulin-secreting cells, 

consistent with augmented rates of synthesis (Rother et al. 1995). It was not 

possible to assess these characteristics during this study. The IHC method used did 

not specifically aim to quantify proteins in tissue -as expression has been done in 

the previous chapter with RTqPCR-. Quantifying protein can be done under the 

microscope using programs such as ImageJ, but it is not reliable, as it would require 

the same exposure and conditions for every single slide, which is difficult to 

guarantee. Limitations include small sample size as this was a preliminary study to 

characterise paediatric controls and HH. Further work is essential to understand the 

implications of pancreatic hormone protein expression changes. 

As α-cells account for 20-30% (Brissova et al. 2005) of islet cells, glucagon 

fluorescence was not usually hard to find in control or HH forms as single cells, or 

small clusters. In HH cases α-cells are found in the islet periphery, just like in control 

pancreas (Mulder et al. 1998). Glucagon-producing cells have been reported to be 

moderately decreased in size in HH (Falkmer, Sovik, and Vidnes 1981) but our 

study was unable to confirm this. Perhaps the excess of insulin, which inhibits 

proglucagon transcription, could influence α-cell size. 
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However, an important factor to consider is that islet cell composition varies within 

the different parts of the pancreas. There are few glucagon cells and large 

proportion of PP cells (Freeby, Ichise, and Harris 2012) in the uncinate process 

(head of pancreas), and conversely in the remaining pancreas.  

Amylin stains the same cells as PDX-1 in control and all forms of HH, therefore 

limited to the endocrine component of the pancreas in paediatric samples, as 

expected. This is in keeping with human foetal (Rindi et al. 1991) and adult reports 

in normal pancreas (Rotondo et al. 2003; Lukinius et al. 1989).  

When double staining a slide for insulin and amylin in control, FCHI and DCHI, it 

was interesting to observe that both hormones clearly localised in opposite sides of 

the β-cell in our infant patients. This is the first study to report these novel findings of 

insulin and amylin and their expression. This finding contradicts previous 

publications in normal human adult pancreas staining consecutive slides using light 

microscopy (Lukinius et al. 1989), immunofluorescence (Williams et al. 1992), IHC 

on embryonic stem cells (D'Amour et al. 2006), immunogold under light and electron 

microscopy for foetal pancreata and pancreatic endocrine tumours (Rindi et al. 

1991), all of which suggested co-localisation of both peptides. Only a study in foetal 

(Portela-Gomes et al. 1999) and another in adult (Tomita 2003b) pancreas have 

used double immunofluorescence staining showing insulin and amylin co-

localisation. A publication on 11 infants with DCHI, using immunogold labelling on 

serial sections under light and electron microscopy (Rindi et al. 1991) showed “co-

existence” of amylin and insulin granules in the β-cells. Publications in humans with 

T2DM using IHC (Guan et al. 2013) and immunocytochemistry (Tomita 2012) 

reported no co-localisation between the two hormones. 

In foetal and adult human studies amylin has been reported to co-localise with other 

pancreatic hormones. A study on 3 foetal human pancreata of 22 weeks gestation 

using double and triple immunofluorescence staining, showed that 35.6% of 

glucagon cells co-localised with amylin, however PP was not estimated (Portela-

Gomes et al. 1999). Also, using double and triple immunocytochemical staining on 

normal human adult islets and different endocrine neoplasms, amylin co-localised 

with glucagon and PP (Tomita 2003a). In our infant controls and HH forms co-

localisation on amylin with glucagon or PP was not identified. Explanations for this 

discrepancy could include differences in age and methodology. IHC is the most 
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appropriate method to look for co-localisation; the next step to define in more detail 

would be to use confocal microscopy with sections (z stacks). 

The amount of amylin secretion has been reported to be around 1%–10% that of 

insulin (Kahn et al. 1990). But in rats with pathologic conditions such as obesity, 

T2DM and insulin resistance, amylin secretion is aberrant, being 2-fold higher than 

insulin (Gedulin, Rink, and Young 1997). Hence, it could have been expected to find 

more amylin than insulin in our HH cases, however, the proportion of hormones was 

similar to that of the controls, in keeping with our RTqPCR results showing similar 

expression of amylin between controls and HH. Moreover, in normal and insulinoma 

tissues, different immunoreactivity staining patterns of both hormones can be found 

in the β-cells (Williams et al. 1992). In both our controls and in HH cases it was clear 

that not all the cells that stained for insulin also stained for amylin or stained with the 

same intensity for both hormones. This indicates a discordant storage of these two 

hormones in control and HH islets, in keeping with our mRNA findings of these two 

hormones not inter-depending, reflecting differences in synthesis of the two 

peptides. 

PP was quite difficult to locate on the slides of controls given its low expression 

(Brissova et al. 2005) and the fact that it appears as isolated cells or in small 

clusters of cells. Similarly, it was hard to localise in both FCHI and DCHI cases. PP 

cells are known to be more abundant in the uncinate process of the pancreas (Wang 

et al. 2013), however in our study there was no significant difference to the naked 

eye when comparing PP content between samples from different pancreatic 

locations. However, further work is required by quantitative analysis with a higher 

sample number to confirm this. 

In DCHI and FCHI, PP is located predominantly in the periphery of islets, as 

reported in normal individuals (Bertelli and Bendayan 2005). PP expression has 

been assessed in 7 infants with “nesidioblastosis” (potentially equivalent to our 

DCHI) using immunoperoxidase light IHC, and these cells were in low numbers and 

observed singly (Gould et al. 1983). To the best of our knowledge, no articles have 

specifically looked at PP IHC co-localisation in FCHI. In normal human adult islets 

and in different endocrine neoplasms, PP was found to co-localise with amylin 

(Tomita 2003b). A study in mouse islet did not show co-localisation between PP and 
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glucagon (Aragon et al. 2015). In our study, children with control, DCHI and FCHI 

showed no co-localisation with insulin, amylin or glucagon.  

As described in the previous chapter, PDX-1 was chosen as a marker of endocrine 

tissue as it stains the nuclei of β-cells (Macfarlane, Shepherd, et al. 2000). In 

chronic pancreatitis, as disease progresses, β-cell mass and staining of PDX-1 

significantly reduces (Mitnala et al. 2010). So conversely, an increase in PDX-1 

expression would be expected in HH. However, our study shows that PDX-1 

similarly stains the nuclei of β-cells in controls, FCHI and DCHI, without 

hyperfluorescence in HH. This is in keeping with our previous RTqPCR studies 

showing an equivalent PDX-1 expression between controls and HH forms. 

It is now known that incretins are also secreted from islet α-cells (Omar et al. 2014). 

In our IHC and expression studies, GLP-1 and GIP were not analysed, however 

future studies should explore if these peptides are localised in the pancreas of HH 

patients in a similar way to controls. 

As with the RTqPCR experiments, a limitation to this IHC study is sample size. 

Obtaining paediatric pancreatic tissue is difficult as pancreatectomies are nowadays 

infrequent at Great Ormond Street Hospital for Children NHS Foundation Trust 

given novel medical options. Moreover, the only ethical way to obtain “normal” 

paediatric pancreatic tissue is by selecting the tissue that has been histologically 

reported as healthy, surrounding a focal lesion. This also limits obtaining perfect 

age-matched controls, but in our study all samples are between 1.5 months and 4 

years of age. To by-pass the age-matched sample issue, the use of foetal tissue 

was considered. However it has been demonstrated that gut and pancreatic 

peptides change pre- and post-natally (Kawamata et al. 2014; Mulder et al. 1998), 

hence foetal samples cannot be used as ‘true’ controls. Studies including more 

samples would help corroborate these findings. 

 

4.2.7 CONCLUSIONS OF IMMUNOHISTOCHEMISTRY 

The relevance of this study is identifying that the staining pattern of insulin and 

amylin within the β-cell contradicts previous reports that had not used same-slide 
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double staining. Amylin does not co-localise with insulin, glucagon or PP in control 

or HH pancreas of infants. In HH tissue, amylin is limited to the endocrine 

component and it shows comparable fluorescence to controls, in keeping with our 

RTqPCR results, that indicate that the expression of amylin is independent to that of 

insulin. The clinical applicability of this finding is mainly in the field of histopathology, 

as knowing the expected distribution of hormones within the β-cell may be useful for 

pathologists when faced with pancreatic samples, such as neoplasms or 

amyloidosis. 

This study confirms that in infants, PP does not co-localise with insulin, amylin or 

glucagon in control or HH pancreata. Given the scarce amount of PP cells in the 

islets, in conjunction with the results from our previous expression studies, it seems 

that PP may have an insignificant role in glucose control.  

PDX-1 staining was equivalent between controls and HH forms, also corroborating 

the same findings observed in expression studies, hence it may be other 

transcription factors that promote insulin overproduction in HH. Future studies 

should aim to identify those transcription factors, as therapies targeting these could 

be useful in the management of HH. No IHC difference was found in the localisation 

of insulin, amylin, glucagon and PP when comparing control, DCHI and FCHI tissue. 

However, further work with an increase in sample size and quantification of 

expression will further corroborate these findings.  
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4.3.  

CIRCULATING HORMONE 

CONCENTRATIONS OF 

ENTEROINSULAR HORMONES IN 

CONTROLS AND HH CHILDREN 

DURING FAST 
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4.3.1. Background 

Circulating concentrations of pancreatic hormones and incretins, GLP-1 and GIP 

have not been fully characterised during a fast in children with different forms of HH. 

The objective of this chapter was to understand the enteroinsular interaction for 

glucose homeostasis in HH patients. Pancreatic hormones and the two incretins 

were analysed using the same multiplex assay.  

4.3.2. Characteristics of participants in this study 

Pancreatic (insulin, C-peptide, glucagon, amylin and PP) and incretin (GLP-1 and 

GIP) hormone concentrations were determined in 9 controls and 15 cases at the 

beginning (normoglycaemia) and end of a fast (hypoglycaemia in the case subjects). 

Table 16 shows the characteristics of the control subjects. 

The 9 control subjects selected for this study had normal auxology, a median age 

comparable to that of the cases and were on no medications that could interfere with 

hormone determination, at the time of their inclusion in this study. Participants CF1, 

CF3 and CF9 had transient diazoxide-responsive HH which had resolved before 

participation in this study. In all 9 children the controlled fast and other stimulation 

tests (performed at Great Ormond Street Hospital for Children NHS Foundation 

Trust and not shown in this thesis) confirmed that they did not develop 

hypoglycaemia and that their metabolic and hormone response was normal. 

Evidently, not identifying hypoglycaemia in all of the tests performed does not 

absolutely exclude its existence, but given ethical reasons by which a prolonged fast 

test cannot be performed in any individual (potential serious risks), these controls 

were the closest to healthy children that were available at Great Ormond Street 

Hospital for Children NHS Foundation Trust. 

The characteristics of the patients who undertook a fast test are included in Table 

17. Out of the 15 cases, there are 3 focal HH (FCHI) and 12 are diffuse HH (DCHI). 

The molecular diagnosis, clinical characteristics and response to treatment varies 

significantly between the patients, as indicated in the table. There are some points 

to note: Patients HS5 and HS9 were underweight, in the first case of uncertain 

cause and in the latter possibly linked to prematurity. Conversely, HS16 was 

overweight from excessive feeding to correct hypoglycaemia events. These weights 
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outside the normal range could impact the interpretation of hormones. At the time of 

investigations, all patients were on iv glucose fluids except for two, who were on 

diazoxide and chlorothiazide (first line treatment for HH) and one teenage girl who 

was non-compliant with the medication for HH. Importantly, other medications, 

especially anti-gastroesophageal reflux medications which were not stopped 48-72h 

prior this test (as specified to study participants prior investigations), were recorded 

as could interfere with interpretation of data. Likewise, many hormones produced in 

the GI tract could be affected and ultimately influence the secretion of pancreatic 

and incretin hormones. 
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Table 16. Characteristics of control subjects who have undergone controlled fast. 

ID Gender CA (decimal) Weight (SD) Height (SD) BMI (SD) Feeds Age at Presentation 

CF1 M 8.25 1.57 - - Oral 5m 

CF2¥ M 4.65 -0.84 -0.22 -0.75 Oral "Symptoms since always" 

CF3 F 0.50 -1.47 -1.98 -0.38 Oral Birth 

CF4 M 0.71 0.63 1.06 -0.18 Oral Day 2 

CF5 F 4.34 -0.21 0.71 -0.74 Oral 4 y 

CF6 M 0.50 -0.4 -0.58 -0.19 Oral Day 3 

CF7 F 5.31 0.33 0.67 0.06 Oral 5y 

CF8 F 0.36 -0.84 -0.37 -0.28 Oral Day 1 

CF9 F 0.27 -1.76 -0.84 -1.92 Oral Day 1 

Median (IQR) N/A 0.71 (4.38) -0.4 (1.17) -0.37 (0.95) -0.38 (0.51) N/A N/A 

ID: Identification. CF: Control fast. M: Male, F: Female. CA: Chronological age. BMI: Body mass index. SD: Standard deviation. y: year, m: month, wk: week, 

h: hour. IQR: Interquartile range GA: Gestational age. BW: Birth weight. N/A: Not applicable 

 

¥CF2 is the same subject that undergoes MM test CS4 (see Chapter 4.4. Table 20)  
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Continuation of Table 16: Characteristics of control subjects who have undergone controlled fast. 

ID Other medical problems Medications 
Gestational 

age 
(weeks) 

BW 
(SD) 

Asphyxia at birth  
(Y/N) 

Consanguinity 
FHx 

hypoglycaemia 
FHx 
DM 

CF1 
Epilepsy. 

Previous transient 
diazoxide-responsive HH 

Sodium 
valproate 

Term 0.52 N N N N 

CF2 
Asthma, lazy eye, soya 

allergy 
N 38 0.69 N N N 

Maternal GF: 
T2DM 

CF3 
Previous transient diazoxide 

responsive HH. 
N 35+4 -2.92 

Y, Emergency C-
section 

N N N 

CF4 

Dextrocardia, ASD, PDA, 
atrial isomerism, 
hepatomegaly. 
Hydrocephalus 

N 36+6 4.26 

Y, Emergency C-
section for maternal 

hypertension; required 
CPR 

1st cousins Older sibling 
Mother: GD 
during his 
pregnancy 

CF5 Coeliac disease N 42 0.13 N N N 
Both GF’s: 

T2DM 

CF6 N N 39+2 -0.59 N N N 
Maternal GF: 

T2DM 

CF7 
? gastritis  

 
N Term -0.26 N N N 

Paternal GF & 
paternal uncle: 

T2DM 

CF8 N N 38 -2.46 N N N N 

CF9 
Previous transient diazoxide 

responsive HH 
N 35 -1.03 N 1st cousins N N 

Median 
(IQR) N/A N/A 38 (3) 

-0.26 
(3.44) 

N/A N/A N/A N/A 

HH: Hyperinsulinism. ASD: Atrial septal defect. PDA: Persistent ductus arteriosus. BW: Birth weight. SD: Standard deviation. CPR: Cardiopulmonary 

resuscitation. N: No. Y: yes. FHx: Family history. DM: Diabetes mellitus. T2DM: Type 2 Diabetes mellitus. GD: Gestational diabetes. GF: grandfather. N/A: Not 

applicable  
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Table 17: Characteristics of patients who have undergone controlled fast.  

 

HS: Hyposcreen. HH: Hyperinsulinaemic hypoglycaemia. M: Male, F: Female. CA: Chronological age. SD: Standard deviation. y: year, m: month, wk: week, h: 

hour. BW: Birth weight. N: No. Y: yes. GA: Gestational age. BW: Birth weight. N/A: Not applicable 

*HS16 is the same patient as CC18b in stimulation test (See chapter 4.4. Table 21)  

 

ID Diagnosis Mutation 
Gend

er 

CA 
(decimal) 

investigati
ons 

Weight 
(SD) 

Height 
(SD) 

BMI 
(SD) 

Fee
ds 

Age at 
Presentation 

Gestational age 
(weeks) 

BW  
(SD) 

Asphy
xia 

HS2 Diffuse HH None found M 1.49 0.89 - - Oral 1y5m 39 0.63 N 

HS3 Diffuse HH 
Heterozygous 

ABCC8 
M 0.04 1.07 - - Oral birth 39+1 2.33 N 

HS4 Focal HH 
Heterozygous 

ABCC8 
F 0.28 0.85 - - Oral birth 38 1.42 N 

HS5 Focal HH None found M 4.08 -2.30 - - Oral 1 wk term 1.16 N 

HS6 Focal HH 
Paternal 
KCNJ11 

F 0.75 1.59 - - Oral day 1 term 2.45 N 

HS7 Diffuse HH None found M 0.03 -1.42 - - Oral first hours of life 37+6 -0.06 ?Y 

HS8 Diffuse HH None found F 0.16 0.85 - - NGT neonatal 40+5 1.61 N 

HS9 Diffuse HH None found F 0.10 -2.01 - - Oral birth 35+3 -0.74 N 

HS10 Diffuse HH 
Homozygous 

ABCC8 
M 0.45 0.58 - - Oral 2h life 36+6 4 N 

HS11 Diffuse HH None found F 2.92 -0.87 - - Oral ? 2.6 y term - N 

HS13 Diffuse HH None found F 0.74 -1.68 - - NGT 6 m 39 1.89 N 

HS15 Diffuse HH None found F 0.15 -0.03 1.8 -0.82 Oral day 3 term -0.58 N 

HS16* Diffuse HH None found F 13.81 2.35 0.63 2.26 Oral 6wk term -0.37 N 

HS20 Diffuse HH None found M 1.60 1.65 1.28 1.07 PEG - - - - 

HS21 Diffuse HH None found F 8.14 0.83 0.21 1.22 Oral 3.5 m term - N 

Median 
(IQR) 

N/A N/A N/A 
0.74 

(2.77) 
0.83 

(2.12) 
0.96 

(0.89) 
1.15 

(0.88) 
N/A N/A 38.00 (1.0) 

1.29 
(2.14) 

N/A 
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Continuation of Table 17: Characteristics of patients who have undergone controlled fast.  

 

ID Gastro meds 
Current HH 
treatment 

Responsive 
to current 
Treatment 

(Y/N) 

Diazoxide 
Responsive 

(Y/N) 

Other medications at 
time of the fast 

Pancreatectomy 
(Y/N) 

Other medical 
problems 

Consanguinity 
FHx 

hypoglycaemia 
FHx DM 

HS2 N 
20% Dex 
50ml/h 

N Y N N N N Older sister 
Both 
sides 

HS3 N 
25% Dex 

120ml/kg/day 
N N N N N N N N 

HS4 
Domperidone 
lansoprazole 

20% Dex 
125ml/kg/day 

Y N N Y, head of pancreas* M N Father ? 

HS5 N 
10% Dex 
45ml/h 

N Y 
Topiramate, 

levetiracetam, 
azithromycin 

Y, partial* Seizures N N N 

HS6 N 15% Dex N 
Only after 

2nd surgery 
N Y, 2 interventions* N N N N 

HS7 N Dextrose Y Y N N N N N N 

HS8 N 
40% Dex 
16ml/h 

Y N N N N N ? ? 

HS9 N 
30% Dex 
10ml/h 

N N N N N N N 
GM 

T2DM 

HS10 N 20% Dex N N N Y, near total*  N Third cousins N N 

HS11 N Dextrose N N N N N Second cousins N N 

HS13 N Dextrose N Y N N N N N N 

HS15 N Feeds+ Dex N 
Y, given  

after this test 
N N N N Mother N 

HS16 N 
Nil during 
admission 

N/A 
Nil during 
admission 

N N 
Multinodular 

thyroid 
N N 

Dad 
T1DM 

HS20 Ranitidine 
Diazoxide, 

chlorothiazide 
Y Y 

Topiramate, iron, 
vigabatrin 

N 
Epilepsy, 

megalocephaly 
hydrocephalus 

? ? ? 

HS21 N 
Diazoxide, 

chlorothiazide 
Y Y N N N N N N 

FHx: Family history. DM: Diabetes mellitus. T1DM: Type 1 Diabetes mellitus. Dex: Dextrose. *All pancreatectomies took place after extraction of our blood samples. 
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4.3.3. Individual values at beginning and end of fast 

The blood glucose concentrations at the beginning and end of the fast in each 

individual are illustrated in Table 18. There is a known discrepancy between 

capillary and laboratory glucose measurements due to differences in methodology 

and the impact of haemolysis.  Table 18 also includes the length of time the test 

lasted for each individual; which for DCHI and FCHI cases it meant reaching 

hypoglycaemia (blood glucose <3.0mmol/l). 

Table 18. Blood glucose concentrations and length of fast in DCHI, FCHI and 

controls. 

Hh: hours. Mm: minutes. N/A: not available 

Number of hours to 

hypoglycaemia 

Capillary blood 

glucose 
Lab glucose

Capillary blood 

glucose 
Lab glucose

(mmol/l) (mmol/l) (mmol/l) (mmol/l) (hh:mm)

HS2 4.3 N/A 2.4 N/A 01:00

HS3 4.9 6.7 2.6 2.3 01:05

HS7 4.7 4.2 2.7 2.8 02:05

HS8 9.7 9.2 2.8 2.4 02:15

HS9 N/A 3.9 N/A 2.5 00:40

HS10 6.0 N/A 2.7 2.3 06:35

HS11 4.5 N/A 3.0 N/A 02:15

HS13 N/A N/A N/A 2.5 02:50

HS15 N/A Haemolysed N/A 2.5 02:30

HS16 5.2 3.9 3.2 2.8 09:45

HS 20 4.9 N/A 2.7 2.9 12:00

HS 21 5.8 N/A 3.2 3.1 18:00

HS4 7.9 8.1 2.5 2.9 02:30

HS5 5.3 5.3 2.9 2.8 02:40

HS6 4.8 4.5 2.6 2.2 01:20

Number of hours to end 

of test

Capillary blood 

glucose 
Lab glucose

Capillary blood 

glucose 
Lab glucose

(mmol/l) (mmol/l) (mmol/l) (mmol/l) (hh:mm)

CF1 8.0 N/A 3.6 2.8 18:00

CF2 5.6 N/A 4.3 3.3 17:00

CF3 5.5 N/A 4.2 4.2 08:00

CF4 5.6 4.0 5.1 4.1 12:00

CF5 5.6 5.0 4.6 N/A 18:00

CF6 5.8 5.0 4.6 4.1 11:00

CF7 5.2 4.8 4.2 4.0 18:00

CF8 5.6 4.9 4.9 4.1 12:00

CF9 4.8 4.2 4.6 4.1 08:00

F
C

H
I

Start of fast End of fast 

C
o

n
tr

o
ls

D
C

H
I

Normoglycaemia Hypoglycaemia 
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The response of each hormone in every single participant, at the beginning and end 

of the fast, is indicated in Figures 55 to 61. The numerical values are collected in 

Appendix 2: Table 1.  

The graphs represent the hormone values for 12 children with DCHI, 3 with FCHI 

and 9 controls. 

The levels of detection for each analyte measured are: C-peptide: ≥175.251pg/ml, 

insulin: ≥137pg/ml, glucagon: ≥13.717pg/ml, amylin (total and active): ≥13.717pg/ml, 

PP: ≥2.743pg/ml, GIP: ≥1.371 pg/ml, Active GLP-1 ≥ 2.743pg/ml. 

The statistical significance is considered if p ≤ 0.05 and is represented with the * 

symbol. ** means p ≤ 0.01, and *** means p ≤ 0.001 
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Figure 55: INDIVIDUAL C-PEPTIDE CONCENTRATIONS IN A) DCHI, B) FCHI, C) 

Controls. Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 
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Figure 56: INDIVIDUAL INSULIN CONCENTRATIONS IN A) DCHI, B) FCHI, C) 

Control. Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Normoglycaemia Hypoglycaemia

500

1000

1500

2000

P
la

s
m

a
 I
n

s
u

li
n

 (
p

g
/m

l)

**

Normoglycaemia Hypoglycaemia

300

600

900

1200

P
la

s
m

a
 I
n

s
u

li
n

 (
p

g
/m

l)

Start of fast End of fast

600

1200

P
la

s
m

a
 I
n

s
u

li
n

 (
p

g
/m

l)

**

A

B

C

 Undetectable Insulin: <137 pg/ml



 
 

124 
 

Figure 57: INDIVIDUAL GLUCAGON CONCENTRATIONS IN A) DCHI, B) FCHI, 

C) Controls. Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 
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Figure 58: INDIVIDUAL TOTAL-AMYLIN CONCENTRATIONS IN A) DCHI, B) 

FCHI, C) Controls. Tables with values are in Appendix 2: Table 1. DCHI: n=12. 

FCHI: n:3. Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 
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Figure 59: INDIVIDUAL PP CONCENTRATIONS IN A) DCHI, B) FCHI, C) 

Controls. Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 

 

 

  

Normoglycaemia Hypoglycaemia

50

100

150

200
200

400

P
la

s
m

a
 P

P
 (

p
g

/m
l)

Normoglycaemia Hypoglycaemia

10

20

30

40

50

60
80

100

P
la

s
m

a
 P

P
 (

p
g

/m
l)

Start of fast End of fast

100

200

300

400

P
la

s
m

a
 P

P
 (

p
g

/m
l)

 Undetectable PP: <2.743 pg/ml

A

B

C



 
 

127 
 

Figure 60: INDIVIDUAL GLP-1 CONCENTRATIONS IN A) DCHI, B) FCHI, C) 

Controls Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 
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Figure 61: INDIVIDUAL ACTIVE GIP CONCENTRATIONS IN A) DCHI, B) FCHI, 

C) Controls. Tables with values are in Appendix 2: Table 1. DCHI: n=12. FCHI: n:3. 

Controls: n=9. p-value <0.05*, <0.01** and <0.001***. 
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4.3.4. Grouped values at the beginning and at the end of the fast 

The hormone concentrations of each group (DCHI n=12, FCHI n:3 and controls n=9) 

at the beginning and end of fast are represented in Figure 62. The median and IQR 

are represented with error bars. The numerical values can be found in in Appendix 

2: Table 1. 

The levels of detection for each analyte measured are: C-peptide: ≥175.251pg/ml, 

insulin: ≥137pg/ml, glucagon: ≥13.717pg/ml, amylin (total and active): ≥13.717pg/ml, 

PP: ≥2.743pg/ml, GIP: ≥1.371 pg/ml, Active GLP-1 ≥ 2.743pg/ml. 

The statistical significance is considered if p ≤ 0.05 and is represented with the * 

symbol. ** means p ≤ 0.01, and *** means p ≤ 0.001. 

Figure 62: Grouped hormone concentrations in normo- and hypoglycaemia in 

DCHI (diamond) and FCHI (triangle); beginning and end of fast in Controls 

(circle). A. Insulin; B. Glucagon; C. C-peptide; D. Total amylin; E. PP. F. Active 

GLP-1. G. GIP. Error bars indicate median and IQR. Tables with numerical values 

are in Appendix 2: Table 1. The levels of detection for each analyte measured are: 

C-peptide: ≥175.251pg/ml, insulin: ≥137pg/ml, glucagon: ≥13.717pg/ml, amylin (total 

and active): ≥13.717pg/ml, PP: ≥2.743pg/ml, GIP: ≥1.371 pg/ml, Active GLP-1 ≥ 

2.743pg/ml.  DCHI: n=12. FCHI: n:3. Controls: n=9. P<0.05*, <0.01**, 0.001***. 

(Full Figure in the next page) 
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Figure 62: Grouped hormone concentrations. Levels of detection for each 

analyte in Y axis. 
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4.3.5.- Correlation of fast values 

The correlations between hormones in each category of participants (DCHI n=12, 

FCHI n:3 and controls n=9) are depicted in the graphs in Figure 63 (Graphs A – U). 

The correlation values were obtained from the difference between normo- and 

hypoglycaemia state, as previously described in the thesis “Investigating the role of 

gut hormones in energy and glucose homeostasis” by Dr Sofia A. Rahman at UCL 

(page 160). The numerical values of these graphs are included in Appendix 2: Table 

2. 

Statistically significant values are written in red and a trend towards significance in 

orange. 
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Figure 63 (A – D). Correlation 

analysis between circulating 

hormone concentrations in 

DCHI, FCHI and Controls. 

Values taken from the difference 

between normoglycaemia and 

hypoglycaemia. 

A. Correlations between plasma 

insulin and C-peptide in the three 

groups.  

 

B. Correlations between plasma 

glucagon and C-peptide in the 

three groups. 

 

C. Correlations between plasma 

total amylin and C-peptide in the 

three groups. 

 
 

D. Correlations between plasma 

PP and C-peptide in the three 

groups. 

Spearman´s r takes values 

between -1 and +1. P<0.05 is 

statistically significant. DCHI 

n=12, FCHI n=3, Controls n=9.  
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Figure 63 (E – H). Correlation 

analysis between circulating 

hormone concentrations in DCHI, 

FCHI and Controls. Values taken 

from the difference between 

normoglycaemia and hypoglycaemia. 

E. Correlations between plasma total 

amylin and insulin in the three 

groups.  

 

F. Correlations between plasma total 

amylin and glucagon in the three 

groups. 

 

 

G. Correlations between plasma total 

amylin and PP in the three groups. 

 

 

H. Correlations between plasma 

glucagon and PP in the three groups. 

Spearman´s r takes values between -

1 and +1. P<0.05 is statistically 

significant. DCHI n=12, FCHI n=3, 

Controls n=9.  
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Figure 63 (I – L). Correlation 

analysis between circulating 

hormone concentrations in 

DCHI, FCHI and Controls. 

Values taken from the difference 

between normoglycaemia and 

hypoglycaemia. 

I. Correlations between plasma 

insulin and glucagon in the three 

groups.  

 

J. Correlations between plasma 

insulin and PP in the three 

groups. 

 

K. Correlations between plasma 

insulin and GIP in the three 

groups. 

 

L. Correlations between plasma 

C-peptide and GIP in the three 

groups. 

Spearman´s r takes values 

between -1 and +1. P<0.05 is 

statistically significant. DCHI 

n=12, FCHI n=3, Controls n=9.  

 

DCHI    FCHI    Controls 
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Figure 63 (M – P). Correlation 

analysis between circulating 

hormone concentrations in 

DCHI, FCHI and Controls. 

Values taken from the difference 

between normoglycaemia and 

hypoglycaemia. 

M. Correlations between plasma 

GIP and glucagon in the three 

groups.  

 

N. Correlations between plasma 

GIP and PP in the three groups. 

 

O. Correlations between plasma 

GIP and Total amylin in the three 

groups. 

 

P. Correlations between plasma 

GIP and Active GLP-1 in the 

three groups. 

Spearman´s r takes values 

between -1 and +1. P<0.05 is 

statistically significant. DCHI 

n=12, FCHI n=3, Controls n=9.  

 

DCHI    FCHI    Controls 
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Figure 63 (Q – U). Correlation 

analysis between circulating 

hormone concentrations in 

DCHI, FCHI and Controls. 

Values taken from the difference 

between normoglycaemia and 

hypoglycaemia. 

Q. Correlations between plasma 

insulin and Active GLP-1 in the 

three groups.  

R. Correlations between plasma 

C-peptide and Active GLP-1 in 

the three groups. 

S. Correlations between plasma 

glucagon and Active GLP-1 in the 

three groups. 

T. Correlations between plasma 

PP and Active GLP-1 in the three 

groups. 

U. Correlations between plasma 

Total amylin and Active GLP-1 in 

the three groups. 

Spearman´s r takes values 

between -1 and +1. P<0.05 is 

statistically significant. DCHI 

n=12, FCHI n=3, Controls n=9.  
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Figure 63 (V – Z1). Correlation analysis between circulating hormone 

concentrations and glucose in DCHI, FCHI and Controls. Values taken from the 

difference between normoglycaemia and hypoglycaemia. 

 

V. Correlations between plasma insulin and glucose in the three groups.  

W. Correlations between plasma glucagon and glucose in the three groups. 
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X. Correlations between total amylin and glucose in the three groups. 

Y. Correlations between plasma PP and glucose in the three groups. 

Z. Correlations between Active GLP-1 and glucose in the three groups. 

Z1. Correlations between GIP and glucose in the three groups. 

Spearman´s r takes values between -1 and +1. P<0.05 is statistically significant. 

DCHI n=12, FCHI n=3, Controls n=9. 

 

 

4.3.6 DISCUSSION OF HORMONE DETERMINATION DURING THE FAST  

Our findings show that, HH cases are able to fast very short time before developing 

hypoglycaemia, compared to the controls. Also, as per definition of HH, insulin and 

C-peptide are still detectable at the time of hypoglycaemia in HH cases. DCHI 

seemed to have higher concentrations of both hormones than FCHI. Controls show 

lower levels of both hormones at the end of the test despite normoglycaemia. 

Glucagon was undetectable in most HH cases, as previously known. Interestingly, 

total amylin concentration decreases in HH cases as opposed to the increase 

observed in controls, in keeping with the independent regulation mentioned in 

previous chapters (RTqPCR and IHC). PP levels remained similar during the fast in 

HH children (also in concordance with our RTqPCR and IHC findings), whereas in 

controls there is a slight incremental tendency during the fast. GIP and GLP-1 

concentrations were higher in controls than in cases; and in all groups both 

hormones decrease during the fast. 

The efficacy of MILLIPLEX MAP (Millipore, UK) assay in the determination of 

pancreatic hormones has been proven in infants and adults (Pendharkar et al. 2016; 

Breij et al. 2016; Kawamata et al. 2014). This is the first cross sectional study to 

successfully analyse pancreatic and incretin hormones in children with different 

forms of HH, using a small amount of blood and a multiplexing assay.  

A comparison has been made between our obtained pancreatic and incretin values 

and those published in the literature. A degree of variation would be expected from 
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differences in methodology (Vilsboll et al. 2001), times of sampling (number of 

minutes after a specific meal), collection of specimens (i.e. haemolysis) and 

characteristics of the subjects collected. The concentrations of pancreatic and gut 

hormones change considerably during the first months of life and depending on the 

diet (Breij et al. 2016), hence caution must be exerted when comparing results. 

The median chronological age and gender distribution of the controls made them 

comparable with the cases. As previously described, given ethical reasons by which 

a prolonged fast test cannot be performed in any individual (potential serious risks), 

these controls were the closest to healthy infants and children available at Great 

Ormond Street Hospital for Children NHS Foundation Trust. Other studies of 

hypoglycaemia in children have used the same approach to recruit controls 

(Palladino et al. 2009). Another point to take into consideration is that two of the 

cases (HS4 and HS20) had not stopped anti-gastroesophageal medication prior to 

sample collection; hence results in them must be carefully considered as could 

interact with enteroinsular hormone determination. In the first patient, high insulin 

levels were detected at hypoglycaemia and in the latter patient (also on diazoxide 

medication), insulin levels were undetectable. However, GLP-1, and GIP values 

were average in both cases, compared to other HH and controls, at both beginning 

and end of the fast, indicating virtually no/little influence of anti-reflux medication. 

The route of feeding delivery has also been documented given that a direct and 

abrupt delivery of nutrients into the gut could promote a different response of ghrelin 

released from the stomach (Dezaki, Kakei, and Yada 2007), and incretins [GLP-1 

and GIP] released from the small intestine, which will subsequently impact insulin 

secretion (Lindgren et al. 2014). Patients HS8 and HS13, both fed via nasogastric 

tube (NGT), show incretin and insulin levels at the beginning and end of the fast 

comparable to the rest of the DCHI children. Conversely, patient HS20, fed through 

percutaneous endoscopic gastrostomy (PEG) tube, did have one of the highest 

baseline GIP and insulin concentrations, possibly linked to the direct abrupt stomach 

administration of feeds. PP, amylin and glucagon in these three patients were 

normal. 

Given that a genetic mutation has only been identified in 4 HH cases (2 

heterozygous ABCC8, 1 homozygous ABCC8 and 1 paternal KCNJ11 gene 
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mutation), it was not possible to perform correlation studies between genetics and 

hormone response. 

Insulin  

The baseline insulin concentrations of the controls in this study are twice higher than 

those reported in a study in healthy children 90 minutes postprandially (Huml et al. 

2011), which could be explained by inter-assay differences and differences in 

protocols as that study was done in children aged 10-16 years after a standardised 

breakfast. Fasting levels in healthy infants of 3 and 6 months of age obtained similar 

results to ours (Breij et al. 2016). Studies in healthy children have found no 

correlation between insulin levels with gender or age or anthropometry (Wilasco et 

al. 2012).  

The individual and grouped value graphs show how in both types of HH and in 

controls, insulin concentrations tend to decrease as the time of fasting increases, 

but in HH (both FCHI and DCHI), insulin is still inappropriately detectable at the time 

of hypoglycaemia (Hussain and Aynsley-Green 2000).  

It has been proven that the level of insulin during hypoglycaemia in HH patients 

does not relate to the severity of the disease (Aynsley-Green et al. 2000), however 

in our DCHI the concentrations of insulin and C-peptide are higher than in the other 

groups. 

A meta-analysis has reported that glucose concentrations are not correlated with 

appetite feelings (hunger/satiety) (Flint et al. 2007), whereas insulin concentrations 

are inversely correlated with these feelings (de Graaf et al. 2004), albeit many 

metabolic processes confound this relationship. Experiments with exogenous 

administration of insulin produce an anorectic effect (Schwarz et al. 1992). It makes 

sense that in control individuals after several hours of fast, insulin concentrations 

tend to decrease, hence stimulating food ingestion.   

Diazoxide is the first line treatment for HH (Aynsley-Green et al. 2000) commonly 

used in combination with chlorothiazide (Aynsley-Green et al. 2000). The two 

patients on diazoxide and chlorothiazide are cases HS20 and HS21, who despite 

the medication developed hypoglycaemia with undetectable insulin concentration in 
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the first case and detectable in the second, indicating the need to increase the dose 

of diazoxide further. This can be explained by the fact that insulin´s half-life in 

plasma is 5-10 minutes, whereas C-peptide´s is 30-35 minutes (Matthews et al. 

1985); and patient HS20 has undetectable insulin concentration but detectable C-

peptide concentration at the time of hypoglycaemia. This is the reason why C-

peptide is generally measured in hypoglycaemic screens, in case insulin is 

undetectable. 

C-peptide  

During hypoglycaemia, C-peptide decreases in FCHI and DCHI but remains 

inappropriately detectable, as seen with insulin, once again in keeping with the 

diagnosis of HH (Hussain and Aynsley-Green 2000); expected as both are secreted 

from the β-cell.  Because it has a longer half-life than insulin (Waldhausl et al. 1979), 

it is a reliable indicator of hyperinsulinism when insulin concentrations are not 

detectable. In controls, C-peptide concentrations decrease over time but remain 

detectable, as hypoglycaemia does not develop. 

Baseline C-peptide concentrations in our control samples fall within the range 

published in a series in normal postprandial healthy children (Huml et al. 2011). 

Glucagon  

In most HH cases, glucagon is undetectable at the time of hypoglycaemia (Hussain 

et al. 2005), which is in keeping with our RTqPCR results showing decreased 

expression. It has been speculated that prolonged hyperinsulinaemia exposure 

leads to α-cell blunted glucagon production (Mellman, Davis, and Shamoon 1992). 

When HH patients are subcutaneously infused with glucagon, the circulating levels 

are higher than the own endogenous production, and ultimately lead to an increased 

blood glucose concentration, likely through glycogenolysis stimulation (Jiang and 

Zhang 2003). 

In controls, although normoglycaemia is maintained throughout the fast, the median 

glucagon level tends to increase at the end of the fast, which is thought to be 

stimulating hepatic glycogenolysis and gluconeogenesis to guarantee 

normoglycaemia. 
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Amylin 

There is uncertainty regarding the secretion profile of amylin (Mitsukawa et al. 

1990). This is the first study to look at amylin concentrations in children with different 

forms of HH.  

Measurement of active amylin was the initial aim, but the Multiplex assay was 

unable to detect its concentrations, hence the decision to determine total amylin 

concentration instead. 

In controls, total amylin tends to increase throughout fasting, indicating an 

independent secretion of this hormone and insulin. This is in keeping with our 

previous RTqPCR and IHC results. Interestingly, the concentrations of total amylin 

decreases in both forms of HH at the time of hypoglycaemia. This response could 

be explained by two possible mechanisms. Firstly, amylin is co-secreted in the same 

granules with insulin from the β-cell, and the former facilitates the effect of the latter; 

hence the production of both decreases in a parallel manner indicating some - 

although not total - appropriate β-cell response to hypoglycaemia in patients with 

HH. Secondly, amylin is known to have an anorectic effect (Lutz et al. 2001),(Lutz et 

al. 1995), (Chapman et al. 2005; Arnelo et al. 1996), therefore its concentration may 

decrease during hypoglycaemia to avoid it’s anorectic effect and promote food 

ingestion to alleviate the low blood glycaemia. Therefore, in contrast to insulin´s 

response in HH, the response of amylin in this condition seems appropriate; also 

shown in our previous experiments. So that in the face of hypoglycaemia there is 

accelerated gastric emptying to augment available glucose supply promptly 

(McCann and Stricker 1986; Schvarcz et al. 1995) and at the same time amylin’s 

suppressive effect on this process is inhibited (Gedulin and Young 1998).   

In order to compare our control values, several studies were identified. A study has 

reported fasting concentrations in neonates (term and preterm) also using a bead 

array (Kawamata et al. 2014), but this study analysed active amylin instead of total. 

Another study published the results in healthy neonates of over 28 weeks of 

gestational age in the umbilical cord and on day 5 of life in the Guthrie card 

(Kairamkonda et al. 2005). These results are almost identical to ours and to those 

found in healthy paediatric and adult populations (Akimoto et al. 1993; Mitsukawa et 

al. 1990), (Koda et al. 1992; Rink et al. 1993; Reda, Geliebter, and Pi-Sunyer 2002).  
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Interestingly, two further studies in healthy children were identified, however the 

characteristics of these were very different to our study, and their values very 

different too. Comparison between our baseline total amylin concentrations and the 

postprandial ones (90 minutes post standardised breakfast) (Huml et al. 2011) 

showed that our concentrations were around 10 times lower, which could be 

explained by inter-assay differences, feeds (components, volume, time between 

feeds) and age differences as the study by Huml et al included children aged 10-16 

years and the methodology does not specify if it is total or active amylin being 

measured (Huml et al. 2011). When comparing our fasting total amylin 

concentrations to “pre-prandial” concentrations published in another study 

(Papastamataki et al. 2014), ours were significantly lower, however that study did 

not specify how many hours of fast were labelled as “pre-prandial”. 

Some transient forms of HH are due to gestational diabetes (GD) in the mothers. A 

study in infants of mothers with GD showed that amylin concentrations were 

significantly increased in blood from the umbilical cord and Guthrie metabolic 

screening test (Kairamkonda et al. 2005). Given that during gestation these babies 

are exposed to maternal hyperglycaemia that stimulates their insulin production, it is 

possible that it also stimulates endogenous amylin production. Once born, these 

infants are often found to have feeding problems that could perhaps be explained by 

these higher amylin concentrations. As neonatal time goes by, the 

hyperinsulinaemia resolves and so does the hyperamylinaemia, coinciding with the 

resolution of the feeding problems observed in that cohort of patients.  

In our study the only one subject who had been born to a mother with GD (CF4) had 

the highest amylin concentration at the end of the fast, which was a value similar to 

those reported by Kairamkonda et al (Kairamkonda et al. 2005). However subject 

CF4 was 0.71 years at the time this fast was performed (where he fasted 12 hours 

without developing hypoglycaemia), so the effect of GD would not be expected to 

last that long. Therefore, in our study no extrapolation can be made between GD in 

mothers and amylin concentrations in their babies. 

Amylin concentration has also been reported in other pathological states. It is 

low/absent in children and adults with T1DM (Huml et al. 2011), and it progressively 

decreases in T2DM as the β-cells fail. Whenever insulin is hyper-secreted, amylin 

will be hyper-secreted as well, like in overweight children (Fisher et al. 2007), 
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insulin-resistance states (Rink et al. 1993), in delayed gastric emptying (e.g. early 

stages T2DM) (Hoppener, Ahren, and Lips 2000), and also following bariatric 

surgery (Shin et al. 2010). Interestingly, it is not the case in HH, as it has been 

shown herein. 

Pancreatic polypeptide  

In HH patients, the trend of PP concentrations is to remain stable or to mildly 

decrease from normo- to hypoglycaemia. Conversely, in controls the median PP 

concentration tends to increase with fasting, however in some individuals PP 

decreases. There are no previous studies that have measured plasma PP 

concentrations in children with HH. Two different studies in healthy children reported 

pre-prandial (Papastamataki et al. 2014) and postprandial concentrations (Huml et 

al. 2011) almost identical to our control results. A study (Lomenick et al. 2009) 

showing postprandial concentrations 1.7 times lower than ours was identified. Also, 

another study in healthy infants obtained similar fasting PP concentrations to us at 3 

and at 6 months (Breij et al. 2016). Similarly, fasting results obtained at 10 weeks in 

preterm babies were similar to ours (Kawamata et al. 2014). 

Despite the controversy with regards to the relationship between excessive weight 

and PP, our only overweight patient (HS16) showed PP values similar to other HH 

cases. So this study agrees with most publications that show that fasting PP 

concentrations are the same in obese and lean children (Lomenick et al. 2009), as 

seen in adults (Batterham, Cohen, et al. 2003). 

Previous studies have demonstrated a minimal or absent influence of PP over 

insulin release and glucose homeostasis (Adrian et al. 1978; Fujimoto 1981; 

Batterham, Le Roux, et al. 2003), possibly explaining why the results of this study do 

not show a specific pattern for PP. More recent studies do suggest a role for PP in 

islet glycaemic control (Khan et al. 2017; Aragon et al. 2015) and in increasing 

hepatic sensitivity to insulin and decreasing the amount of glucose produced by the 

liver (Brunicardi et al. 1996).  Although PP is known to have an anorectic effect in 

the CNS, the fact that its plasma concentration is scarcely affected by 

hypoglycaemia in HH, seems to suggest that PP has a limited, if any, role on 

glycaemic control. Different types of receptors for PP are expressed throughout the 

body tissues where PP exerts different actions; and PP receptors are also known to 
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exist in the exocrine pancreas (Larhammar 1996) where it may have a paracrine 

role.  

Patients HS8 and HS13 were fed via NGT and HS20 via PEG at the time of this 

study. The first and last one show remarkably high baseline PP concentrations. A 

possible explanation could be the effect of that type of enteral feed delivered directly 

into the stomach, where it stimulates ghrelin cells. Subsequently, the feeds reach 

the duodenum and jejunum, the sites where CCK, motilin and secretin are 

principally produced. These 4 gastrointestinal hormones are a known stimulus for 

PP production (Wren and Bloom 2007), explaining the rise of PP levels following 

NGT and PEG feeds. 

A study (Kawamata et al. 2014) reported that mean concentrations of insulin, amylin 

and PP do not change significantly after birth and up to the first 10 weeks of life. In 

our study as well, no differences in the concentration of these 3 hormones were 

found between the different ages. 

Gut hormones 

Gut hormones have been thoroughly investigated in the last decade, but some 

aspects of their role in glucose homeostasis are still being examined. GLP-1 and 

GIP have also been demonstrated to be secreted from the islets (Omar et al. 2014; 

Fujita et al. 2010) and exert the same paracrine effect on the β-cell as the gut 

equivalents. 

GLP-1 

Active GLP-1 decreased throughout fast in HH and in controls, possibly reflecting an 

expected response to avoid insulin-release drive. In DCHI and in FCHI the GLP-1 

concentrations at the beginning of the fast are much lower than in controls, perhaps 

as an adaptive mechanism to minimise insulin release. In keeping with this, recently, 

our group described that the expression of GLP-1 degrader DPP-4 is up-regulated in 

DCHI (Rahman et al. 2015). This could have the purpose to inhibit GLP-1-mediated 

islet proliferation in HH, but could also be an adaptive response to hyperinsulinism 

or to the continuous feeds some of these patients receive (Rahman et al. 2015). 
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Other authors have reported how GLP-1 concentrations in neonates peak at a week 

of life with fasting levels higher than those in adults (Padidela et al. 2009) potentially 

reflecting immaturity of the DPP-4 enzyme and reduced kidney clearance. Our 

control results are identical to those pre-prandial ones depicted at 4 weeks of life in 

preterm babies (Kawamata et al. 2014) and to those reported for fasting adults 

(Orskov et al. 1994). It is interesting that the fasting values are so similar when the 

fasting period in adult studies is over 8 hours (Orskov et al. 1994) whereas in 

paediatric studies this could be reduced to 2-3 hourly feeds (Padidela et al. 2009). 

Conversely, postprandial results in healthy teenagers (Huml et al. 2011) have been 

reported to be 1.4 times lower than in our study. This could be due to the difference 

in age and feed regime as our controls are mainly neonates, infants and children. 

Our study results show that at the time of hypoglycaemia, patients with HH have 

GLP-1 values similar or higher than controls. As GLP-1 is known to stimulate insulin 

release, our finding confirms the role for therapies targeting GLP-1 in HH. GLP-1 

receptor antagonists have been recently trialled for a cohort of adult HH patients 

(Calabria et al. 2012). It was anticipated that these promising agents would be 

extended to larger groups of paediatric HH cases with the aim to prevent insulin 

secretion. However, the infusion administration appears to limit the likelihood of its 

use as an effective treatment against HH, unless a different way of administration is 

identified. 

GIP 

GIP concentrations decrease by the end of the fast in controls and in HH cases. The 

concentrations of GIP at the start of the fast are higher in controls than in HH cases, 

so just like in GLP-1, potentially reflecting a self-regulating mechanism in the face of 

excessive exposure to insulin. Our control results are similar to fasting results in 

healthy infants at 3 months (range: 133.0-350.8pg/ml) and slightly lower to those at 

6 months (range 201.5-421.1pg/ml) (Breij et al. 2016). Our results are also identical 

to those of another study on fasting results achieved at 10 weeks of life in preterm 

babies (Kawamata et al. 2014). By 10 weeks of life, the initial rise in GIP would have 

returned to baseline levels, which are similar concentrations to those observed in 

adults.  
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Postprandial results in healthy teenagers have been reported to include a wide 

range (range: 2.70-348.30) (Huml et al. 2011), very similar to our baseline GIP 

values. 

Correlations  

As DCHI is the largest sample size group, it has higher probability of achieving 

statistical significance. With the present assay, glucagon concentrations were 

undetectable for most HH cases, hence it was not possible to calculate correlations 

with other hormones in these patients. However, using the controls, significant 

correlation of glucagon could not be found with insulin, C-peptide, total amylin, PP, 

GIP and GLP-1. Despite the small number of samples with detectable glucagon, it 

was possible to obtain a significant negative correlation between C-peptide and 

glucagon in FCHI. This was expected as C-peptide is the precursor of insulin, which 

exerts opposing effects to glucagon.   

As previously published, a positive linear correlation can be seen between insulin 

and C-peptide in controls (Huml et al. 2011), and in individuals with HH, being 

statistically significant for DCHI participants. As another publication in healthy 

children (Huml et al. 2011), our study also found a positive correlation trend between 

insulin and total amylin in controls, which reached statistical significance in DCHI. As 

expected, a strong correlation was found between insulin and active GLP-1 in DCHI, 

however not present between insulin and GIP. As GLP-1 and GIP stimulate insulin 

release, a correlation between the former and the latter would have been expected –

however GIP exerts a weaker influence (Orskov et al. 1994). A study in neonates 

did not identify correlation between GLP-1 and insulin (Padidela et al. 2009). 

There is a strong significant correlation between C-peptide and total amylin in DCHI, 

as previously published in controls (Huml et al. 2011), as C-peptide is a precursor of 

insulin which is co-secreted with insulin in the β-cell. The positive correlation 

observed between C-peptide and GIP in controls was not clearly found in the HH 

groups, however a significant correlation between C-peptide and GLP-1 was found 

for DCHI. 

A significant positive correlation was found between insulin and amylin in DCHI, and 

the same trend for control subjects.  Another study in healthy neonates also 
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identified a positive correlation between amylin with insulin, as well as with 

increasing gestational age and birth weight (Kairamkonda et al. 2005). This 

correlation makes sense as both hormones are co-secreted in the same granules 

from the β-cell. Significant correlation was found in controls between circulating total 

amylin and PP, and albeit not significant, it was also found in FCHI; such 

relationship has also been reported in T1DM (Huml et al. 2011). No correlation was 

found between total amylin and GIP, however it was found between total amylin and 

active GLP-1 in DCHI. This is interesting as a paediatric study found a positive 

correlation between amylin levels with GLP-1 in T1DM, but not in controls (Huml et 

al. 2011). This perhaps indicates a GLP-1 – amylin relationship when there is an 

abnormal glycaemic state. 

No correlation was found in our study between PP and insulin, C-peptide, GIP or 

GLP-1. Also, another study in children also shows no correlation between PP with 

fasting insulin (Lomenick et al. 2009). This differs from another study which found a 

positive significant correlation between PP and GIP in healthy and T1DM children 

(Huml et al. 2011). An explanation for the discrepancy could be the differences in 

the study groups and the assays used. As expected, there was a significant positive 

correlation between GLP-1 and GIP in controls, not replicated in HH forms. 

 

4.3.7 CONCLUSIONS OF HORMONE DETERMINATION DURING THE FAST 

One of the relevant findings of this study is that there is a distinct amylin response to 

fast in HH cases and in controls, as amylin in HH does not complement insulin´s 

glycaemic effects, as it does in control individuals. It is possible that amylin’s 

secretion in HH decreases to avoid enhancement of hypoglycaemia and to stimulate 

food intake. The implications of this could potentially translate into researchers 

exploring new drugs targeting amylin to minimise/overcome the hypoglycaemia in 

HH patients.  

The concentrations of PP in HH children are reported here for the first time, where 

these do not show a specific pattern in the face of hypoglycaemia. The significance 

of this is that it corroborates the little, if any, role of PP on glucose regulation. 
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Therefore, this translates into an expected absent therapeutic potential of PP agents 

for HH patients. 

The results of plasma incretins presented in our study are relevant to characterise 

the responses of these hormones in children with HH, as new treatments targeting 

incretins are being developed not only for DM but also for HH. Active GLP-1 and 

GIP concentrations are higher in controls than in HH cases, but in all groups, these 

decrease by the end of the fast. A strong correlation was found between insulin and 

active GLP-1 in DCHI, however this was not present between insulin and GIP. 

Future research investigating safety of incretin antagonists in children with HH and 

alternative ways of administration (other than injectable) of these agents are lines of 

investigation to be taken forward. 
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4.4.  

CIRCULATING 

CONCENTRATIONS OF 

ENTEROINSULAR HORMONES IN 

CONTROLS AND HH CHILDREN 

DURING ORAL GLUCOSE 

TOLERANCE AND MIXED MEAL 

TESTS 
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4.4.1. Background 

To fully characterise the response of pancreatic and gut hormones to different feeds 

in children with different forms of HH, stimulation tests were performed. 

 

4.4.2. Characteristics of participants in this study 

Pancreatic (insulin, C-peptide, glucagon, amylin and PP) and incretin (GLP-1 and 

GIP) hormone concentrations were determined in 6 controls and 8 cases during 

stimulation tests. These tests included Mixed Meal (MM) and Oral Glucose 

Tolerance Test (OGTT). The cases included different forms of HH including 

dumping syndrome and postprandial hyperinsulinism (PPHH). The controls included 

had reported symptoms of postprandial hypoglycaemia. The molecular diagnosis 

and clinical characteristics vary significantly between the patients. Table 19 shows 

the characteristics of the control subjects and Table 20 those of the HH patients. 
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Table 19. Characteristics of control subjects who have undergone stimulation tests. 

Test ID Gender CA (decimal) 
Weight 

(SD) 

Height 

(SD) 

BMI  

(SD) 
Feeds 

Age at 

Presentation 

 

O
G

T
T

 

 

CS10 M 
12.31 1.11 

- - Oral 18 m 

CS11 M 
9.75 1.43 

- - Oral 10 m 

CS9b 
M 

2.61 -1.85 -1.72 -1.31 
Oral 

Day 1 

M
M

 

 

CS13 
M 

4.2 0.74 0.37 1.04 
Oral 

4 y 

CS6a 
F 

10.68 1.03 0.08 1.46 
Oral 

6y 

CS4¥ 
M 

4.65 -0.84 -0.22 -0.75 
Oral "Symptoms since 

always" 

Median 
(IQR) 

N/A 
N/A 

7.20 (6.14) 0.88 (1.53) -0.07 (0.74) 
0.14 

(2.03) 
N/A 

N/A 

ID: Identification. CF: Control fast. M: Male, F: Female. CA: Chronological age. BMI: Body mass index. SD: Standard deviation. y: year,  

m: month, wk: week, h: hour. IQR: Interquartile range. N/A: Not applicable 

 
¥ CS4 is the same subject that undergoes controlled fast test CF2 (see Table 17) 
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Continuation of Table 19. Characteristics of control subjects who have undergone stimulation tests. 

ID Other medical problems Medications 
Gestational 

age 
(weeks) 

BW  
(SD) 

Asphyxia at birth  
(Y/N) 

Consanguinity 
FHx 

hypoglycaemia 
FHx 
DM 

CS10 
N N Term 2.78 N N Brother 

Maternal 
grandparents 

CS11 N N 38 2.9 N N Brother 
Maternal 

grandparents 

CS9b 

Peter’s plus anomaly, 
constipation 

gastroesophageal Reflux 
disease 

(Nissen’s+Gastrostomy 2012). 
Short stature 

Baclofen 
Dexamethasone 
+ Maxitrol eye 
drops. Sodium 
picosulphate 

Carmellose eye 
drops 

35+4 
Not 

available 
N N N N 

CS13 N N 40+4 “Normal” N N N N 

CS6a 
Ulcerative colitis, obesity, 

multiple food allergies 
N* 34 0.26 N N N N 

CS4 Asthma, lazy eye, soya allergy N 38 0.69 N N N Mat GF T2DM 

Median 
(IQR) 

N/A N/A 38.00 (4) 
1.74 

(2.55) 
N/A N/A N/A N/A 

HH: Hyperinsulinaemic hypoglycaemia. ASD: Atrial septal defect. PDA: Persistent ductus arteriosus. BW: Birth weight. SD: Standard deviation. CPR: 

Cardiopulmonary resuscitation. N: No. Y: yes. FHx: Family history. DM: Diabetes mellitus. T2DM: Type 2 Diabetes mellitus. GD: Gestational diabetes. GF: 

grandfather. N/A: Not applicable 

* Stopped sodium chromoglycate, sulfasalazine, lansoprazole and azathioprine 3 days before test 
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Table 20. Characteristics of HH patients who have undergone stimulation tests. 

ID: Identification. CF: Control fast. M: Male, F: Female. CA: Chronological age (decimal). Ix: investigations. BMI: Body mass index. GA: Gestational age. BW: 

birth weight. SD: Standard deviation. y: year, m: month, wk: week, h: hour. IQR: Interquartile range. *CC32 had a pancreatectomy prior to this OGTT. 
§Dump5a and Dump5b are the same patient who had different tests at different times 

**CC18b is the same patient as HS16 in the fast (see Table 18) 

  

Test ID Diagnosis Mutation Gender 
CA at 

time of ix 
 

Weight 
(SD) 

Height 
(SD) 

BMI 
(SD) 

Feeds 
Age at 

Presentation 
GA 

(weeks) 
BW 
(SD) 

Asphyxia 

OGTT 
 

CC32* HH-Atypical None found M 
9.55 0.13 1.18 -0.66 

Oral D2 39 
1.18 

N 

CC31 HH-DCHI HNF4A F 
6.5 -0.06 1.37 -1.09 

Oral D1 Term 
2.26 

N 

Dump6c 
HH due to 
dumping 

Not 
investigated 

M 
1.58 -2.71 -2.59 -1.13 

Oral 4 months 37+2 
-0.44 

N 

CC18b 
** 

HH-DCHI None found F 
14.06 2.28 0.51 2.23 

Oral 6 weeks Term 
-0.37 

N 

M M 
 

Dump5b
§ 

HH due to 
dumping 

Not 
investigated 

F 
10.13 -2.6 -2.7 -1.02 Gastrostomy: daytime 3 

bolus feeds & Overnight 
continuous feeds 

Unknown as 
adopted 

Term 
-1.81 

Y 

Dump7b HH due to 
dumping 

None found M 
4.61 -3.47 -2.46 -1.76 Day: oral. O/N: 

Continuous feeds 
through PEG 

Neonatal 
36+6, 
twin 1 

-2.4 
Y 

PPHH1b 
PPHH 

Not 
investigated 

F 
13.31 -0.93 -1.32 -0.3 

Oral 5y Term 
-0.67 

N 

Dump5a
§ 

HH due to 
dumping 

Not 
investigated 

F 
9.68 -2.81 -2.67 -1.21 Gastrostomy: daytime 3 

bolus feeds & Overnight 
continuous feeds 

Unknown as 
adopted 

Term 
-1.81 

Y 

Median 
(IQR) 

N/A N/A N/A N/A 
9.61  

(4.89) 
-1.76 
(2.72) 

-1.89 
(3.28) 

-1.05 
(0.58) 

N/A N/A 
38  

(0.2) 
-0.55 
(1.82) 

N/A 
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Continuation of Table 20. Characteristics of HH patients who have undergone stimulation tests. 

ID Gastro meds 
Current 

HH 
treatment 

Responsive 
to current 
Treatment 

(Y/N) 

Diazoxide 
Responsive 

(Y/N) 

Other 
medications 

Pancreatectomy 
(Y/N) 

Other medical problems Consanguinity 
FHx 

hypoglycaemia 
FHx DM 

CC32 N Feeds Y N N 
Subtotal in 1st year 

of life 
N N N N 

CC31 N Feeds Y Y N N N N N 
MODY in 
paternal 
family 

Dump6c N Feeds Y Not tried 
Iron. GH 

restarted after 
this test 

N 
GORD  Nissen’s, double 

sided vagotomy, 
pylorotomy, PEG. GHD 

N N N 

CC18b N 
N, as non-
compliant 

N Y N N N N N 
Dad: 

T1DM 

Dump5b§ 
Lansoprazole Feeds Y Not tried 

Melatonin, Na 
bicarb, Na 

cromoglycate, 
Ketotifen 

N 

Ch. 7del, autism, develop 
delay, slow growth. 

Difficulty swallowing  
Nissen’s and PEG  

N 
Unknown as 

adopted 

Unknown 
as 

adopted 

Dump7b 
N Feeds 

N, so had to 
restart 

diazoxide 
Y 

GH, Cetirizine, 
Ketotifen, 
Betnovate 

N 

GORD  Fundoplication 
and gastrostomy. Total 
anomalous pulmonary 

venous drainage. Brain: 
loss white matter, infarct in 

left putamen, small AP. 
GHD 

N N N 

PPHH1b 
N Feeds Y 

Y, stopped 
as side 
effects 

N N N N 
Mum, mat GF 
and mat aunt 
have PPHH 

N 

Dump5a§ Lansoprazole Feeds Y Not tried 
Ketotifen, 
melatonin 

N 

Ch. 7del, autism, develop 
delay, slow growth. 

Difficulty swallowing  
Nissen’s and PEG  

N 
Unknown as 

adopted 

Unknown 
as 

adopted 

HH: Hyperinsulinaemic hypoglycaemia. ASD: Atrial septal defect. PDA: Persistent ductus arteriosus. BW: Birth weight. SD: Standard deviation. CPR: 
Cardiopulmonary resuscitation. N: No. Y: yes. GH: Growth hormone. GHD: Growth hormone deficiency. FHx: Family history. DM: Diabetes mellitus. T1DM: 
Type 1 Diabetes mellitus. GD: Gestational diabetes. GF: grandfather. Develop: developmental. §Dump5a and Dump5b are the same patient who had different 
tests at different times 
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4.4.3. Values during the stimulation tests of Oral Glucose Tolerance and Mixed 

Meal. 

The hormone response to Mixed Meal (MM) and Oral Glucose Tolerance (OGTT) 

tests are included in this section, in Figure 64 and Figure 65, respectively. Graphical 

representation includes the values obtained by each individual, then grouped by 

controls versus cases and finally, the analysis of the area under the curve (AUC) in 

cases versus controls. The numerical values are included in Appendix 2: Tables 3-4 

(OGTT), Tables 5-6 (MM). 

The blood glucose concentrations obtained by capillary determination are also 

included in Figure 64 for the OGTT and in Figure 65 for the MM tests. For patients 

with HH, the hypoglycaemia cut-off was blood glucose ≤ 3.5mmol/l, whereas the cut-

off for controls was <3.0mmol/l. However, during the stimulation tests the control 

children did not develop hypoglycaemia. 

The percentage of increase of insulin during the stimulation tests is collected in 

Appendix 2: Table 7 and it was calculated using the formula: (peak mean - baseline 

mean)/baseline mean*100 

The levels of detection for each analyte measured are: C-peptide: ≥175.251pg/ml, 

insulin: ≥137pg/ml, glucagon: ≥13.717pg/ml, amylin (total and active): ≥13.717pg/ml, 

PP: ≥2.743pg/ml, GIP: ≥1.371 pg/ml, Active GLP-1 ≥ 2.743pg/ml. 

Error bars represent the median and IQR. Statistical significance is considered if p ≤ 

0.05 and it is included in each graph. 
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Figure 64: Hormone 

concentrations during an Oral 

Glucose Tolerance Test 

(OGTT) in 3 controls and 4 

cases.  

Grouped and Area Under the 

Curve values are depicted as 

median + IQR. A) Capillary blood 

glucose. B) C-peptide. C) Insulin. 

D) Glucagon. E) Active amylin. F) 

PP. G) Active GLP-1. H) GIP. 

AUC (Area Under Curve) Tables 

with values are in Appendix 2: 

Tables 3-4. P value, if significant, 

is included in each graph. 
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Figure 64: Hormone 

concentrations during an Oral 

Glucose Tolerance Test 

(OGTT) in 3 controls and 4 

cases.  

Grouped and Area Under the 

Curve values are depicted as 

median + IQR. A) Capillary blood 

glucose. B) C-peptide. C) Insulin. 

D) Glucagon. E) Active amylin. F) 

PP. G) Active GLP-1. H) GIP. 

AUC (Area Under Curve) Tables 

with values are in Appendix 2: 

Tables 3-4. P value, if significant, 

is included in each graph. 
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Figure 64: Hormone 

concentrations during an Oral 

Glucose Tolerance Test 

(OGTT) in 3 controls and 4 

cases.  

Grouped and Area Under the 

Curve values are depicted as 

median + IQR. A) Capillary blood 

glucose. B) C-peptide. C) Insulin. 

D) Glucagon. E) Active amylin. F) 

PP. G) Active GLP-1. H) GIP. 

AUC (Area Under Curve) Tables 

with values are in Appendix 2: 

Tables 3-4. P value, if significant, 

is included in each graph. 
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Figure 65: Hormone 

concentrations during a 

Mixed Meal Test (MM) in 3 

controls and 4 cases. 

Grouped and Area Under the 

Curve values are depicted as 

median + IQR. A) Capillary 

blood glucose. B) C-peptide. 

C) Insulin. D) Glucagon. E) 

Active amylin. F) PP. G) 

Active GLP-1. H) GIP. AUC 

(Area Under Curve). 

Numerical values are included 

in Appendix 2: Tables 5-6. P 

value, if significant, is included 

in each graph 
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4.4.4.  GLP-1/GIP ratio  

A previous study suggested an increased GLP-1/GIP ratio in the atypical form of HH (Shi et al. 2015). In the present study this ratio was 

analysed in atypical, diffuse, controls and dumping cases during an OGTT.  This ratio was also analysed during a MM in controls and dumping 

syndrome and PPHH cases.   

The incretin ratio during stimulation tests is represented in Figure 66. Tables with values are in Appendix 2: Table 8. Cases: n = 4, Controls: n = 

3. The levels of detection for each analyte measured are: GIP: ≥1.371 pg/ml, Active GLP-1 ≥ 2.743pg/ml.  
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Figure 66: Incretin ratio during stimulation tests. A) Active GLP-1/GIP through out OGTT in each individual. B) AUC (Area Under Curve) of 

ratio Active GLP-1/GIP through out OGTT in the different groups of patients. C) Active GLP-1/GIP through out MM in each individual. D) B) AUC 

of ratio Active GLP-1/GIP through out MM in the different groups of patients.  
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4.4.5 DISCUSSION OF HORMONE DETERMINATION IN STIMULATION TESTS 

Our results show that in control subjects OGTT triggers a more potent response 

than MM for glucose, insulin, amylin, PP, GLP-1 and GIP. However, in HH cases it 

is MM that leads to higher concentrations of all these analytes.  

Unlike many paediatric publications that only show hormone determinations pre 

and/or postprandially, this study assessed pancreatic and gut hormones at several 

intervals following a meal ingestion so as to obtain a dynamic curve.  

Given the different composition of OGTT and MM preparations, the mechanism of 

action differs. Enteral amino acids administered in the MM stimulate insulin, 

glucagon and PP production; and fat stimulates insulin and PP release. For some 

forms of HH, such as PPHH and dumping syndrome, there is controversy regarding 

whether OGTT or MM is the most appropriate test to make the diagnosis. 

Traditionally, OGTT has been the most used, but it lacks specificity as it induces 

hypoglycaemia more frequently (Brun et al. 1995), whereas MM can be unreliable 

as it may not induce hypoglycaemia in subjects with clinical PPHH (Brun et al. 

1995). The standardised hyperglucidic breakfast test (2070 KJ with 9.1% protein, 

27.5% lipid and 63.4% carbohydrate), may be a more realistic tool with greater 

specificity to diagnose PPHH in adults (Brun et al. 1995). However, the latter test 

could not be used in this study as the paediatric equivalent has not yet been 

standardised. 

The influence of pancreatectomy on pancreatic and incretin hormones could be 

studied during OGTT in case CC32 who had a previous subtotal excision of the 

pancreas. This case had undetectable PP and glucagon levels, as most PP and α 

cells would have been extracted in the surgery. Also, insulin, C-peptide and amylin 

were still detectable as they were being overproduced in the β-cells in the remaining 

HH-affected pancreas. 

Glucose, C-peptide and insulin 

Albeit the numbers of participants are small, it seems that in HH forms MM triggers a 

more hyperglycaemic response than OGTT, a higher C-peptide and insulin 

response; all in the context of MM generating a more robust incretin release.  
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Conversely, in controls, glycaemia is more robustly stimulated by OGTT than MM, 

but with C-peptide and insulin concentrations equitable in both tests.  

It was interesting to find in control CS9b such a high glucose concentration at 30-60 

minutes of OGTT, in the range of what has been labelled as “indeterminate” for 

patients with cystic fibrosis. However, this patient has remained euglycaemic until 

now. The rest of controls displayed an adequate glycaemic response to OGTT, 

similar to that published for other paediatric controls (Palladino et al. 2009). Our 

dumping case (Dump6c), as expected, developed hypoglycaemia caused by 

simultaneous inappropriate insulin and C-peptide levels. Insulin remains detectable 

throughout the test for controls and cases, with excessive values for case CC18b. 

Other paediatric studies have also published fluctuating insulin levels that are 

detectable from 10 to 90 minutes of the OGTT (Palladino et al. 2009). 

Our controls showed a glucose response to MM similar to that reported in literature 

in healthy female adolescents where glucose hovers between 4.4-6.6 mmol/l (Stock 

et al. 2005). The insulin pattern in our controls is also similar to that reported in the 

literature where it peaks within a few minutes of MM ingestion and then decreases 

by 60 minutes (Stock et al. 2005). MM only triggered hypoglycaemia in case 

Dump5a.  

An acute early robust insulin release is more effective than the overall total 

circulating insulin concentrations to control postprandial glycaemia (Groop, 

Melander, and Groop 1993). Adults show a mean postprandial insulin concentration 

369% increase over fasting levels (Karl, Young, and Montain 2011). Similarly, our 

study is the first to report this value in control children, where there is an increase of 

220% and 432% following an OGTT and MM, respectively. After an OGTT, 60% of 

the insulin release response has been estimated to be caused by the insulinotropic 

effect of incretins (Nauck et al. 1993). Even studies in healthy adults using mixed 

breakfast meal, glucose response is similar to our MM oscillating between 5-

7mmol/l, peaking by 50 minutes and then gradually decreasing (Vilsboll et al. 2001). 

In a similar fashion, that study showed insulin and C-peptide rising from baseline 

and peaking by 45-50 minutes (Vilsboll et al. 2001), as in our study.  
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Glucagon 

In controls, both OGTT and MM are potent suppressors of glucagon release. 

Interestingly, in HH patients, MM does not suppress glucagon release. Just as for C-

peptide and insulin, MM triggers an unexpected response in HH cases not observed 

in controls. An explanation could be that as glucagon is already dysregulated in HH, 

the enteral amino acids included in the MM stimulate an even more aberrant 

glucagon production (Lindgren et al. 2014). No previous studies reporting the 

concentrations of glucagon during stimulation tests in children were identified, 

however in healthy adults glucagon levels during OGTT decrease from 55-60 pg/ml 

at baseline to 48 pg/ml at 120 minutes, after which they increase to baseline value 

by 180 minutes (Muscelli et al. 2008). 

Amylin 

There is uncertainty regarding the secretion profile of amylin and its relationship with 

insulin and C-peptide in response to stimuli (glucose and non-glucose). Our assay 

did not detect active amylin in most controls during OGTT, but it did in the MM. 

However, in HH cases, amylin showed higher levels in MM, once again in keeping 

with the observed higher insulin, C-peptide and glucagon. Some data has been 

published regarding amylin in normal individuals with concentrations quickly rising 

after a meal (OGTT or MM) (Butler et al. 1990; Koda et al. 1992), peaking within 60 

minutes and declining within 4 hours (Koda et al. 1992).  

The 90 minute post standardised breakfast amylin value has been reported in 

normal healthy children (Huml et al. 2011), although that study does not specify if it 

is total or active amylin measured. When compared to our 90-minute active amylin 

measurement during the MM it is 5 times higher to our controls, but similar to our 

HH cases. 

The circulating amylin concentrations correlate with gastric emptying (Mayer et al. 

2002).  This is delayed in feed-intolerant babies and children in whom amylin is 

increased (Kairamkonda et al. 2008; Mayer et al. 2002). HH children often have 

feeding issues, including retching, food refusal, lack of appetite, gastroesophageal 

reflux, hence frequently requiring the administration of feeds through NGT or 

gastrostomy. During our fast, patients HS8, HS13, HS20 had to be fed this way, and 
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amylin was the highest in the first case, but not in the other two cases. However, 

during the MM test, cases Dump5b and Dump7b, who were fed on continuous 

overnight feeds, had the highest amylin levels, similar to those published for feed-

intolerant preterm babies (Kairamkonda et al. 2008) and children (Mayer et al. 

2002), in keeping with a slower gastric emptying.  

Pancreatic polypeptide 

As with the previous hormones, in children with HH, MM exerts a stronger stimulus 

over PP secretion than OGTT. On the whole, the behaviour pattern of PP during 

OGTT and MM is similar in HH patients to controls, likely reflecting a limited role of 

PP in glucose regulation. In our MM as in other studies in adults, postprandial PP 

concentrations peak at 15 (Meryn, Stein, and Straus 1986) to 180 minutes (Weyer, 

Salbe, et al. 2001) after a meal followed by a slow decline over 1-2 hours, with 

values similar to our study. PP has been analysed in lean and obese 7 to 11 year-

olds following a MM. The study showed an increase of postprandial PP 

concentrations in both, but more marked in obese patients. In our study there was 

only one case that was overweight (CC18b) and in the OGTT she did not 

demonstrate high PP concentrations. In adults there is discrepancy regarding the 

postprandial response in lean versus overweight individuals, as some studies show 

no difference (Meryn, Stein, and Straus 1986; le Roux et al. 2006) versus others 

showing higher PP concentrations in overweight individuals (Weyer, Salbe, et al. 

2001). The hypothesis involves lower DPP-4 activity leading to rise of PP 

concentrations in overweight individuals (Reinehr et al. 2010). Anyhow, the 

differences in PP secretion cannot intrinsically draw the conclusion of a causative 

role of PP for weight gain (Lomenick et al. 2009).   

OGTT studies in adults show a similar pattern of waxing and waning (Tsuda et al. 

1980), although in our study PP concentrations were quite stable, very modestly 

performing the biphasic postprandial pattern described (Schwartz 1983), similar to 

another study in children showing little changes in concentration with the approach 

of the next meal (Lugari et al. 2004). Higher PP values than those reported in adults 

(Hanukoglu, Chalew, and Kowarski 1990) were initially expected, as the serum 

DPP-4 activity is higher in adults (Lugari et al. 2004). But as the median ages of our 

controls and cases are 7.2 and 9.6 years, respectively, it could be that the DPP-4 

activity at this age is similar to that of adulthood.  
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The atypical case (CC32) was the only one who had undetectable PP 

concentrations throughout the OGTT. This may be explained by the previous 

subtotal pancreatectomy this case had, which may have included the uncinate 

process as well -richest area in pancreas of PP cells- (information not specified in 

the surgical notes). It would be interesting to determine PP concentrations in other 

confirmed atypical HH cases that have not been pancreatectomised, to verify the 

normal production of PP. 

It seems the PP peak could be attenuated by rapid eating (Karl, Young, and Montain 

2011), but this could not be verified in our study as all the participants took the meal 

as a bolus. Also, the magnitude of PP release seems to be significantly influenced 

by the flavour, where sweet palatable stimuli elicits the greatest rise in PP compared 

to salty palatable stimuli (Teff 2010). In the present study it was not possible to 

attribute differences in PP pattern to this fact as both, Lucozade® and Paediasure 

Plus® -for OGTT and MM respectively-, have a sweet taste. 

Lastly, there is recent interest in PP as a marker of pancreatic endocrine reserve 

(Rickels et al. 2013), but data remains controversial. On one hand, in chronic 

pancreatitis postprandial PP concentrations, with and without coexisting DM, are 

decreased (Andersen et al. 1980; Brunicardi et al. 1996). Hence recent guidelines 

specify that an absent PP response to a MM is an indicator of impaired glucose 

homeostasis after chronic pancreatitis and pancreatic cancer (Rickels et al. 2013). 

However, raised fasting and post OGTT levels of PP have been reported in children 

and adults with T1DM (Huml et al. 2011; Tsuda et al. 1980). High PP could be 

attributed to the hyperglycaemia in T1DM, as PP has been shown to increase 

hepatic sensitivity to insulin and decrease the hepatic production of glucose 

(Brunicardi et al. 1996). This last study showed improvement in glucose tolerance 

following PP infusion, opening the field of knowledge of PP’s role in pathogenesis of 

DM caused by chronic pancreatitis (Brunicardi et al. 1996). 

GLP-1 

Our HH cases clearly had higher GLP-1 levels than controls during the MM. But 

most of our cases had similar GLP-1 to controls in the OGTT. A study in children 

aged 4 months to 13 years, with dumping syndrome after Nissen’s fundoplication, 

OGTT revealed exaggerated GLP-1 response (Palladino et al. 2009), which would 
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contribute to insulin surge and subsequent hypoglycaemia. The same article states 

that the response to a MM is the same, but no control group was used (Palladino et 

al. 2009). 

The response of GLP-1 to OGTT and MM differs in children to adults (Palladino et 

al. 2009). In healthy adults GLP-1´s response to OGTT and MM is more marked 

with a 2-3 fold (Vilsboll et al. 2001) surge 30 (Muscelli et al. 2008) - 60 (Nauck et al. 

1993) - 90 minutes (Orskov et al. 1994) post ingestion and returning to baseline 

within 2-3 hours (Ranganath et al. 1998).  Our control CS9b during the OGTT did 

show an identical GLP-1 pattern to that published in a study in healthy adults with 

levels peaking by 30 minutes (Muscelli et al. 2008) and returning to baseline within 

2-3 hours (Ranganath et al. 1998). However this pattern is not so clearly replicated 

in paediatric controls where GLP-1 in an OGTT study was twice our value at 10 

minutes and had declined to baseline by 60 minutes (Palladino et al. 2009), as 

opposed to ours that required 2-3 hours. Another study determined the 90-minute 

post-standardised breakfast value in healthy teenagers, which is quite similar to our 

90 minute MM result. 

GLP-1 is the gut hormone that has been more thoroughly investigated in HH (Shi et 

al. 2015; Calabria et al. 2012; De Leon et al. 2003). In 2 patients with atypical HH (1 

subject had an OGTT and the other a 20-minute post Nutrini Peptisorb® 

determination) had higher postprandial GLP-1 and also GLP-1:GIP ratio than 

patients with DCHI, FCHI or transient HH (Shi et al. 2015). In our study, CC32, our 

only confirmed atypical HH case, had the highest GLP-1, but also the highest GIP 

with levels only slightly higher than in other HH cases. In this atypical case, the 

GLP-1:GIP ratio was not higher than in other HH forms during the OGTT, actually 

showing a GLP-1:GIP ratio lower than in controls. The GLP-1:GIP ratio during MM 

was not statistically significantly different in cases to controls. In the same study (Shi 

et al. 2015) 11 patients with FCHI, DCHI and transient HH showed increase of both 

GIP and GLP-1 from baseline (4 hour fast) to postprandial (+20 minutes), without 

differences between the forms of HH at any time point (Shi et al. 2015). The 

difficulties with that study (Shi et al. 2015) were that participants received different 

feeds, were sampled at different time points and numbers in each subgroup were 

small. Although there were no FCHI cases in our study that undertook a stimulation 

test -as this test is not needed in the diagnostic process of FCHI- the response of 

DCHI, dumping and PPHH to OGTT is equivalent to controls.  
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Our three cases of dumping showed high GLP-1 and GIP on MM, as the altered gut 

anatomy post-surgery modifies the release of incretins. High postprandial GLP-1 

levels leading to PPHH (with pancreatic nesidioblastosis) have also been reported in 

patients following gastric bypass (Service et al. 2005).  

It has been said that the shorter gut and faster transit time of neonates could mimic 

dumping syndrome (Padidela et al. 2009). In neonates at 1 week of life, GLP-1 is 

higher to adults whilst fasting, at 20 and 60 minutes following a MM with means 100-

200 pg/ml higher than in our HH cases (Padidela et al. 2009). This is explained by 

the immaturity of the DPP-4 enzyme and the reduced kidney clearance. Perhaps 

this indicates that feeds stimulate a higher GLP-1 release in neonates to adults, as 

incretins may play a role in adaptation to post-natal enteral feeding. 

GIP 

Our study shows that MM exerts a more robust stimulation of GIP in HH patients 

(dumping syndrome and PPHH) than OGTT, just as with the aforementioned 

hormones. On the contrary, in controls GIP levels obtained after OGTT and MM 

were similar, which is probably explained by the composition of OGTT containing 

more glucose than MM, but no lipids. The quantity of GIP produced depends 

predominantly on the amount of glucose intake, however fat ingestion stimulates 

GIP release too (Elliott RM 1993). Our group had previously reported idiopathic 

PPHH in children for the first time (Guemes, Melikyan, et al. 2016), however plasma 

incretin concentrations were not measured then. In the present study there was one 

patient with idiopathic PPHH (PPHH1b) who had one of the highest GIP responses 

to MM, likely to be responsible for the PPHH manifestations. 

As previously reported in healthy adults, our MM also shows, that GIP circulates in 

10-fold higher concentrations than GLP-1 (Orskov, Wettergren, and Holst 1996), as 

the latter one is more potent (Orskov, Wettergren, and Holst 1996). Our values for 

GIP during OGTT are 1.5 times higher than those described in healthy adults 

(Muscelli et al. 2008), also peaking between 30 to 120 minutes. This makes sense 

as DPP-4 has less activity in children; hence GIP concentrations are expected to be 

higher to adults. In adults GIP concentrations decrease at 120-180 minutes 

(Ranganath et al. 1998), however in our children it takes longer, which is also 

thought to be due to the DPP-4 reduced activity.  
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Our values for the MM are almost identical to the published ones for healthy female 

adolescents (Stock et al. 2005). Another study in healthy teenagers that only 

determined the 90 minute post standardised breakfast value (Huml et al. 2011) 

obtained a very broad range, within which our 90 minute MM values fall in. 

One would expect GIP concentrations to show a mild increase after meals in 

children with long-standing HH, to avoid excessive insulin secretion. However this 

study demonstrates increased concentrations of GIP, as if there was a loss of 

negative feedback from the β-cell. Our findings are in keeping with those on a small 

group of patients with different forms of HH (Shi et al. 2015) in whom GIP also 

increased postprandially. Even in children with long-standing duration of T1DM GIP 

levels behave as expected, as following a standardised breakfast where they 

remained significantly elevated (Huml et al. 2011) to compensate for the β-cell 

destruction. 

GIP has been described to stimulate glucagon response (Fieseler et al. 1995). That 

can be appreciated in the OGTT case CC32, and in the MM cases Dump7c and 

Dump5b, who had the highest GIP values and also higher glucagon and 

subsequently higher glycaemia responses. 

 

These plasma hormone concentration studies have several limitations, which will 

now be discussed. Although this study followed a uniform protocol, keeping 

homogeneous methodology conditions (nutrient meal, time points of sampling, etc.), 

there is variation in the hormone values obtained depending on the technique 

employed. For instance, a study compared GIP and GLP-1 concentrations after 

ingestion of a mixed breakfast meal using two different assays (C00H-terminal 

versus NH2-terminal antiserum) and obtained not only different numerical results but 

also different peak time points (Vilsboll et al. 2001). On the same note, both OGTT 

and MM have intra and inter-individual variation >15%, making it difficult to replicate 

results. Albeit careful selection of non-macroscopically visible haemolysed samples 

was exerted, and the discrepancy regarding haemolysis effect in immunoassay 

measurements, the degree of its effect cannot be guaranteed. For C-peptide 

measurement a haemolysis correction equation has been validated (Wu, Lu, and Xu 
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2016), which is unavailable for all our other peptides. Therefore, it is important to 

obtain conclusions from the overall trends obtained. 

Given the cross-sectional study design, inferences cannot be drawn as to whether 

the changes in circulating hormone concentration cause derangements in glycaemic 

state or are a consequence of it. Therefore, the hypotheses obtained in this thesis 

need to be tested in other experimental designs. 

Our sample size is not big and even though our cases and controls have very similar 

ages, in terms of gender comparison there is discrepancy between the groups. 

Anyhow, it is quite rare to come across subjects that require these stimulation tests, 

which limits the sample collection. Also, only two of the cases experienced 

hypoglycaemia (blood glucose <3.5mmol/l) during the tests (Dump5a in MM and 

Dump 6c in OGTT). This is because it is common for postprandial dumping to be 

intermittent and hence the difficulty in achieving hypoglycaemia during stimulation 

tests, as seen in other publications (Calabria et al. 2016). The high insulin 

concentrations in response to OGTT and MM plus the clinical follow-up of these 

patients with persisting hypoglycaemia, suggests the condition has not resolved. 

In this study blood samples were collected during 3 hours. It is possible that 

prolonged OGTT or MM up to 5 or more hours could detect hypoglycaemia and/or 

other responses in the analysed peptides. This study measured up until time 180 

minutes aiming for homogeneity in the sample so that all patients had the same time 

points analysed -as not all the time points over 3 hours were collected in all 

participants-.  

Lastly, as the neonatal feeding pattern is more frequent than that of adults, GIP and 

GLP-1 would be expected to be stimulated to a greater level than adults. Also DPP-

4 expression is lower in children; both factors contribute to greater concentrations of 

these hormones at younger ages. Our participants that have undergone stimulation 

test have ages that range from 1.6-14.1 years, making it difficult to extract 

conclusions when the age range is quite wide.  
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4.4.6 CONCLUSIONS OF HORMONE DETERMINATION DURING STIMULATION 

TESTS 

This study highlights that in HH cases, MM test triggers a more potent response 

than OGTT for: glucose, insulin, amylin, PP, GLP-1 and GIP and it does not 

suppress glucagon. Conversely, in control subjects, it is the OGTT that triggers a 

more powerful response for all these hormones. An implication of this finding for 

patients is that this can help the clinician decide which test is more suitable for each 

indication. Another potential applicability is diet management in children with HH, 

whereby if fat and protein contained in the MM have proven to release insulin so 

powerfully in HH patients, perhaps modifying the administration of these two 

nutrients (for instance avoiding fat and protein in the same meal) whilst aiming for a 

balanced diet, could complement the management of HH. A necessary future step 

to be performed is validating the paediatric equivalent of the adult standardised 

hyperglucidic breakfast test, which is reported to have a higher specificity in the 

diagnosis of postprandial forms of HH. Another relevant finding is that the pattern of 

PP during OGTT and MM is similar in HH patients to controls. This, once again, 

suggests a limited glucostatic role of PP, which is important to be known by 

researchers in the field of HH.  

This study adds further characterisation about incretin release during stimulation 

tests. GLP-1 and GIP are normally released in HH as in controls after OGTT; 

suggesting that these incretins are only released in excess in HH cases following a 

MM. The development of agents blocking incretin release will benefit patients with 

HH. Lastly, idiopathic PPHH in children can be explained by raised GIP 

concentrations during the MM test. Therefore, these patients could also be tried on 

GIP blocking drugs. 
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4.5.  

INSULIN CLEARANCE STUDIES 
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4.5.1. Background 

Insulin is eliminated from the circulation by the liver. Albeit there are highly complex 

kinetic models to calculate Insulin hepatic clearance / extraction (IHE) (Dickson et al. 

2017; Uwaifo et al. 2002), C-peptide:insulin molar ratio is a widely used accurate 

estimator (Henry, Brechtel, and Griver 1988) as it is clinically available. The reason 

being is that C-peptide is secreted in equimolar amounts with insulin from the β-cell, 

but -as opposed to insulin- it does not have hepatic extraction and has a constant 

peripheral clearance (Gower et al. 2002).  

IHE values have been reported in adults (Hilton et al. 2001) and neonates (Salis et 

al. 2016) but not in healthy children under 6.2 years (Uwaifo et al. 2002). Also, it has 

not been investigated if IHE is preserved in children with HH as it would seem 

logical for IHE to be augmented in these patients to compensate for the circulating 

hyperinsulinaemia. Hence the aim of this chapter was to identify the values for IHE 

in controls and HH cases. 

 

4.5.2. Results 

The molecular weights of human insulin (5793.602 g/mol) and of human C-peptide 

(2751.863 g/mol) according to www.pubchem.ncbi.nlm.nih.gov were used to 

calculate the C-peptide:insulin molar ratio. C-peptide and insulin data in controls and 

cases at fasting and during OGTT and MM (see previous chapters) was used to 

calculate IHE. Liver function was normal in all the participants included.  

Results of C-peptide:insulin molar ratio in cases and controls, at fasting point and 

during OGTT and MM are shown in Figure 67. Numerical values are collected in 

Appendix 2: Table 9. C-peptide:insulin molar ratio is shown whilst fasting in each 

individual (B) and in groups (A), with no clear difference in IHE. C-peptide:insulin 

molar ratio in each individual throughout OGTT (C) and MM (D) indicates no 

differences in IHE. The area under the curve (AUC) calculated from IHE fasting and 

stimulation tests does not show significant differences between controls and cases 

(E-H). 
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Secondly, correlation was sought between C-peptide:insulin molar ratio versus 

chronological age and versus weight in controls and in children with HH. This is 

represented in Figure 68. Only fasting data was used for this analysis. Given that 

many HH patients are under the age of 1 year, this cut-off age has been used to 

distribute groups. Note that there are not many controls under the age of 1 year. As 

HH cases are more numerous, in these, results show that IHE increases with age 

and weight gain. 

 

 

Figure 67: C-peptide:insulin molar ratio in cases and controls. A) Comparison 

of fasting hepatic insulin clearance in controls (in blue, n =15) and cases (in red, 

FCHI n=3, DCHI n=14, atypical HH n=1, Dumping + PPHH n=5). B) Individual 

measurements of C-peptide:insulin molar ratio in controls, FCHI, DCHI, Atypical and 

Dumping + PPHH. C) C-peptide:insulin ratio calculated at singular time points after 

the ingestion of OGTT and D) after the ingestion of MM. E) C-peptide:insulin molar 

ratio calculated from the concentrations in the basal state (fasting) and using the 

integrated areas of insulin and C-peptide concentrations after OGTT and MM in 

controls. F) C-peptide:insulin ratio calculated from the concentrations in the basal 

state (fasting) and using the integrated areas of insulin and C-peptide 

concentrations after OGTT and MM in cases. G) Comparison of AUC C-

peptide:insulin molar ratio during OGTT for controls versus cases. H) Comparison of 

AUC C-peptide:insulin molar ratio during MM for controls versus cases. Error bars 

indicate median + IQR. Any statistical significance identified is included in the 

graphs. (Figure is in the next page) 
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Figure 67: C-peptide:insulin molar ratio in cases and controls.  
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Figure 68:  Scatter plots representing C-peptide:insulin molar ratio versus 

chronological age and versus weight in controls and in children with HH; 

values taken whilst fasting. Statistical significance and trend are included in each 

chart. A) Correlation between C-peptide:insulin molar ratio versus chronological age 

(years) in Controls. B) Correlation between C-peptide:insulin molar ratio versus 

chronological age (years) in Cases. C) Correlation between C-peptide:insulin molar 

ratio versus weight (kg) in Controls. D) Correlation between C-peptide:insulin molar 

ratio versus weight (kg) in Cases. 

Numerical values are collected in Appendix 2: Table 9. 
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4.5.3. DISCUSSION OF INSULIN HEPATIC CLEARANCE STUDIES 

Our findings show that IHE is maintained in HH patients. IHE is not constant as it 

depends on physiological circumstances, glucose ingestion and hepatic insulin 

delivery (Polonsky and Rubenstein 1984). It could then be presupposed that 

children with HH, caused by excessive β-cell insulin secretion and with normal liver 

function, should have an increased IHE. The explanation for the preserved IHE in 

HH patients is that IHE calculation is the result of dividing the mols of C-peptide by 

insulin, both of which are raised in HH patients. That is why the result of this ratio is 

not raised as it is not only C-peptide that is elevated. 

IHE has been mainly studied in obese adults (Henry, Brechtel, and Griver 1988; 

Hilton et al. 2001) and also in children over the age of 9.5 years and shown to be 

lower in the African American compared to Caucasian ethnicity (Gower et al. 2002). 

In obese children and adults, hyperinsulinaemia is primarily caused by reduced IHE 

(Escobar et al. 1999; Uwaifo et al. 2002), not by a primary β-cell defect. The cause 

of this reduced IHE is not fully understood, but it reverses upon weight loss (Escobar 

et al. 1999). 

In our study, when comparing individual time points (fasting) it could seem as if IHE 

was slightly higher in the controls. However, to overcome the difficulty of comparing 

singular time points – which assume negligible hepatic C-peptide elimination and 

constant C-peptide clearance rate – the C-peptide:insulin molar ratio was calculated 

from the integrated areas under the curves, as in previous studies (Polonsky and 

Rubenstein 1984; Meier et al. 2003). Using this method, there was no statistical 

difference in the IHE between controls and cases when comparing basal, OGTT and 

MM. In our study, after OGTT there was a non-significant slight increase in the AUC 

C-peptide:insulin molar both in controls and cases which seemed logic; whereas in 

another study there was a significant decrease from basal to OGTT using healthy 

adults (Meier et al. 2003). As opposed to our findings, previous studies in healthy 

adults observed higher rise of insulin compared to C-peptide after an OGTT and 

attributed it to increased incretin effect and decreased IHE (Shuster et al. 1988). 

Incretins are the main stimulus for insulin secretion in response to oral glucose 

(Nauck et al. 1993) and some studies attributed GIP the capacity to decrease IHE 

(Kindmark, Pigon, and Efendic 2001) which has been dismissed by others (Meier et 

al. 2003). During our MM tests, GIP and GLP-1 were higher in cases to controls but 
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given that there is no statistical difference in IHE between cases and controls the 

incretin effect cannot be linked to IHE.  

In our study, not much interpretation can be made for the controls as there is not 

enough data points especially for those under age 1 year. However, it seems that for 

the cases with HH, hepatic clearance of insulin tends to increase with age and with 

weight gain, which in the context of hyperinsulinaemia seems logic. This is in 

keeping with a study in preterms where, albeit samples being taken at any time with 

regards to feeds and the inverse ratio (ln insulin:C-peptide) being used, they also 

concluded that IHE increases as postmenstrual age increases (Salis et al. 2016). 

Also, in our study C-peptide:insulin molar ratio values lie typically around 2-4-8, 

which when converted to the inverse ln (-0.3, -0.6, -0.9) agree with the results 

published by Salis et al (Salis et al. 2016). 

The limitation of this IHE method is that it does not take into account the role of the 

kidneys and other peripheral tissues in the clearance of insulin, hence IHE may not 

accurately estimate the total body insulin disposition. Also, there is incomplete 

knowledge on the kinetics and metabolism of C-peptide under different conditions. 

In addition, the difference in plasma half-life of insulin and C-peptide complicates the 

interpretation of changes in their ratios. In this respect, hyperglycaemic or 

euglycaemic clamps would be better, but more invasive methods (Uwaifo et al. 

2002) that were not accessible in this study. 

 

4.5.4. CONCLUSIONS OF INSULIN HEPATIC CLEARANCE STUDIES 

The significance of this study is that it shows, for the first time, that the IHE of 

children with HH is preserved, as there is no difference in it in HH versus controls. 

This contributes to a more comprehensive understanding of the pathophysiology of 

HH. In children under 1 year of age with HH, there seems to be a trend of IHE to 

increase with age and weight, as previous studies reported in neonates. More 

technical and invasive experiments could be taken forward to confirm these results 

in-depth. However, there seems to be little further applicability of these findings for 

HH patients. 
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4.6.  

RARE CASES OF ABNORMAL 

CARBOHYDRATE METABOLISM 
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4.6.1. Background 

Donohue syndrome (DS) is a rare condition in which pancreatic and incretin 

hormones had not been previously thoroughly characterised. As the main 

biochemical hallmark of this rare and lethal condition is hyperinsulinaemia (the 

characteristics of DS are explained in Chapter 1.4.1 “Syndromes associated with 

HH”), this study aimed to report the enteroinsular hormone response to MM in two 

cases with DS.  The results below are part of the findings published in the journal 

Pediatric Diabetes (Guemes et al. 2017). 

 

4.6.2. Case description 

Our group previously published two sisters with genetically confirmed DS, extremely 

low weight and new associated gastrointestinal (GI) and pancreatic complications: 

GI dysmotility and pancreatic exocrine insufficiency (Kostopoulou et al. 2016). The 

main phenotypic features are collected in Table 21. The two siblings underwent a 

MM test and results were compared to those of two paediatric controls. In Table 22 

the results of blood glucose and glucagon concentrations are presented, followed by 

Figure 69 where the results of the rest of the enteroinsular hormone results are 

represented in graphs. Numerical values are collected in Appendix 2: Tables 10 and 

11. 
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Table 21: Clinical characteristics of the DS siblings. 

F: Female. CA: Chronological age. BMI: Body mass index. SD: Standard deviation. 

BW: Birth weight. Y: Yes, N: No, ASD: atrial septal defect, IUGR: intrauterine growth 

retardation. FHx: Family history.  

Table adapted from (Kostopoulou et al. 2016).  

Case 1 Case 2

IUGR Y Y

Failure to thrive postnatally Y Y

Dysmorphic features—hypertrichosis Y Y

Abnormal glucose homeostasis Y Y

Biventricular hypertrophy—ASD Y Y

Narrow ear canal, choanal atresia, small thorax N Y

Oxygen requirement Y Y

Dilated pulmonary artery branches Y N

Abdominal distention Y Y

GI dysmotility N Y

Pancreatic exocrine insufficiency Y N

Liver dysfunction Y Y

Clotting abnormalities (Factors II, VII, IX, XI) Y Y

Nephrocalcinosis-hydronephrosis Y Y

Muscular hypotonia Y N

Persistent pyrexia Y N

Enlarged ovaries N Y

Gender F F

Gestational age (weeks) 38.000 Term

BW (SD) -3.130 -5.750

Asphyxia at birth N Y

Consanguinity Y Y

FHx Glucose disorders N N

Age at presentation Birth Birth

CA (decimal) 1.100 0.580

Wt (SD) -9.740 -11.410

Ht (SD) - -7.900

BMI (SD) - -6.430

Feeds
continuous 

NG 
Oral

Medications

Vit D, 

Lansoprazol,

Pancreax,Ph

osphate, Vit 

K, Potassium 

Chloride, 

Ranitidine

Vitamin K

C
lin
ic
al
	p
re
se
n
ta
ti
o
n
/s
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te
m
	r
ev
ie
w

A
t	
th
e
	t
im

e	
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st
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Table 22: Bed-side blood glucose (BG) determinations and plasma glucagon 

concentrations during the MM test.  

 

Controls fasted 6h prior time 0. Case 1 had received a bolus feed 2h before time 0. 

Case 2 had stopped continuous feeds 30 minutes before test and after a previous 

30-minute wind-down of the feed rate. 

* Given Glucogel® + 30ml bolus + continuous feeds. 

x No data for this time point. 

   Undetectable value for glucagon: <13.2 pg/ml 

 

  

0 1.9 undetectable

30 3.7 undetectable

60 4.3 undetectable

90 6.7 undetectable

0 2.7* undetectable

30 4.5 undetectable

60 6.6 undetectable

180 x undetectable

0 5.2 undetectable

30 5.8 undetectable

60 5.7 undetectable

90 6.0 undetectable

180 x undetectable

0 4.4 undetectable

30 6.2 undetectable

60 5.7 undetectable

90 5.9 undetectable

Time post 

MM 

(minutes)
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Figure 69: Graphic representation of plasma enteroinsular hormones during 

the MM test. A) Insulin. B) C-peptide. C) PP. D) Active amylin. E) GIP. F) Active 

GLP-1. AUC (Area Under Curve). The levels of detection for each analyte 

measured are: C-peptide: ≥175.251pg/ml, insulin: ≥137pg/ml, glucagon: 

≥13.717pg/ml, amylin (total and active): ≥13.717pg/ml, PP: ≥2.743pg/ml, GIP: 

≥1.371 pg/ml, Active GLP-1: ≥ 2.743pg/ml. 
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4.6.3. DISCUSSION OF ENTEROINSULAR HORMONES IN DONOHUE 

SYNDROME CASES 

This is the first study investigating the role of gut and pancreatic hormones in 

patients with DS (Guemes et al. 2017). The aim was to understand how these 

hormones are altered in response to feeding in patients with DS. There is still no 

cure for DS and the strategies for its management include complex carbohydrate 

intake or continuous feeds to keep glucose concentrations stable, combined with 

recombinant insulin-like growth factor 1 (IGF-1) therapy (Nakae et al. 1998). The 

rationale for the use of IGF-1 therapy relies on the fact that IGF receptors remain 

intact in DS (Geffner et al. 1987). 

A previous case report of a 4 month old girl with DS who underwent an OGTT 

showed normal fasting blood glucose levels, followed by hyperglycaemia at 30 

minutes and then profound hypoglycaemia at 120 minutes (Ogilvy-Stuart et al. 

2001). Another 8 year-old with DS underwent an OGTT, having fasting 

hypoglycaemia followed by hyperglycaemia at 2 hours, with sustained marked 

hyperinsulinaemia throughout (Elsas et al. 1985).  

Rabson-Mendenhal syndrome (RMS) is a slightly less severe form of insulin 

resistance, also due to mutations in the INSR gene. The typically high glucose and 

insulin concentrations during fast and OGTT were reduced in siblings with RMS 

during treatment with recombinant leptin (Cochran et al. 2004). Leptin is an 

adipocyte marker indicator of total food energy intake, which inhibits insulin 

secretion (Wauters, Considine, and Van Gaal 2000). Leptin was also tried in 5 

patients with RMS showing decrease in HbA1c and body mass index (Brown, 

Cochran, and Gorden 2013). 

   In our study, as expected, insulin and C-peptide concentrations were much higher in 

DS cases. Amylin, which is co-secreted with insulin in the same vesicle, is also 

raised in DS patients during a MM. Amylin is known to facilitate the effects of insulin, 

therefore likely contributing to hypoglycaemia in these children. In both of our DS 

patients the serum glucagon concentration was undetectable (at the time of 

hypoglycaemia and throughout the MM test). This observation supports that 

hyperinsulinaemia may have a suppressing effect on glucagon secretion (Bansal 

and Wang 2008). This is the first study to report the serum glucagon responses in 
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DS patients. The serum glucagon levels remained low (as expected) in the controls 

as they were euglycaemic throughout the MM test.  

GIP, a known incretin, was lower in the DS cases as compared to controls. 

Conversely, this pattern was not mimicked by GLP-1, where no difference between 

levels in DS and controls was observed. GIP has been shown to promote an 

increase in adipose tissue (Song et al. 2007), as well as to accelerate fat deposits 

by increasing insulin release from β‐cells (Parkin et al. 1980). Since these patients 

have a loss of adiposity as well as a reduced GIP response than controls, it would 

be plausible that a compensatory mechanism to avoid more insulin secretion is 

being reflected. 

On the other hand, PP, a hormone involved in food intake and also expected to rise 

after meals, appeared to be dampened in the DS cases as opposed to the high 

reported levels in humans with emaciation, such as those with anorexia nervosa 

(Kinzig et al. 2007).  It seemed the appetite of our DS patients was normal but this 

was difficult to assess as they had numerous episodes of clinical deterioration 

during which they refused feeds and required nasogastric feeds. This unexpected 

response of PP may indicate an underlying abnormality in the satiety mechanisms in 

patients with DS, contributing to their failure to thrive. The undetectable serum leptin 

concentrations suggest the potential of using leptin analogues as therapy for DS 

patients. Although not presented in this thesis, leptin levels remained undetectable 

(<137.0 pg/ml) in both cases throughout the test in comparison to the controls, 

which is in keeping with the clinical evidence of lipoatrophy.  

   One limitation of this study is that one case had gastrointestinal dysmotility and the 

other pancreatic exocrine insufficiency, which may potentially impact some of the 

hormones measured in this study, hence caution must be used when generalising 

these results to all patients with DS. Another limitation is regarding the controls, as it 

would have been ideal to match with controls by age and/or gender, but the two 

controls included were the youngest out of all the controls in our MM cohort, as it is 

uncommon to perform MM test in very young children, and other female controls in 

our study were much older. Weight adjusted controls would be difficult to find as the 

cases are -9.7 and -11.4 SD in weight. Also, fasting times prior MM test were 

different between controls and cases given the difficulty to fast in the latter.  
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Further studies are needed to understand the interaction between these hormones 

in DS, which may be unphysiological given the high insulin concentrations in this 

condition.  

 

4.6.4. CONCLUSIONS OF ENTEROINSULAR HORMONES IN DONOHUE 

SYNDROME CASES 

The relevance of this study is the new data on the enteroinsular hormones of 

patients with DS. These patients have extremely high amylin concentrations, 

completely undetectable serum glucagon and leptin concentrations with abnormal 

satiety regulating hormone PP response during a MM test. These findings are 

important, as these aberrant responses are likely to be contributing factors to the 

pathophysiology of this condition. Moreover, our findings showing undetectable 

leptin levels, in keeping with the emaciation phenotype, suggest a role for leptin 

therapy in DS patients. 

Interestingly, whereas in previous chapters insulin and amylin in children with HH 

showed an independent response, in patients with DS both hormones are 

simultaneously raised. This should be further investigated by measuring the 

expression of both genes in children with DS as well as transcription factors involved 

in the regulation of both (such as PDX-1), to try to understand better the relationship 

between insulin and amylin secretion in the different conditions. 

Another interesting finding is the low serum GIP, which might be acting as 

physiological brake on insulin secretion. This once again highlights the relevance of 

the enteroinsular axis for conditions with blood glucose disturbance. 
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CHAPTER 5: 

GENERAL CONCLUSIONS 
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5.1. GENERAL CONCLUSIONS 

Chapters 4.1 to 4.6 of this study have individually presented the results, discussion 

(and limitations) and conclusions of a specific laboratory technique. In order to avoid 

duplication, the most relevant findings and those that intertwine between chapters 

will be highlighted here.  

A comprehensive research of the role of enteroinsular hormones on glucose 

metabolism in children with different forms of HH is presented in this study.  

1. Insulin gene expression is increased in the pancreatic tissue of patients with 

diffuse and focal forms of HH, in keeping with detectable plasma 

concentrations even at the time of hypoglycaemia. Glucagon expression is 

decreased in the pancreatic tissue of HH cases, along with undetectable 

circulating concentrations at the time of hypoglycaemia. 

2. In HH there is an independent regulation of insulin and amylin in the β-cell 

observed in expression, IHC and immunoassay studies, as amylin does not 

complement insulin´s glycaemic effects -as it does in control individuals-. 

This potentially indicates a β-cell preserved mechanism to minimise 

hypoglycaemia. Interestingly, circulating amylin concentrations decrease 

during fast - possibly to avoid enhancement of hypoglycaemia and to 

stimulate food intake - but are hyper-released during stimulation tests in HH 

individuals. As opposed to other publications, this study shows that amylin 

expression does not co-localise with insulin, glucagon or PP in control or HH 

pancreas of infants by using single slide double staining IHC. 

3. The role of PP in children with HH is examined in this study for the first time. 

Overall, RTqPCR, IHC and circulating levels of PP in HH patients are similar 

to controls, likely reflecting a limited -if any- role of PP in glucose regulation; 

therefore, it cannot be used as a marker for early islet dysfunction in this 

condition. 

4. Active GLP-1 and GIP concentrations are higher in controls than in HH 

cases at the beginning of the fast –perhaps reflecting a preserved brake on 

insulin secretion-, but in all groups these decrease by the end of the fast. 
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GLP-1 and GIP are normally released in HH cases during OGTT and only in 

excess after MM, as it also happens for idiopathic PPHH who have high GIP 

concentrations -explaining the phenotype-. This also indicates that the 

secretion of incretins is not constitutively abnormal in all forms of HH.  

5. For HH subjects, the Mixed Meal test (versus OGTT) exerts a more robust 

release of glucose, insulin, amylin, PP, GLP-1 and GIP and it does not 

suppress glucagon. This is useful to know not only when selecting the type 

of stimulation test, but also a strategy for diet intervention in the 

management of the disease. 

6. There is no difference in the IHE of children with HH versus controls. 

Childhood IHE values are here reported for the first time. 

7. High amylin levels accompany the supra-physiological concentrations of 

insulin in DS patients during a MM test. Glucagon and leptin are 

undetectable in this condition with low GIP and PP. All of these facts may be 

contributing to the phenotype of DS. 

Limitations of this study include the small sample size and heterogeneity in the 

characteristics of the participants included in the experiments, this is due to HH 

being a rare condition. The suitability of “control” samples can also be debated, 

however invasive procedures should not be performed in healthy individuals. Had 

we had all the different experiments performed on the same participants would have 

facilitated making inferences, but there were no surgical samples on all participants. 

Discrepancy between our results and those in the literature must take into account 

differences in methodology of the tests performed. 

 

5.2. FUTURE BIOMEDICAL IMPLICATIONS 

These findings set the foundations to better understand glucose dysregulation in HH 

and warrant future studies to confirm findings in larger samples of patients.  

It would be interesting to perform cell work to characterise the intracellular pathways 

of amylin and PP in pancreatic tissue using different cell types, such as rodent islets. 
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Cell signalling studies investigating the role of PP over the exocrine pancreatic 

tissue would help to clarify if it has a paracrine effect.  

Islet production of GLP-1 and GIP was not specifically investigated in this study, 

therefore following studies should explore if these peptides are expressed and 

localised in the pancreas of HH patients in a similar way to controls. Also, future 

studies using foetal tissue would be useful to understand the developmental 

changes of enteroinsular hormones. Perhaps those findings could shed light over 

the pathophysiology of certain forms of HH with unclear aetiology.  

The relationship between enteroinsular hormones and appetite needs to be explored 

further, not only in healthy individuals but also in children with HH. Feeding 

problems are common to HH children (food aversion, gastroesophageal reflux, PEG 

feeds), and pancreatic and/or incretin hormone disturbance should be investigated 

in them. 

In postprandial forms of HH, it would be interesting to measure pancreatic and 

incretin hormones in tests lasting up to 5 or more hours as these may detect 

hypoglycaemia and/or other peptide responses not detected in MM or OGTT 

measuring up to 3 hours. Furthermore, in order to improve the diagnosis of 

postprandial forms of HH, the standardised hyperglucidic breakfast test needs to be 

validated for the paediatric population, as MM and OGTT may not be as specific. 

Our study shows that there does not seem to be a clear glucostatic role for PP, 

anyhow there is for amylin, GLP-1 and GIP. Therefore, agents targeting the three 

latter peptides have a promising potential for HH management. Also, gene therapy 

targeting insulin overexpression and glucagon underexpression, could one day be 

an option to manage HH patients. In the case of treatments targeting insulin 

overexpression, these would not affect amylin´s expression, given the independent 

expression of both peptides, as this last hormone has many other important 

functions in the body. Safety and alternative ways of administration (other than 

injectable) of incretin antagonists in children with HH need to be investigated. 
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Great Ormond Street Hospital for Children NHS Trust & Institute of Child Health 
UNIVERSITY COLLEGE LONDON 

 
PARENT/GUARDIAN INFORMATION SHEET 

 
 

Title of Project: Understanding the role of hormones that regulate appetite in children with 
hypoglycaemia 

 

Research Team: 
Dr Khalid Hussain, Professor and Honorary Consultant Paediatric Endocrinologist 

Dr Maria Guemes, Clinical Research Fellow, Paediatric Endocrinology 
Dr Sofia Rahman, Research Associate, Paediatric Endocrinology 

 
Introduction 
The purpose of this form is to provide you information that may affect your decision as to 
whether or not to let your child participate in this research study. Please read the information 
below and ask any questions you may have before making a decision. If you decide to let your 
child be involved in this study, this form will be used to record your permission. 
 

Purpose of the Study 
You and your child are invited to participate in a research study which involves understanding if 
children with hypoglycaemia (low blood sugar) have dysregulated (abnormal) secretion of 
hormones which control appetite [Glucagon Like Peptide-1 (GLP-1), Gastric Inhibitory Peptide 
(GIP), Peptide YY (PYY), cholecystokinin (CCK), glucagon, ghrelin, amylin, pancreatic polypeptide 
(PP) and leptin]. This research study is a part of a PhD postgraduate degree and has been 
approved by The London - Bloomsburry Research Ethics Committee.       
 
Why is the study being done?  
Feeding problems in children are very common especially in those with certain types of 
hypoglycaemia (low blood sugar). Some children with congenital hyperinsulinaemic 
hypoglycaemia (CHH) do not feed orally (as they lack the desire to take feeds by mouth), have 
retching, vomiting and problems with satiety and hunger as well as severe persistent gastro-
oesophageal reflux disease. If children cannot be fed orally they then have a naso-gastric 

tube/gastrostomy (devices to administer feeds straight into the gut) inserted and feeds are given 
through them. They are in hospital for longer and need to be fed for many years via these 
devices. This therefore has a major impact on both the children and their parents. 
 
Despite numerous investigations, the cause for these feeding issues remains unknown. The 
body’s signalling networks that regulate hunger, satiety, gastrointestinal motility and metabolic 
status include hormone signals from energy stores (leptin and insulin) from the digestive tract 
(CCK, GLP-1, GIP, ghrelin and PYY) and pancreas (glucagon, amylin and PP). Adipose (Fat) tissue 
provides signals about appetite regulation to the brain via leptin. Ghrelin is the only appetite-
stimulating hormone, whereas CCK, GLP-1, GIP and PYY promote glucose balance and satiety.  
 
As patients with CHH have dysregulated (abnormal) insulin secretion, it therefore is highly likely 
that by some unknown mechanism(s) it may also lead to dysregulation (alteration) of other 
hormones that regulate appetite, orality, satiety and gut motility. Our preliminary data suggests 
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that the excess of insulin in CHH patients impacts the secretion of both GLP-1 and GIP and of 
other hormones involved in appetite and hunger regulation.  
 
We now wish to take our preliminary observations forward and understand the impact of 
unregulated insulin secretion (hyperinsulinaemia) on the other hormones regulating satiety, 
hunger, appetite and gastrointestinal motility. This will have important implications for the 
management of patients. 
 

Why has my child been invited to participate? 
All children who are admitted to Kingfisher/Rainforest wards and are having hypoglycaemia 
investigations (Fasting and Mixed Meal/Oral Glucose Tolerance Test studies) are eligible to be 
recruited into this study.  

Research Procedures 

All children referred for hypoglycaemia investigations routinely undergo a controlled 
diagnostic fast, during which they are not allowed to eat food.  
 
In some children, the hypoglycaemia is triggered by a meal so these children routinely 
undergo a mixed meal test (or an oral glucose tolerance test) where they are given a certain 
volume of milk or high glucose drink. 
 
For this study the children will not have any additional procedures, we will only take 0.2mls of 

blood at the same time points when they are having their routine blood tests (those during 
the fast and during the mixed meal or oral glucose tolerance test). The extra samples that we 
take will do no harm to your child as the amounts of blood we require are extremely small 
and the total amount we would remove would only fill half an egg-cup.  Children rapidly 
make up that type of reduction in blood.  
The blood samples will be used to determine levels of these hormones and then discarded. 

Risks and discomfort 

There are no foreseeable risks to participating in this study as we are not undertaking any 
additional intervention. Your child should have a cannula inserted for routine medical 
treatment and we will then take the blood samples from the cannula. There is discomfort 
from the insertion of the cannula but we would normally numb the skin anyway with local 
anaesthetic cream. The blood samples which we are requesting will be aliquoted (taken) from 
the samples the nurses will take during the routine tests (fasting and mixed meal/oral glucose 
tolerance test) the children are having. 

Benefits 

It is unlikely that the study will bring any immediate benefit to your child. However, this study 
will help us understand the physiology of these hormones and potentially find the cause of 
the feeding problems in children with CHH. Should we discover the latter, then we might be 
able to develop potential treatments to help many children with appetite and satiety problems 
 
Monetary compensation 
Neither you nor your child will receive any type of payment by participating in this study.  
This research has been approved by an independent Research Ethics Committee who believes 
that it is of minimal risk to your child.  However, if you happen to believe that your child has 
been harmed due to participation in the study, you may have grounds for legal action for 
compensation.  
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Participation & Withdrawal  

Your child’s participation is entirely voluntary.  He/she is free to choose not to participate.  Should 
you and your child choose to participate, he/she can withdraw at any time without consequences 
of any kind. Your child’s standard of care and management will not be compromised in any way. 
Any data collected prior to your decision of withdrawal from the study will be used for analysis 
with your permission. 

Confidentiality  

Your child’s privacy and the confidentiality of his/her data will be protected by strict access only 

by the research team. Your child’s research records will not be released without your consent 
unless required by law or a court order. Relevant clinical data (with patient identifiable 
information) may be stored for more than three years after completion of the study for full 
analysis of the results. Upon completion of the study, all information that matches up individual 
respondents with their answers will be destroyed.   

Results of the research study 

It will take three years to complete the study and the results of the research may be published in 
medical journals and presented at medical conferences. The data will contain no identifying 
information that could associate it with your child, or with your child’s participation in any study. 
If you may wish, we can provide you with a copy once it is published. 

Ethical approval 

NRES committee (The London - Bloomsbury Research Ethics Committee) has reviewed and 
approved this study. 

Questions about the Study and about Your Rights as a Research Subject 

For any questions or dissatisfaction with any part of this study prior, during or after your 
participation, please contact (anonymously if you wish):  
 
Dr Maria Guemes 

Clinical Research Fellow in Paediatric Endocrinology 
Clinical and Molecular Genetics Unit, Institute of Child Health 

30 Guilford Street, London 

WC1N 1EH 

Email: maria.guemes@gosh.nhs.uk  

Tel: 02074059200 (request speaking to the Endocrine Department) 

 
If your question remains unresolved, you can write to the Principal Investigator: 
Prof Khalid Hussain  

Professor and Honorary Consultant Paediatric Endocrinologist   

Clinical and Molecular Genetics Unit, Institute of Child Health 

30 Guilford Street, London 
WC1N 1EH 
Or if urgent: Tel: 02079052128 (request speaking to him) 

 
If you wish to complain formally, you can go to PALS department at Great Ormond Street 
Hospital (Tel: 020 7829 7862) 
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[Parent/Guardian consent] [Version no.1 09/07/2014] [Page 1 of 1] 
When completed: 1 for participant; 1 for researcher site file; 1 (original) to be kept in medical notes. 

                              

Great Ormond Street Hospital for Children NHS Trust & Institute of Child Health, UCL 

 

PARENT/GUARDIAN CONSENT FORM 

 

Title of Project: Understanding the role of hormones that regulate appetite in children with hypoglycaemia 
 

Research Team: Dr Khalid Hussain, Professor and Honorary Consultant Paediatric Endocrinologist 
Dr Maria Guemes, Clinical Research Fellow, Paediatric Endocrinology 

Dr Sofia Rahman, Research Associate, Paediatric Endocrinology 
 

            Please initial box  

1. I confirm that I have read the information sheet dated 9.7.2014 (version 1) for the above study.  

I have had the opportunity to consider the information, ask questions and have had these  

answered satisfactorily. 

 

2. I understand that my child’s participation is voluntary and that I am free to withdraw at any time 

without giving any reason, without my child’s medical care or legal rights being affected. 

 

3. I understand that relevant sections of my child’s medical notes and data collected during the study,  

 may be looked at by individuals from GOSH, from regulatory authorities or from the NHS Trust,  

 where it is relevant to my child’s taking part in this research. I give permission for these individuals  

 to have access to my child’s records.  

 

4. I understand that the information collected about my child will be used to support other research  

in the future, and may be shared anonymously with other researchers. 

 

5. I agree to take part in the above study. 

 

 

     

Name of child 

 

 

                 

Name of Parent/Guardian                 Date    Signature 

 

                   

Name of Person taking consent    Date    Signature  
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RESEARCH PROJECT Z308 REQUEST FORM – [PYY/GLP1] 
 

Attach addressograph label or complete the following 

 
Surname:  Forename:  

Date of birth:  Sex: M  /  F 

Hospital no:  Date /         /20____ 

Ward:  Clinical info.  

 

 

 

CONSULTANT: RESEARCH  Special Interest Flag: Z308 

LOCATION: BIOCHEM Referring Ref: Z308 

Financial Class: RESEARCH   

Investigation(s) Requested 
(delete if not required) 

Container Sample volume Priority 

PYY 
GLP1 

Red – EDTA (3 ml) containing Trasylol50 µl  

(also has 30 µl DPP4 inhibitor added to it) 

3 ml Routine 

 
Laboratory processing: Sample should arrive on ice & must be processed samples as soon as possible.  

Centrifuge blood for 15 mins at 4 
o
C and freeze plasma immediately at -70

o
C. 

Enter as a sample ‘StoreC321’ (authorise – Plasma stored for Z308) 

 
 
 
%----------------------------------------------------------------------------------------------------------------------  

 

RESEARCH PROJECT Z308 REQUEST FORM – [PYY/GLP1] 
 

Attach addressograph label or complete the following 

 
Surname:  Forename:  

Date of birth:  Sex: M  /  F 

Hospital no:  Date /         /20____ 

Ward:  Clinical info.  

 

 

 

CONSULTANT: RESEARCH  Special Interest Flag: Z308 

LOCATION: BIOCHEM Referring Ref: Z308 

Financial Class: RESEARCH   

Investigation(s) Requested 
(delete if not required) 

Container Sample volume Priority 

PYY 
GLP1 

Red – EDTA (3 ml) containing Trasylol50 µl  

(also has 30 µl DPP4 inhibitor added to it) 

3 ml Routine 

 
Laboratory processing: Sample should arrive on ice & must be processed samples as soon as possible.  

Centrifuge blood for 15 mins at 4 
o
C and freeze plasma immediately at -70

o
C. 

Enter as a sample ‘StoreC321’ (authorise – ‘Plasma stored for Z308) 
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Appendix 2. Table 1: Numerical values of each hormone at the beginning and end of the fast.  

 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

Normo

glycaemia 

Hypo

glycaemia 

(pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml)

HS2 519.218 599.168 920.375 804.972 undetectable undetectable undetectable undetectable 236.472 266.233 undetectable 3.331 117.043 169.425

HS3 1388.007 500.166 1637.191 886.763 undetectable undetectable 31.615 16.385 21.710 12.805 15.682 8.954 55.237 29.977

HS7 746.749 507.640 410.721 214.249 undetectable undetectable undetectable undetectable 60.732 65.203 28.766 27.697 68.658 36.695

HS8 1886.491 627.301 3693.342 1704.973 undetectable undetectable 76.127 37.689 10.608 13.043 9.913 4.782 86.144 89.923

HS9 1390.314 1408.213 773.529 738.277 undetectable undetectable undetectable undetectable 363.571 373.686 16.841 21.286 19.697 13.340

HS10 449.171 197.372 895.941 665.152 undetectable undetectable undetectable undetectable 11.885 22.638 4.216 undetectable 18.470 12.245

HS11 152.164 148.182 445.804 202.668 undetectable undetectable undetectable undetectable undetectable undetectable undetectable undetectable 4.877 5.208

HS13 604.411 424.637 1358.712 994.458 undetectable undetectable 26.214 21.812 85.591 90.851 32.335 13.173 103.849 undetectable

HS15 1110.879 467.199 1741.023 910.093 undetectable undetectable 37.895 18.874 55.014 41.862 34.872 9.258 undetectable 163.850

HS16 753.136 289.557 2866.934 853.096 undetectable undetectable 21.469 undetectable 46.075 52.713 9.506 undetectable 304.342 15.795

HS 20 501.190 undetectable 891.945 204.999 undetectable undetectable undetectable undetectable 61.000 8.609 11.593 undetectable 522.633 69.928

HS 21 1226.069 426.367 1069.069 702.968 19.820 50.777 66.154 19.456 79.987 222.016 25.218 4.456 284.915 122.164

Q1 505.697 289.557 803.133 326.975 25.028 17.629 21.710 13.043 9.811 4.538 # 19.697 13.340

Median 749.942 467.199 994.722 771.624 34.755 19.456 60.732 52.713 16.262 9.106 # 86.144 36.695

Q3 1347.523 599.168 1715.065 904.261 68.648 29.750 85.591 222.016 29.658 19.258 # 284.915 122.164

IQR 841.825 309.611 911.932 577.286 43.620 12.121 63.882 208.973 19.847 14.720 # 265.218 108.824

HS4 1031.311 408.038 1963.633 1015.158 undetectable undetectable 27.609 13.826 4.877 4.054 13.583 6.010 125.750 44.984

HS5 756.349 253.669 1770.222 788.694 undetectable undetectable 43.611 14.898 44.027 13.157 5.396 undetectable 332.299 140.650

HS6 377.350 311.916 480.531 305.979 13.808 undetectable undetectable undetectable 96.098 96.654 25.199 14.396 70.432 60.530

Q1 377.350 253.669 480.531 305.979 4.877 4.054 5.396 #NUM! # 70.432 44.984

Median 756.349 311.916 1770.222 788.694 35.610 14.362 44.027 13.157 13.583 10.203 # 125.750 60.530

Q3 1031.311 408.038 1963.633 1015.158 96.098 96.654 25.199 #NUM! # 332.299 140.650

IQR 653.961 154.370 1483.102 709.179 91.222 92.601 19.803 #NUM! # 261.868 95.665

Start of fast  End of fast Start of fast  End of fast Start of fast  End of fast Start of fast  End of fast Start of fast  End of fast Start of fast  End of fast Start of fast  End of fast

(pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml) (pg/ml)

CF1 214.387 undetectable 557.495 undetectable undetectable 27.629 undetectable 18.962 58.845 undetectable 3.110 undetectable 60.795 4.671

CF2 270.078 undetectable 1303.411 175.260 undetectable undetectable undetectable 16.567 246.051 156.436 28.383 15.610 435.441 60.408

CF3 864.897 205.411 1703.244 229.126 37.660 undetectable undetectable undetectable 45.959 222.830 51.249 7.301 499.383 160.457

CF4 164.715 243.542 undetectable 610.051 18.934 30.564 undetectable 46.896 14.389 340.477 undetectable 19.725 4.305 52.170

CF5 1039.037 138.000 1156.363 421.354 35.102 34.247 14.657 27.921 177.782 87.162 undetectable 15.041 96.012 110.830

CF6 775.749 248.209 1294.017 315.991 33.978 undetectable 16.965 undetectable 213.571 309.886 71.100 17.440 736.179 236.033

CF7 1167.615 167.496 1301.651 251.251 undetectable 35.032 undetectable undetectable 138.494 75.047 6.464 undetectable 289.403 26.734

CF8 1048.240 257.818 1286.943 192.496 undetectable undetectable 21.609 undetectable 27.808 61.647 41.741 5.580 505.374 85.426

CF9 305.533 undetectable 727.081 undetectable undetectable undetectable undetectable undetectable 22.990 47.889 41.475 undetectable 294.470 34.310

Q1 242.232 160.122 834.402 192.496 22.695 28.363 14.657 17.165 25.399 64.997 6.464 6.870 # 78.404 30.522

Median 775.749 224.477 1290.480 251.251 34.540 32.405 16.965 23.441 58.845 121.799 41.475 15.326 # 294.470 60.408

Q3 1043.639 250.611 1302.971 421.354 37.020 34.835 21.609 42.152 195.677 288.122 51.249 18.011 # 502.379 135.643

IQR 801.406 90.489 468.569 228.858 14.325 6.473 6.951 24.987 170.277 223.124 44.785 11.141 # 423.975 105.121

Insulin C-Peptide Glucagon Total Amylin Pancreatic Polypeptide Active GLP-1 GIP

undetectable glucagon: <13.717pg/ml undetectable total amylin: <13.717pg/ml undetectable PP: <2.743pg/mlundetectable insulin: <137pg/ml undetectable C-Peptide: <175.251pg/ml
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undetectable GLP-1: <2.743pg/ml undetectable Active GIP: <1.371pg/ml
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 Appendix 2. Table 2: Difference between value at the beginning of the fast minus the value at the end of the fast. Values 

used for correlation of hormones.  

 

 

Glucose change Insulin change C-Peptide change
Glucagon 

change

Total Amylin 

change
PP change

Active GLP-1 

change
GIP change

HS2 1.9 -79.950 115.404 N/A 0.404 -29.761 -3.331 -52.383

HS3 2.3 887.841 750.428 N/A 15.230 8.904 6.728 25.260

HS7 2.0 239.110 196.472 N/A N/A -4.470 1.068 31.963

HS8 6.9 1259.190 1988.369 N/A 38.438 -2.436 5.131 -3.779

HS9 1.4 -17.899 35.252 N/A N/A -10.115 -4.445 6.357

HS10 3.3 251.799 230.789 N/A N/A -10.753 4.216 6.224

HS11 1.5 -3.982 -243.136 N/A N/A N/A N/A -0.331

HS13 N/A 179.773 364.254 N/A 4.402 -5.259 19.162 -3.409

HS15 N/A 643.680 830.930 N/A 19.021 13.152 25.614 -163.850

HS16 2.0 463.579 2013.838 N/A 21.469 -6.638 9.506 288.547

HS 20 2.2 501.190 686.946 N/A 13.579 52.391 11.593 452.705

HS 21 2.6 799.702 366.101 -30.957 46.699 -142.029 20.762 162.751

HS4 5.4 623.273 948.475 N/A 14.283 0.823 -7.573 80.766

HS5 2.4 502.681 981.528 -13.808 28.713 30.870 5.397 191.650

HS6 2.2 65.434 174.552 N/A N/A -0.556 10.803 9.901

CF1 4.4 214.387 557.495 N/A N/A 58.845 3.110 56.124

CF2 1.3 270.078 1128.160 27.629 18.962 89.616 12.772 375.033

CF3 1.3 659.486 1474.118 -37.660 16.567 -176.871 43.948 338.926

CF4 0.5 -78.827 -610.051 -18.934 -12.963 -326.089 -19.725 -47.865

CF5 1.0 902.037 735.009 -4.537 32.239 90.620 -15.042 -14.817

CF6 1.2 527.540 978.026 0.268 10.955 -96.315 53.665 500.146

CF7 1.0 1000.119 1050.400 N/A N/A 63.448 6.464 262.669

CF8 0.7 790.422 1094.447 35.032 21.609 -33.839 36.161 419.948

CF9 0.2 305.533 575.739 N/A N/A -24.898 41.476 260.160

N/A: Not applicable
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Appendix 2. Table 3: Values of glucose and enteroinsular hormones during the OGTT. 

 

 

CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CS10 CS11 CS9b CC32 CC31 Dump6c CC18b

Time	(minutes)

-30 N/M 4.5 N/M 4.9 N/M N/M N/M N/M 845.804 N/M 458.591 N/M N/M N/M N/M 708.335 N/M 150.858 N/M N/M N/M

0 4.4 4.5 4.3 5.1 4.5 3.4 4.3 551.314 965.495 145.665 434.581 340.243 389.782 809.078 433.251 1109.592 undetectable 150.858 231.664 171.778 780.642

15 4.5 N/M N/M N/M N/M N/M N/M 536.165 N/M N/M N/M N/M N/M N/M 448.641 N/M N/M N/M N/M N/M N/M

30 4.9 8.3 18.0 9.0 6.9 4.5 4.3 1008.299 923.870 2718.809 1977.202 2525.225 367.813 4150.642 738.857 1118.592 1318.989 1351.424 1916.125 176.532 7172.198

60 7.3 7.0 16.7 8.5 9.3 3.9 3.8 1384.582 615.585 3136.532 2240.684 2674.233 1494.821 3069.772 1092.471 540.389 940.316 1164.105 834.492 418.097 2501.274

90 6.6 6.6 7.1 6.2 8.1 3.4 3.6 1301.950 1115.390 2275.426 1934.012 2797.536 568.979 2323.957 940.618 688.721 341.970 948.953 1775.877 185.361 3572.239

120 6.3 6.4 4.6 6.1 6.3 3.2 4.3 1435.366 1165.854 992.864 1545.120 2663.756 307.596 3085.552 1213.079 956.512 163.274 726.260 1566.461 137.000 4725.478

150 6.7 6.8 N/M N/M N/M N/M N/M 1312.630 1040.894 N/M N/M N/M N/M N/M 1127.353 602.053 N/M N/M N/M N/M N/M

180 3.6 5.6 N/M N/M N/M N/M N/M 876.612 990.386 N/M N/M N/M N/M N/M 712.066 540.876 N/M N/M N/M N/M N/M

CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CS10 CS11 CS9b CC32 CC31 Dump6c CC18b

Time	(minutes)

-30 N/M undetectable N/M undetectable N/M N/M N/M N/M 75.722 N/M undetectable N/M N/M N/M N/M undetectable N/M 12.877 N/M N/M N/M

0 undetectable undetectable undetectable 16.407 undetectable undetectable 20.016 50.540 83.088 103.583 undetectable 296.274 19.831 30.730 undetectable undetectable undetectable undetectable undetectable undetectable 12.672

15 undetectable N/M N/M N/M N/M N/M N/M 49.011 N/M N/M N/M N/M N/M N/M undetectable N/M N/M N/M N/M N/M N/M

30 undetectable undetectable 52.233 undetectable undetectable undetectable 18.651 74.893 64.943 126.512 undetectable 208.350 11.638 62.091 undetectable 11.554 13.289 47.230 16.147 undetectable 36.083

60 undetectable undetectable 33.829 undetectable undetectable undetectable undetectable 78.891 31.092 54.736 undetectable 347.042 14.654 22.138 undetectable undetectable 19.338 40.855 undetectable 28.979 14.256

90 undetectable undetectable 26.150 undetectable undetectable undetectable undetectable 77.912 50.870 61.781 undetectable 104.170 8.681 32.719 undetectable undetectable undetectable 44.421 33.738 12.620 30.081

120 undetectable undetectable 22.778 undetectable undetectable undetectable undetectable 50.442 84.050 91.830 undetectable 331.141 17.024 19.712 undetectable undetectable undetectable 34.894 undetectable undetectable 33.862

150 undetectable undetectable N/M N/M N/M N/M N/M 71.512 44.995 N/M N/M N/M N/M N/M undetectable undetectable N/M N/M N/M N/M N/M

180 undetectable undetectable N/M N/M N/M N/M N/M 45.083 60.407 N/M N/M N/M N/M N/M undetectable undetectable N/M N/M N/M N/M N/M

CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CS10 CS11 CS9b CC32 CC31 Dump6c CC18b undetectable insulin: <137pg/ml

undetectable C-Peptide: <175.251pg/ml

Time	(minutes) undetectable glucagon: <13.717pg/ml

-30 N/M undetectable N/M undetectable N/M N/M N/M N/M 34.911 N/M 49.927 N/M N/M N/M undetectable PP: <2.743pg/ml

0 undetectable 12.200 6.400 undetectable undetectable 4.669 undetectable 17.170 81.223 67.430 69.605 20.750 80.330 41.972 undetectable active amylin: <13.717pg/ml

15 undetectable N/M N/M N/M N/M N/M N/M 17.731 N/M N/M N/M N/M N/M N/M undetectable GLP-1: <2.743pg/ml

30 undetectable 8.173 95.484 12.367 4.088 10.375 11.733 194.132 49.051 614.397 337.591 303.630 136.352 282.132 undetectable Active GIP: <1.371pg/ml

60 9.014 5.140 22.569 5.186 6.826 2.968 undetectable 217.666 44.275 224.079 265.797 287.250 258.413 155.764

90 5.005 undetectable 11.573 5.654 4.927 3.762 7.704 431.014 359.341 152.414 290.199 257.495 363.457 272.825

120 7.945 3.797 8.385 3.812 3.235 2.968 3.893 402.638 381.593 129.403 261.045 395.024 99.312 216.492

150 4.491 3.197 N/M N/M N/M N/M N/M 359.960 157.629 N/M N/M N/M N/M N/M

180 undetectable undetectable N/M N/M N/M N/M N/M 276.578 341.295 N/M N/M N/M N/M N/M

N/M: Not measured
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Appendix 2. Table 4: AUC of each hormone during OGTT. 

 

 

CONTROLS CASES CONTROLS CASES CONTROLS CASES CONTROLS CASES

1072 1029 211049 227650 2925 580 168490 121617

1340 891 202355 284970 169214 162767

1388 453 261001 83409 60703 28031

480 344751 479963

CONTROLS CASES CONTROLS CASES CONTROLS CASES CONTROLS CASES

11838 29198 489 5593 591 568 51250 33560

12813 1602 1497 878 462 37836 31688

10222 4265 624 4111 628 32679 25441

3111 757 25199

GIP

C-PEPTIDE

O
G

T
T

Glucose (capillary) INSULIN

O
G

T
T

GLUCAGON

PP ACTIVE   AMYLIN ACTIVE   GLP-1
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Appendix 2. Table 5: Values of glucose and enteroinsular hormones during the MM test. 

 

 

 

 

CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a

Time	(minutes)

0 5.2 4.3 4.4 4.8 9.0 3.9 4.5 230.864 617.661 513.900 318.506 3030.739 441.800 414.202 undetectable 256.869 141.363 undetectable 1918.842 171.926 undetectable

30 5.8 4.1 6.2 11.1 14.4 4.8 11.2 975.804 642.223 1708.011 2899.724 5873.880 1173.601 5107.896 668.439 256.448 636.350 2660.412 6418.864 1092.771 4356.062

60 6.1 4.2 5.7 14.9 14.3 6.9 6.0 711.182 1616.380 1415.217 6349.181 4360.682 3420.555 7052.094 333.653 1126.946 474.717 7245.009 3171.725 2832.101 4507.725

90 6.0 4.8 5.9 13.5 11.9 7.0 3.9 824.518 2208.179 1346.339 11519.760 2903.410 3084.417 4605.033 316.968 1878.500 358.268 14668.490 1740.779 2064.288 1731.935

120 5.4 5.0 5.3 10.3 7.5 6.0 3.2 748.752 1738.534 1411.810 10567.620 1579.477 2429.585 1931.309 280.098 800.867 431.602 12520.800 1382.400 1596.906 556.401

CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a

Time	(minutes)

0 undetectable undetectable undetectable undetectable 48.464 undetectable undetectable 36.155 6.676 58.635 74.074 27.797 16.183 77.445 undetectable undetectable undetectable undetectable 55.817 undetectable undetectable

30 undetectable undetectable undetectable 113.342 156.323 undetectable 30.342 74.917 8.233 130.436 225.049 46.763 140.463 209.849 undetectable undetectable 13.504 71.657 73.307 undetectable 28.693

60 undetectable undetectable undetectable 111.206 81.754 undetectable 49.271 61.600 17.634 172.463 133.117 17.875 63.062 216.736 undetectable 15.817 undetectable 192.380 63.647 undetectable 25.637

90 undetectable undetectable undetectable 39.299 39.695 undetectable 53.776 42.526 51.753 121.502 89.275 7.892 36.656 78.625 undetectable 23.676 undetectable 163.244 30.330 13.213 26.988

120 undetectable 25.365 undetectable 46.137 34.483 undetectable 61.122 40.579 69.564 168.123 124.567 4.206 28.542 180.411 undetectable 18.394 12.851 152.243 32.972 23.593 13.715

CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a undetectable insulin: <137pg/ml

undetectable C-Peptide: <175.251pg/ml

Time	(minutes) undetectable glucagon: <13.717pg/ml

0 undetectable undetectable 14.420 undetectable 38.703 undetectable undetectable 58.133 58.483 102.860 14.562 828.953 20.954 42.805 undetectable PP: <2.743pg/ml

30 10.235 undetectable 16.200 130.656 250.984 4.669 113.400 530.226 75.865 424.492 888.788 undetectable 452.781 undetectable undetectable active amylin: <13.717pg/ml

60 4.519 undetectable 21.321 185.250 28.313 10.189 93.630 364.746 278.155 512.911 580.418 988.153 956.422 undetectable undetectable GLP-1: <2.743pg/ml

90 undetectable 5.906 14.425 155.994 17.847 4.153 56.852 296.198 462.687 433.315 740.649 undetectable 406.664 556.788 undetectable Active GIP: <1.371pg/ml

120 undetectable 7.196 23.620 103.429 11.917 4.153 44.118 234.267 437.180 388.884 765.787 846.531 305.324 353.285

CASES

M
 M

M
 M

ACTIVE	AMYLIN

CONTROLS CASES CONTROLS CASES CONTROLS CASES

INSULIN

CONTROLS CASES CONTROLS CASES CONTROLS CASES

GLUCOSE	(capillary) C-PEPTIDE

GLUCAGON PP

ACTIVE	GLP-1 GIP

CONTROLS CASES CONTROLS

M
 M
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Appendix 2. Table 6: AUC of glucose and hormones during the MM test. 

 

 

 

CONTROLS CASES CONTROLS CASES CONTROLS CASES CONTROLS CASES

696.0 1412.0 90039 786352 6907 33747 885123

532.5 1466.0 169346 463292 9577 113723 389460

679.5 709.5 162973 273428 4463 52675 206207

748.5 538133 260877

CONTROLS CASES CONTROLS CASES CONTROLS CASES CONTROLS CASES

6522 16403 1223 14027 221 13749 40121 78001

3472 2656 1186 6350 197 9674 31936 109554

16133 7876 552 2129 563 48498 59370

19024 2215 6877 40633

Glucose (capillary) C-PEPTIDE GLUCAGON INSULIN

M
 M

PP ACTIVE   AMYLIN ACTIVE   GLP-1 GIP

M
 M
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Appendix 2. Table 7: Percentage of increase of insulin during the stimulation tests. 

 

 

 

CS10 CS11 CS9b Mean of CC32 CC31 Dump6c CC18b Mean of

values values

Baseline 433.251 708.335 undetectable 380.529 150.858 231.664 171.778 780.642 333.735275

Peak 1213.079 1118.592 1318.989 1216.887 1351.424 1916.125 418.097 7172.198 2714.46108

%	Increase 219.789 713.358

CS13 CS6a CS4 Mean of Dump5b Dump7b PPHH1b Dump5a Mean of

values values

Baseline undetectable 256.869 141.363 199.116 undetectable 1918.842 171.926 undetectable 1045.384

Peak 668.439 1878.500 636.350 1061.096 14668.490 6418.864 2832.101 4507.725 7106.795

%	Increase 432.904 579.826

%	increase	is	calculated	by	applying	the	formula	=	(peak	mean	-	baseline	mean)/baseline	mean*100

O
G

T
T

M
 M

CONTROLS CASES

Insulin
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Appendix 2. Table 8: Numerical values of ratio Active GLP-1/GIP during the OGTT and MM. AUC of Active GLP-1/GIP 

during the OGTT and MM. 

 

CS10 CS11 CS9b CC32 CC31 Dump6c CC18b CONTROLS Atypical DCHI** Dumping

AUC CHI*
Time	(minutes)

-30 N/M undetectable N/M undetectable N/M N/M N/M 1.749 1.938 1.612 4.258

0 undetectable 0.150203 0.094915 undetectable undetectable undetectable undetectable 12.970 2.788

15 undetectable 0.166620 N/M N/M N/M N/M N/M 12.360

30 undetectable undetectable 0.155411 0.036633 0.013463 0.076086 0.041586

60 0.041411 0.116097 0.100721 0.019510 0.023763 0.011487 undetectable

90 0.011613 undetectable 0.075934 0.019484 0.019133 0.010350 0.028240

120 0.019733 0.009951 0.064800 0.014603 0.008189 0.029890 0.017980

150 0.012477 0.020280 N/M N/M N/M N/M N/M

180 undetectable undetectable N/M N/M N/M N/M N/M

CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a CONTROLS Dumping +

AUC PPHH
Time	(minutes)

0 undetectable undetectable 0.140 undetectable 0.047 undetectable undetectable 0.475 20.120

30 0.019 undetectable 0.038 0.147 undetectable 0.010 undetectable 0.438 3.542

60 0.012 undetectable 0.042 0.319 0.029 0.011 undetectable 6.405 0.985

90 undetectable 0.013 0.033 0.211 undetectable 0.010 0.102 3.405

120 undetectable 0.016 0.061 0.135 0.014 0.014 0.125

N/M: Not measured. * CC32. **CC31 and CC18b

undetectable: if at least one value in numerator and/or denominator is undetectable

Active	GLP-1	/	GIP

CONTROLS CASES

Active	GLP-1	/	GIP

CONTROLS CASES

M
 M

Active GLP-1 / GIP
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 M
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Table 9: Values of C-peptide:insulin molar ratio. A. Fasting. B. During stimulation tests. C. AUC during fast, OGTT and MM. 

NM:Not measured. * 

Fasting values also used for correlations with each individual´s weight and chronological age 

A

HS2 3.732

HS3 2.483

HS7 1.158

HS8 4.122

HS9 1.171 CS13 CS6a CS4 Dump5b Dump7b PPHH1b Dump5a

HS10 4.199

HS11 6.168 Time	(minutes)

HS13 4.733 0 undetectable 5.062 7.654 undetectable 3.325 5.410 undetectable

HS15 3.300 30 3.073 5.272 5.651 2.295 1.927 2.261 2.469

HS16 8.014 60 4.488 3.020 6.276 1.845 2.895 2.543 3.294

HS 20 3.747 90 5.477 2.475 7.912 1.653 3.511 3.146 5.598

HS 21 1.836 120 5.628 4.570 6.887 1.777 2.405 3.203 7.308

HS4 4.009

HS5 4.928

HS6 2.681

CS10 CS11 CS9b CC32 CC31 Dump6c CC18b

CC32 (atypical) 6.065

CC31 3.092 Time	(minutes)

Dump6c 4.777 -30 N/M 2.514 N/M 6.400 N/M N/M N/M

CC18b 2.182 0 2.679 1.832 undetectable 6.065 3.092 4.777 2.182

15 2.516 N/M N/M N/M N/M N/M N/M

Dump5b undetectable 30 2.873 1.739 4.340 3.080 2.775 4.387 1.218

Dump7b 3.325 60 2.668 2.398 7.023 4.052 6.747 7.527 2.584

PPHH1b 5.410 90 2.914 3.410 14.009 4.291 3.317 6.463 1.370

Dump5a undetectable 120 2.491 2.566 12.802 4.479 3.580 4.727 1.375

150 2.451 3.640 N/M N/M N/M N/M N/M

CF1 5.475 180 2.592 3.855 N/M N/M N/M N/M N/M

CF2 10.160

CF3 4.146

CF4 undetectable

CF5 2.343

CF6 3.512

CF7 2.347

CF8 2.585

CF9 5.010

CS10 2.679 FASTING OGTT MM FASTING OGTT MM

CS11 1.832

CS9b undetectable

33.580 15.950 14.310 8.272 12.120 5.534

CS13 undetectable 2.255 14.810 10.420 49.620 13.240 8.572

CS6a 5.062 6.358 29.600 20.460 12.470 18.550 8.421

CS4 7.654 5.250 13.780

FASTING MOLAR ratio C-peptide/insulin*

C
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Appendix 2. Table 10: Hormone values during MM test in Donohue syndrome patients. 

 

 

Case Case Control 1 Control 2 Case Case Control 1 Control 2 Case Case Control 1 Control 2

1 2 (CS13) (CS4) 1 2 (CS13) (CS4) 1 2 (CS13) (CS4)

Time	(minutes)

0 11970.240 34193.860 undetectable 636.350 1553.194 7198.031 230.857 1708.005 30.705 13.611 36.155 130.436

30 20056.090 71858.370 668.439 474.717 2368.740 14647.800 975.807 1415.214 36.603 13.961 74.917 172.463

60 58589.810 76965.870 333.652 358.268 2555.064 13736.880 711.181 1346.343 30.921 23.160 61.600 121.502

90 66561.120 N/M 316.968 431.602 3274.811 N/M 824.519 1411.815 21.553 N/M 42.526 168.123

180 N/M 46341.470 280.098 N/M N/M 12367.150 748.750 N/M N/M 15.281 40.579 N/M

Case Case Control 1 Control 2 Case Case Control 1 Control 2 Case Case Control 1 Control 2

1 2 (CS13) (CS4) 1 2 (CS13) (CS4) 1 2 (CS13) (CS4)

Time	(minutes)

0 16.287 90.602 undetectable 14.664 146.219 72.855 58.133 424.494 8.175 3.277 undetectable 16.200

30 32.185 235.926 undetectable undetectable 278.541 79.216 530.227 512.913 28.600 4.076 10.235 21.321

60 59.205 182.819 undetectable undetectable 206.013 134.435 364.747 433.316 21.273 7.262 4.519 14.425

90 39.334 N/M undetectable 13.952 244.228 N/M 296.199 388.885 16.788 N/M undetectable 23.620

180 N/M 463.864 undetectable N/M N/M 184.886 234.267 N/M N/M 4.541 undetectable N/M

undetectable insulin: <137pg/ml undetectable C-Peptide: <175.251pg/mlundetectable active amylin: <13.717pg/ml

ACTIVE	GLP-1

CASES CONTROLS

M
 M

N/M: Not measured undetectable GIP: <1.371 pg/ml undetectable PP: <2.743pg/ml undetectable Active GLP-1 < 2.743pg/ml

ACTIVE	AMYLIN

CASES CONTROLS

GIP

CASES CONTROLS

CASES CONTROLS

PP

CASES CONTROLS

INSULIN

CONTROLSCASES

M
 M

C-PEPTIDE
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Appendix 2. Table 11: AUC for enteroinsular hormones during MM in Donohue syndrome cases and in controls. 

 

 

CONTROLS CASES CONTROLS CASES CONTROLS CASES

1269916 133441 7379467 46334 3044 11156

CONTROLS CASES CONTROLS CASES CONTROLS CASES

3576 1288 1430 946 22519 48312

49980

AUC

INSULIN PP

ACTIVE   AMYLIN ACTIVE   GLP-1 GIP

C-PEPTIDE
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APPENDIX 7.3. 

AWARD AND PUBLICATIONS  
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