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Abstract 

Cystic Fibrosis-Related Diabetes (CFRD) is the most frequently observed extra- 

pulmonary co-morbidity associated with Cystic Fibrosis (CF). It is an ever- 

increasing burden on the CF population and is estimated to be present in up to 

50% of people with CF over the age of 30. People with CFRD have a six-fold 

greater mortality rate compared to people with CF without diabetes, however the 

exact mechanism for CFRD development currently remains unclear. This thesis 

will aim to elucidate the role of CFTR in the development and function of 

pancreatic islets. A novel in vivo model of CFTR inhibition model was used in this 

thesis and validated against commonly used transgenic models. Short-term 

CFTR inhibition in C57BL6 mice was shown to cause a significant reduction in 

the size of pancreatic islets alongside a significant reduction in insulin secretion 

whilst sub-chronic CFTR inhibition lead to the development of insulin resistance 

consistent with other models of CFRD. Expression of islet connectivity markers 

Connexin 36 and E-cadherin were consistently reduced across multiple CF 

mouse models which may contribute to altered islet morphology and dysfunction 

observed in CFRD. An in vitro model was used to investigate the role of exocrine 

secretions on endocrine function, and whilst a number of differences in 

inflammatory makers were observed in the presence of different CFTR 

mutations, these were found to have little effect on the insulin secretory ability of 

beta-cells. This thesis supports a role for CFTR in the regulation of islet size and 

function, suggesting that therapeutic approaches using CFTR modulators may 

be beneficial for the restoration of islet architecture and glucose homeostasis in 

people with CFRD. 
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1.0 Introduction 

1.1 The Pancreas 

The pancreas is an organ which generally weighs around 80 g in adult humans, 

which can be thought of as two distinct parts, the exocrine and endocrine 

pancreas. The exocrine pancreas primarily comprises ductal and acinar cells in 

addition to centroacinar cells (Reichert and Rustgi, 2011; Beer et al, 2016) and 

its mass estimates vary from 80 to 95% of the total pancreas (Pandol, 2010; 

Longnecker, 2014), whilst the endocrine pancreas is primarily comprised of small 

mini-organs called islets, which secrete hormones responsible for regulating 

blood glucose concentrations (Roder et al, 2016). The overall gross anatomy of 

the pancreas can be divided into three distinct sections as shown in Figure 1 the 

tail (towards the spleen), the body, and the head (towards the duodenum). 

Figure 1: Gross anatomy of the pancreas showing the duodenum, spleen and 
pancreas, with the major regions within the pancreas labelled. Adapted from 
(Longnecker, 2014) 

Tail 

Body 
Head 

Spleen 

Duodenum 

Pancreas 
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1.1.1 The Exocrine Pancreas 

The exocrine pancreas comprises both acinar and ductal cells (Reichert and 

Rustgi, 2011). Acinar cells perform the role of synthesising, storing and secreting 

digestive enzymes that help to breakdown food following ingestion thereby 

allowing absorption of nutrients (Williams, 2011; Logsdon and Ji, 2013 ). Acinar 

cell growth in adult humans is stimulated by hormone secretion, most notably by 

cholecystokinin (CCK) which stimulates the nuclear translocation of nuclear factor 

of activated T-cells (NFAT) (Gurda et al, 2008). NFATs are involved in the 

regulation of cellular processes such as cellular proliferation, angiogenesis and 

metastasis (Mognol et al, 2016). NFATs stimulate cellular proliferation by 

regulating the expression of genes involved with the cell cycle such as cyclin, 

CDK, c-myc, p15 and p21 (Mognol et al, 2016). Acinar cells can vary in shape 

and size but tend to form clusters with other cells (Geron et al, 2014). The 

individual cells themselves are specialised for protein production in that they 

contain high levels of rough endoplasmic reticulum (RER) as well as a large 

number of zymogen granules for the storage and release of the various digestive 

enzymes (Pandol, 2010). Acinar cells also have microvilli present on their surface 

to facilitate exocytosis of digestive enzymes. (Pandol, 2010). 

Under normal physiological conditions, proteins are synthesised in the RER and 

transported to the Golgi apparatus where they are processed into compartments 

such as zymogen granules (Logsdon and Li, 2013) prior to exocytosis into the 

digestive system via the intestine (Araya et al, 2018). Acinar cells synthesise and 

store a number of digestive enzymes and in both their active (enzyme), such as 

a-amylase, lipase, DNase and RNase (Pandol, 2010) which are involved in the

3



breakdown of starch, glycogen and triglyceride substrates within the digestive 

system. Additionally, inactive forms (proezymes) such as trypsinogen, 

chymotrypsinogen, procarboxypeptodase A, B, prophospholipase, proelatase 

and mesotrypsin are also synthesised and stored by these cell types (Pandol, 

2010). The activation of the proenzymes occurs in the duodenum via enzymatic 

cleavage as a mechanism to prevent digestion of the pancreatic tissue (van Acker 

et al, 2016). 

Amylase is produced by both the pancreas and salivary glands and breaks down 

carbohydrates and glycogen into glucose. Lipases and phospholipases are 

produced primarily by the pancreas (Keller and Layer, 2005) and break down fats 

into free fatty acids (FFA) and lysophosphatidylcholine (LPC). Proteases are 

secreted by the pancreas in the inactive form and are activated by trypsin in the 

duodenum and regulate the breakdown of proteins into free amino acids and 

oligopeptides. The regulation of digestive enzyme synthesis is dependent on 

factors including diet and diseases of the pancreas such as pancreatitis and 

pancreatic insufficiency caused by several conditions including cystic fibrosis 

(CF) (Keller and Layer, 2005; Gibson-Corley et al, 2015). In people who are 

pancreatic insufficient, these enzymes are not produced, and so patients must 

take enzyme supplements to help digest food (Fieker et al, 2011). 

There are two primary mechanisms of acinar cell stimulation: Ca2+ signalling and 

cAMP, which activate acinar cells via the activation of protein kinase A (PKA) and 

Epac pathways (Lu et al, 2003). There are two main secretagogues associated 

with acinar cell stimulation via Ca2+ signalling: cholecystokinin (CCK) which is 

secreted from intestinal cells, acetylcholine (ACh), secreted by vagal 
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postganglionic neurons in addition to a minor secretagogue gastrin-releasing 

peptide (GRP). These stimulants are all G protein-coupled receptors (GPRCs), 

which interact with their specific receptor which leads to the release of inositol 

1,4,5-trisphosphate (IP3) which subsequently helps mobilise Ca2+ which in turn 

stimulates secretion of zymogen granules (Pandol, 2010). The other mechanism 

of enzyme release is via cAMP, which is activated through the binding of secretin 

and vasoactive intestinal peptide (VIP) to their corresponding receptors. cAMP 

causes a release of zymogen granules by stimulating cAMP-dependent activation 

of PKA (Lu et al, 2003). The role of CCK in acinar cell stimulation remains 

controversial with conflicting hypotheses for its mode of action; both direct and 

indirect, but it is generally thought that both processes may be occurring 

(Chandra and Riddle, 2011). Direct stimulation involves CCK binding to CCK-A 

receptors on the acinar cells, which stimulates digestive enzyme secretion via 

elevated intracellular Ca2+ levels (Saluja et al, 2008). The indirect pathway 

involves CCK stimulation via cholinergic postganglionic vagal efferent fibres 

which leads to ACh acting on muscarcinic receptors. (Saluja et al, 2008). CCK 

also activates IP3 which releases Ca2+ from the pancreatic acinar cell 

endoplasmic reticulum (ER), stimulating exocytosis (Barreto, 2016). 

 

The other major component of the exocrine pancreas is the ductal system. Ductal 

cells are estimated to comprise approximately 10% of the total number of cells in 

the pancreas (Logsdon, 1995), and form a complex ductal system to form a 

physical passage for the movement of digestive enzymes into the duodenum 

(Mortele et al, 2006). Their specific role involves the synthesis and secretion of 

bicarbonate (See Figure 2) and mucin which facilitate the movement of pancreatic 

enzymes produced by the acinar cells (Grapin-Botton, 2005). Ductal cells form 
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lumens within the pancreas, forming a complex system. There is one primary duct 

known as the duct of Wirsung (Grappin-Botton, 2005) and numerous smaller 

ducts branch off from this in addition to intercalated ducts, which form links 

between the ducts and acinar tubules. Enzymes released by the acinar cells enter 

the ductal system where they are incorporated into the bicarbonate rich fluid 

produced by the ductal cells (Ishiguro et al, 2012). The pancreatic juices exit the 

pancreas into the duodenum via the duct of Wirsung (Mortele et al, 2006). 

 

Bicarbonate secretion by pancreatic ductal cells is controlled by different  ion 

channels and transporters, as can be seen in Figure 1.2. The process of 

bicarbonate secretion from ductal cells firstly involves the uptake of HCO3- from 

the blood through the basolateral side of the ductal cell and this is followed by 

HCO3- secretion from the apical membrane into the pancreatic lumen (Park and 

Lee, 2012). The apical side of the membrane contains Na+/H+ exchangers known 

as NHE1 which aid in the maintenance of pH homeostasis, as does the anion 

exchange protein 2 (AE2) (Park and Lee, 2012). The NBCe1-B channel facilitates 

the uptake of HCO3- into the basolateral membrane, whilst the aquaporin 

channels (AQP1 and AQP5) are water transport channels which both transport 

water into the cell (Burghardt et al, 2003). The most significant channel on the 

basolateral side is the Na+/K+ ATPase pump and this inward movement of K+, 

along with the other H+ -K+-ATPase pump which act together to generate a 

negative intracellular membrane potential (Ishiguro et al, 2012; Jun et al, 2016; 

Andharia et al, 2018). This negative membrane potential is the most important 

factor in stimulating HCO3- secretion. There is also a further K+ channel which 

facilitates the outward movement of K+ in order to maintain the membrane 

potential (Ishiguro et al, 2012; Jun et al, 2016). 
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Figure 2: Transport systems in the exocrine pancreatic ductal cell 
Diagram depicting the pancreatic ductal cell and the various channels and 
transporters associated with the basolateral and apical membranes such as the 
Apq1/5, NHE1, NBCe1-bB, AE2 and H+K+-ATPase transporters on the 
basolateral side of the cell which are associated with bicarbonate uptake as well 
as the Aqp1, CFTR, SLC26A6 and NHE3 channels on the luminal side of the cell 
which are associated with bicarbonate secretion and reabsorption. Adapted from 
(Jun et al, 2016). 
 

The apical side of the membrane contains several channels involved in HCO3- 

secretion including CFTR, electroneutral Cl-/HCO3- exchangers SLC26A3 and 

SLC26A6, plus members of the TMEM16 family of membrane proteins. In 

addition to this, there are also channels which facilitate the reabsorption of 

bicarbonate (Jun et al, 2016). Bicarbonate secretion is stimulated by factors such 

as cAMP which stimulates the CFTR channel and IRBIT (IP3R binding protein 

released with inositol 1,4,5-trisphosphate) which has been shown to be a 
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stimulator of CFTR (Wilschanski and Novak, 2013), NBCe1-B, and SLC26A6 

(Jun et al, 2016). 

 

1.1.2 Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

 

The CFTR gene mutation was first discovered by Riordan in 1989 as an 

abnormality found on the long arm of chromosome 7 at position 31.2 which was 

present in all CF patients (Riordan et al, 1989). This gene became known as the 

Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), and the protein 

product, a cAMP regulated chloride channel was given the same name.  

 

The CFTR transporter is a member of the ATP binding Cassette (ABC) family of 

membrane channels, and therefore shares a number of features which are highly 

conserved across this subgroup. A typical ABC transporter protein is comprised 

of 4 domains which include 2 Transmembrane domains (TMDs), which are found 

within the cell membrane and 2 Nucleotide Binding Domains (NBDs) (Akabas, 

2000).  ATP binds to an area within the NBDs called the ATP Binding Pocket, 

which is comprised of 2 Walker motifs, a canonical sequence called LSGGQ, 

which is very highly conserved across the entire ABC family and the H and Q 

loops (Lewis et al, 2004).   

 

CFTR is unique among ABC transporters due to the presence of a Regulatory 

“R” domain which is located between NBD1 and TM7 (the innermost alpha helix 

of TMD2) (Lewarchik et al, 2008) and phosphorylation of serine residues in this 

region by Protein Kinase A (PKA) significantly increases the probability of the 

channel opening (Chappe et al, 2005).  

8



 

Following phosphorylation of serine residues in the R-Domain, ATP binds to the 

Walker Motifs of the ATP Binding Pocket within NBD1, and subsequent ATP 

binding to NBD2 causes both NBDs to dimerise (Vergani et al, 2005). The 2 NBDs 

are not located directly beside one another but the ATP causes NBD2 to change 

its configuration so that the 2 NBDs are dimerised in a head to tail configuration. 

This subsequently causes the TMDs to also change their configuration, and 

become outward facing, opening the channel and therefore allowing them to bind 

the substrate. The channel closes when the ATP bound to NBD2 becomes 

hydrolysed to ADP, which makes the NBD dimer unstable, causing the TMDs to 

become inward facing again (Gadsby et al, 2006).  

 

 

Figure 3: Classes of CFTR mutation, their functional abnormality and examples 
of such mutations (Adapted from Manderson Koivula et al, 2016). 
 

 

Phenotype No Synthesis No Trafficking No Function Reduced Function Reduced Protein

Functional 
Abnormality

No CFTR 
synthesis occurs 
due to premature 
stop codons in 
CFTR gene

Misprocessing of 
CFTR protein in 
the RER, meaning 
no CFTR protein 
reaches cell 
surface

CFTR reaches cell 
surface, but is 
unstable and not 
functional

CFTR reaches cell 
surface, but 
displays reduced 
function in the 
form of reduced 
ion conductance

Functional CFTR 
reaches cell 
surface, but in 
reduced quantity, 
insufficient to 
maintain normal 
function

Examples G524X
R553X

F508del
G85E

G551D
G1349D

R117H
R334W

A455E
1680-886A>G

WT CFTR Class I Class II Class III Class IV Class V
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There are 5 classes of CFTR mutation, depending on how the mutation affects 

the expression and function of CFTR, summarised in figure 3. Two of the most 

commonly observed mutations in the CFTR channel are the G551D mutation and 

the F508del mutation which are examples of class II and III mutations respectively 

(Comer et al, 2009). 

 

The G551D CFTR mutation is a gating mutation and the third most common 

CFTR mutation in the world, accounting for approximately 3% of observed CF 

cases (Bompadre et al, 2007). It has an unusually high incidence in North West 

Europe, especially in the British Isles, giving it the nickname “The Celtic Gene”, 

accounting for 3.7% of cases in Northern Ireland and 5.7% in the Republic of 

Ireland (Sermet-Gaudelus, 2013). As the name suggests, the G551D mutation is 

characterised by a glycine to aspartate mutation at position 551 in the CFTR 

gene, and is a missense mutation (Bompadre et al, 2007). The 2 NBDs form a 

head-to-tail dimer with the signature region from NBD1 and the 2 walker motifs 

from NBD2 forming ATP Binding Pocket 2 (ABP2). This mutation is located in the 

signature region of NBD1, so therefore also found within ABP2 (Bompadre et al, 

2008).  

 

The F508del mutation is a class 2 mutation which means the channel is misfolded 

in the ER, and occurs within the Nucleotide Binding Domain 1 (NBD-1) of the 

CFTR protein (leading to its destruction via the ubiquitin-proteasome pathway, 

which therefore means no functional protein reaches the cell membrane (Farinha 

and Amaral, 2005). The F508del mutation is characterised by an in-frame 

deletion (all 3 nucleotides deleted, but no effect on the reading frame) of the 

phenylalanine (F) at position 508 within exon 10 of the CFTR gene (Ferec and 
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Cutting, 2012) and is by far the most common mutation seen in people with CF, 

with approximately 90% of patients carrying at least one copy of the defective 

allele (Lukacs & Verkman, 2012). In addition to this, people who carry one 

F508del allele are at higher risk of pancreatic insufficiency (Ooi et al, 2011)  

 

1.1.3 CFTR Modulators 

CFTR correctors are a class of drug which corrects misfolding of the protein in 

the RER, thereby enabling it to reach the cell surface (Rowe and Verkman, 2013). 

CFTR correctors such as VX-809, otherwise known as Lumacaftor are therefore 

used in the management of class II mutations such as F508del (Ren et al, 2013). 

Lumacaftor corrects CFTR misfolding in the membrane spanning domain 1 region 

(MSD1) of the CFTR channel, allowing the delivery of some functional CFTR 

protein to the cell surface (Ren et al, 2013). 

 

A CFTR potentiator is a drug which works to restore CFTR function, not 

expression, so therefore potentiators are suitable in the management of class III 

mutations such as G551D (Rowe and Verkman, 2013). An example of a 

commonly used potentiator is VX-770, otherwise known as Ivacaftor (Ramsey et 

al, 2011). Ivacaftor restores CFTR function by increasing the Open Probability 

(PO) of the channel and has been shown to increase the Cl- secretion by up to 50 

fold in patients heterozygous for G551D and F508del (CFTRF508del/G551D) (van 

Goor et al, 2009). 

 

It is possible to combine CFTR correctors and potentiators in a single treatment 

and ‘Orkambi’ combines both Lumacaftor and Ivacaftor together (Wainwright et 
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al, 2013). Orkambi is used in treating those who are homozygous for F508del 

(CFTRF508del/F508del) (Zhang et al, 2016) and works by restoring CFTR expression 

(Lumacaftor) and function (Ivacaftor).  

 

1.1.4 The Endocrine Pancreas 

The second major portion of the pancreas is the endocrine component. The 

endocrine pancreas is comprised of structures known as islets of Langerhans 

which have a major role in the regulation of blood glucose. A typical pancreatic 

islet is currently understood to comprise five different cell types: alpha (a)-cells 

which express glucagon (20-30%), beta (b)-cells which express insulin (60%), 

somatostatin expressing delta (δ)-cells (10%), cells which express pancreatic 

polypeptide (5%) and ghrelin expressing cells (1%) (Jones and Persaud, 2010). 

Generally, in mammals the b-cells form a central core of the islet, with the rest of 

the cells aggregating around the periphery of the structure (Bosco et al, 2010). 

However, in humans, there is a much more complicated and diverse arrangement 

and Bosco and colleagues (2010) observed that smaller islets (40-60 µm 

diameter) displayed a similar arrangement to rodents but the b/a-cell ratio 

decreased with an increasing diameter. It was shown that in larger islets, blood 

vessels penetrate deep into the islet, are connected directly to the a-cells and the 

a-cells form a mantle around a b-cell core. This results in a proportionally larger 

number of a-cells, hereby decreasing the a/b-cell ratio (Bosco et al, 2010). These 

findings are further supported by Proschchina et al (2019) who also show that 

islets in the early stages of development are comprised mainly of one type of 

endocrine cell such as b-cells. 
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Islets are not distributed evenly throughout the pancreas and there is estimated 

to be up to double the number of islets in the tail region compared to the head 

and body regions (Wang et al, 2013). The size of islets in humans is also variable 

with sizes ranging from islets containing only a few cells to ones containing 

several thousand, with a diameter ranging from 50-250 µm and an average 

diameter of 100-150 µm (Longnecker et al, 2018) Large islets tend to cluster close 

to the main pancreatic ducts and are comprised of a majority of glucagon positive 

a-cells (Bonner-Weir et al, 2014). Smaller islets are generally distributed around 

the acinar lobes and large islets. Despite only taking up a small proportion of the 

overall pancreas, islets are well vascularised – furthermore, capillaries connected 

to islets are specialised in that they have a large number of pores called fenestrae 

which facilitate nutrient exchange between the vascular system and the islet 

(Jansson et al, 2016). The number of fenestrae is ten times higher in the 

endocrine pancreas compared to the exocrine portion (Jansson et al, 2016). This 

is believed to be particularly important for islets in terms of their role in monitoring 

blood glucose levels and releasing appropriate hormones in response. 

 

1.2 Regulation of islet hormone secretion 

 

1.2.1 Insulin production and release 

 

Insulin is synthesised and secreted by pancreatic b-cells within the islets of 

Langerhans (Meglasson and Machinsky 1986). Insulin comes from the precursor 

preproinsulin (Patzelt et al, 1978) whose gene is found on the short arm of 

chromosome 11 in humans (Owerbach et al, 1980) and it is approximately 1355 
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base pairs long (Bell et al, 1980). Preproinsulin is produced by pancreatic b-cells 

and enters the rough endoplasmic reticulum (rER) which is facilitated by cytosolic 

ribonucleoprotein signal recognition particles (SRP) (Okun and Shields, 1991). 

Upon entering the rER, the preproinsulin is cleaved into proinsulin by proteolytic 

enzymes via cleavage of the N-terminal signal peptide on preproinsulin by a 

signal peptidase (Torkaz et al, 2018). Proinsulin firstly forms a 3-dimensional 

structure via the creation of three disulphide bridges, and mature proinsulin is 

comprised of the A and B chains of insulin which are 21 and 30 amino acids in 

size, joined together by C-peptide (Jones and Persaud, 2010). Proinsulin is 

converted to insulin in the Golgi apparatus whereby the proinsulin is cleaved into 

the respective A, B chains of insulin and C-peptide by prohormone convertases 

2 and 3 as well as carboxypeptidase H (Boland et al, 2017). Prohormone 

convertase 2 cleaves proinsulin along the dipeptides lysine64 – arginine65 and 

carboxypeptidase H converts this protein into C-peptide. Prohormone convertase 

3 cleaves proinsulin along the dipeptides arginine31 – arginine32 and 

carboxypeptidase H subsequently converts this protein into insulin (Furuta et al, 

1998; Jones and Persaud, 2010). It is estimated that up to 95% of proinsulin is 

converted to insulin and the other 5% to C-peptide (Jones and Persaud, 2010) 

but this ratio is dysregulated in people with type 1 diabetes (Sims et al, 2016). 

 

After production, insulin and C-peptide are stored in insulin secretory granules 

which are found within b-cells in the islet. The concentration of insulin in these 

granules is thought to be around 40 mM (Fu et al, 2013). In addition to insulin and 

C-peptide, insulin secretory granules also contain a several other cations such as 

zinc (Hou et al, 2009), which plays a role in the stability of insulin, as well as 

calcium and magnesium, whose roles have yet to be fully elucidated (Jones and 
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Persaud, 2010). Microtubules form within the b-cell to facilitate movement of the 

insulin secretory granules out of the cells, whilst actin and myosin provide a 

physical force for the movement of the granules to the inner membrane surface. 

Upon docking at the inner surface of the membrane, a complex consisting of 

proteins which have a role in insulin exocytosis such as syntaxin, VAMP, SNAP 

and Munc18 (Xiong et al, 2017). This complex is known as the soluble N-

ethylmaleimide- sensitive factor attachment protein receptor (SNARE) complex 

(Fu et al, 2013; Xiong et al, 2017). 

 

The primary stimuli for insulin release by pancreatic b-cells is circulating glucose 

levels (Komatsu et al, 2013), but additionally, other larger mono- and 

polysaccharides (Ganesan and Xu, 2019), amino acids (Brown et al, 2016), 

nutrients, and fatty acids also have a role to play (Newsholme and Krause, 2012). 

 

Circulating glucose enters rodent b-cells primarily via the GLUT-2 glucose 

transporter (Unger, 1991). However, in human b-cells it is understood that GLUT-

1 is the principal glucose transporter (McCulloch et al, 2011) Upon transportation 

into the b-cell, glucose is phosphorylated by the enzyme glucokinase (Machinsky 

et al, 1993: Machinksy and Wilson, 2019). Glucokinase is a member of the 

hexokinase family of enzymes, which only detects glucose and becomes 

physiologically active when it detects glucose levels of approximately 6 mM which 

is lower than other hexokinases and within the glucose range that is considered 

‘normal’ between 4.5 and 7 mmol/L (Mackinsky et al, 2006; Fu et al, 2013). Insulin 

is not secreted when plasma glucose levels are less than 5 mmol/L. Furthermore, 

glucokinase activity does not plateau with increasing levels of glucose-6-

phosphate (G6P) (Fu et al, 2013) which is the end-product of glucokinase 
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phosphorylation of glucose (Matchinsky, 2002). G6P can then undergo several 

processes to generate energy in the form of adenosine triphosphate (ATP) which 

is utilised in numerous cellular processes, and also has a specific role in b-cells 

via KATP-dependent modulation of insulin secretion (Tarasov et al, 2004). 

 

The b-cell has many ATP-sensitive potassium channels (KATP) which facilitate the 

inward movement of potassium into the b-cell when glucose levels are less than 

5 mmol/L, thereby maintaining the equilibrium potential of the b-cell membrane 

(Tarasov et al, 2004). This channel is comprised of eight smaller subunits, 

including four sulphonylurea receptors (SUR1) and four potassium channel 

subunits (KIR6.2) (Miki et al, 1999). The four Kir6.2 subunits form a central core 

with the SUR1 subunits around the periphery. ATP binds to Kir6.2 subunits  

(Trapp et al, 2003) whilst sulphonylureas bind to the SUR1 subunits to induce 

channel closure (Proks et al, 2002) In the presence of sulphonylureas and ATP 

(created as a final result of glucose conversion to G6P and eventually ATP), the 

KATP channel closes, preventing further influx of potassium ions. This increase in 

ATP (along with the lowering of ADP, therefore increasing the ATP/ADP ratio) 

causes a rapid membrane depolarisation which stimulates L-type voltage-gated 

(or voltage-dependent) calcium channels to open, leading to an influx of Ca2+ into 

the b-cell. This influx of calcium ions directly leads to exocytosis of b-cell insulin-

secretory granules releasing insulin into the bloodstream (Rorsman and 

Renstrom, 2003; Jones and Persaud, 2010; Rorsman and Braun, 2013) 
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Figure 4: Diagrammatic illustration of glucose-stimulated insulin secretion. 
Glucose enters the cell via the GLUT-2 transporter, where it is converted to 
Glucose 6-Phosphate (G6P) via Glucokinase. G6P is converted to ATP in the 
mitochondria and ATP depolarises the b-cell membrane by closing the ATP-
sensitive K+ channel (KATP channel). This depolarisation opens the Voltage 
Dependent Calcium channels (VDCC), leading to an influx of Ca2+ ions into the 
b-cell which stimulates the release of the Readily Releasable Pool (RRP) and 
Reserve pool of insulin secretory granules. Adapted from (Jones and Persaud, 
2010; Fu et al, 2013; Rorsman and Braun, 2013). 
 

The process of insulin secretion can generally be divided into two distinct phases. 

First phase insulin secretion occurs rapidly when plasma glucose levels are 4 

mmol or higher, with insulin secretion reaching as high as 1.4 nmol/min and lasts 

for no longer than 10 minutes in humans (Gerich, 2002). The granules undergoing 

exocytosis in the first phase of insulin secretion are known as the readily 

releasable pool (RRP), which comprise around 1% of total insulin granules in the 
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b-cell or approximately 50 to 100 individual granules per b-cell (Rosman and 

Stenstrom, 2003). The RRP granules are situated immediately below the cell 

surface membrane of b-cells, and the SNARE complex (formed as a result of 

granule docking with the membrane) directs calcium ions towards RRP granules 

for immediate exocytosis (Gaisano, 2017). Depletion of RRP granules does not 

mean that the first phase of insulin secretion has finished, as they can be replaced 

within 1 second. Second phase insulin secretion is considerably longer than first 

phase lasting up to several hours, but the rate of insulin secretion is estimated to 

be around 0.4 mmol/min (Sieno et al, 2011; Fu et al, 2013). 

 

Insulin secretion is stimulated by an influx of calcium into the b-cell through 

voltage-gated calcium channels. There are three types of voltage-gated calcium 

channels which vary according to their sensitivity in terms of the amount of 

extracellular calcium required for them to open. The channel involved in first 

phase insulin secretion is the L-type high voltage activated (HVA) calcium 

channel 1.2 (CaV1.2) and the channel involved in second phase insulin secretion 

is the R-type HVA channel 2.3 (CaV.23) (Fu et al, 2013; Rorsman and Braun, 

2013). The L-Type CaV1.2 channel is understood to allow more calcium entry 

into the b-cell and subsequent granule docking and insulin exocytosis, whilst the 

CaV2.3 channel calcium influx is much smaller and unable to stimulate insulin 

secretion on its own (Fu et al, 2013). 

 

Whilst ATP/ADP induced insulin secretion is the most common mechanism to 

stimulate the opening of the voltage-gated calcium channels, therefore initiating 

insulin exocytosis, other signalling pathways which amplify the insulin response 

exist. Firstly, the cyclic AMP (cAMP) pathway contributes towards a significant 
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amount of insulin exocytosis (Yang and Yang, 2016). The cAMP signalling 

pathway is stimulated by the incretin hormones gastric inhibitory peptide (or 

glucose-dependent insulinotropic polypeptide; GIP) and glucagon-like peptide-1 

(GLP-1) (Tomas et al 2019). GIP is comprised of 42 amino acids and is released 

from K-cells of the small intestine and is secreted in response to glucose, long 

chain fatty acids, and amino acids (Sieno et al, 2010). GLP-1, one of the products 

produced by proglucagon, consists of 32 amino acids, and is secreted from L-

cells of the small and large intestine in response to an increase in the levels of 

carbohydrates, proteins and lipids in the intestine (Yoder et al, 2009). Both 

hormones bind to specific GPCRs found on b-cells, known as GIP-R and GLP-R, 

respectively. They both exert an action on the b-cell by stimulating the action of 

adenylate cyclase, an enzyme which hydrolyses ATP into cAMP. Cyclic AMP 

activates PKA (Seino et al, 2009) by binding to one of its subunits (Cheng et al, 

2008), and PKA stimulates insulin secretion by increasing the sensitivity of the 

exocytosis mechanism to Ca2+ (Wan et al, 2004). PKA does not stimulate insulin 

secretion, but rather maintains it once started, therefore playing a key role in 

second-phase insulin secretion (Kaihara et al, 2013). In addition to PKA, cAMP 

also stimulates a protein called EPAC (exchange protein activated by cAMP) 

which further amplifies insulin secretion by increasing the physical size of the 

RRP granules by more than double (Holz, 2004), thereby facilitating the rate of 

first phase insulin secretion. 

 

Another major mechanism involved in the process of insulin secretion is through 

the activation of phospholipase C (PLC). PLC can only be activated by the binding 

of an agonist such as cholecystokinin (CCK) to a GPCR on the b-cell. CCK is 

secreted by the endocrine cells of the small intestine in response to the 
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consumption of lipids (McLaughlin et al, 1998). PLC enhances insulin granule 

exocytosis firstly by hydrolysing phosphatidylinositol biphosphate (PIP2) into 

inositol triphosphate (IP3) and diacylglycerol (DAG) (Thore et al, 2005). IP3 

increases the amount of intracellular Ca2+ derived from the ER (Thore et al, 2005; 

Kania et al, 2017). This additional intracellular Ca2+ helps to enhance insulin 

secretion by the phosphorylation of proteins associated with granular 

translocation during exocytosis (Putney and Tomita, 2012). In addition to IP3, 

DAG is also produced as a result of PIP2 hydrolysis, which acts by binding to 

protein kinase C (PKC) (Thatcher, 2010). PKC activation also helps to enhance 

insulin secretion by directly phosphorylating proteins associated with granular 

translocation (Wan et al, 2004). 

 

1.2.2 Release of other islet hormones. 

 

In addition to insulin, the islets of Langerhans also secrete a number of other 

hormones in order to regulate plasma glucose levels such as glucagon (Cockford 

et al, 1971) and pancreatic polypeptide (Kimmel et al, 1975). Glucagon is a 29 

amino acid peptide secreted by pancreatic a-cells (Cockford et al, 1971) to raise 

blood glucose by counteracting the effects of insulin in order to prevent 

hypoglycaemia and restore normoglycemia. Whilst synthesised in the a-cells via 

the enzymatic conversion of proglucagon into glucagon via prohormone 

convertase 2 within the endocrine pancreas (Bansal and Wang, 2008), glucagon 

predominantly acts within the liver where it is involved in the stimulation of 

glycogenolysis and gluconeogenesis (Garrison and Haynes, 1973). 

Glycogenolysis is the process whereby glycogen stores are converted into 

glucose and glycogenolysis is the production of new glucose molecules (Biant, et 
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al, 2016). Both these processes combined can significantly raise blood glucose 

levels quickly in response to hypoglycaemia (Garrison and Haynes, 1973). 

 

In contrast to insulin, glucagon release from a-cells is stimulated when the 

circulating levels of glucose are low (Munoz et al, 2005). However, similar to 

insulin, glucagon exocytosis is controlled by voltage-gated Na+ and Ca2+ 

channels (Vignali et al, 2006). Glucose enters a-cells via the SLC2A1 transporter, 

also known as GLUT-1 (Quesada et al, 2008), and consistent with activities in the 

b-cell, is eventually converted to ADP/ATP. However unlike in b-cells, it has been 

proposed that glucose is metabolised via anaerobic glycolysis (Quesada et al, 

2006) as the glucose is metabolised via the GAPDH enzyme which converts 

glucose into ATP/ADP and pyruvate (Nicholls et al, 2011) in the cytoplasm of a-

cells. The KATP channels in a-cells are up to five times more sensitive to ATP than 

their counterparts found in b-cells, and subsequently require a lower ATP 

concentration to become activated (Zhang et al, 2013). This results in the closure 

of the KATP channels, which leads to membrane depolarization and the opening 

of a number of voltage-gated calcium channels (VGCCs) (Gromada et al, 2006). 

There are four types of VGCCs found in a-cells known as T, L, N and P/Q calcium 

channels, and these vary in sensitivity to membrane depolarization. In a-cells, 

P/Q-calcium channels are the most prominent (Gromada et al, 2006; 

Ramracheya et al, 2010) and can be opened by a lower amount of membrane 

depolarization (Biant et al, 2016), caused by low levels of glucose, and this influx 

of calcium into the cytosol causes glucagon exocytosis (Ramracheya et al, 2010). 
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In addition to KATP channels, a-cells also express sodium-glucose co-transporter 

2 (SGLT2), which transports glucose and sodium ions into the cell when there 

are low levels of circulating glucose (Suga et al, 2019). The influx of Na+ also 

leads to membrane depolarization and subsequent activation of the VGCCs, 

stimulating glucagon exocytosis. The P/Q-calcium channel activity is inhibited by 

high glucose levels, as high glucose levels result in higher levels of ATP (Biant et 

al, 2016). 

 

In maintaining a correct balance of circulating blood glucose, mechanisms are 

also in place to inhibit glucagon secretion, the most potent understood to be 

through somatostatin (SST), which is secreted by pancreatic δ-cells, along with 

β-cell-derived insulin. SST binds to the SST receptor 2 (SSTR2) (Rutter, 2009) 

found on pancreatic a-cells (Hague-Evans et al, 2009) and after binding to the 

receptor, SST activates the G-Protein coupled inwardly rectifying K+ channel, 

which reopens the channel, allowing for an influx of K+ ions into the cytoplasm. In 

addition to this, there is also evidence that SST exerts a glucagon inhibitory effect 

by lowering the levels of cAMP in the cell cytoplasm by inhibiting the action of 

adenylyl cyclase which hydrolyses ATP into cAMP (Elliott et al, 2015). This 

therefore repolarizes the membrane, which closes the VGCCs and stops 

glucagon secretion (Biant et al, 2016). There is also increasing evidence to 

suggest that insulin itself is a regulator of glucagon secretion (Vegari et al, 2019). 

Insulin-induced glucagon suppression is controlled by the PI 3-kinase-/Akt-

dependent signalling pathway as studies whereby the PI-3-kinase inhibitor 

wortmannin was used blocked insulin-induced glucagon suppression in 

immortalised a-cells in response to an insulin challenge (Kaneko et al, 1999). 
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1.3 Structure-function relationships in the islet  

 

The structure of the islet is particularly important in the mechanism of insulin 

secretion, and intra-islet interactions play a role in this process. In particular, the 

interactions between a, b, and δ-cells are vitally important in the regulation of 

glucagon, insulin, and SST secretion (Drigo et al, 2015). Interactions between the 

various cell types are mediated by a number of hormones and receptors including 

connexins and cadherins. It has also been shown that immortalised pancreatic 

cell line MIN6 displays higher levels of the b-cell adhesion molecule E-cadherin 

when grown as 3D pseudoislets and secrete higher levels of insulin compared to 

a 2D monolayer (Kelly et al, 2010). 

 

Within the islets of Langerhans, the individual cells can communicate with each 

other in a variety of ways to ensure that the release of islet hormones is adequate 

to meet biological demands. The primary mechanism of intracellular 

communication in the islet is through gap junction signalling. Connexins have 

been shown to be present in both human and mouse islets, and Connexin 36 

(Cx36), encoded by the Gjd2 gene is the most extensively studied as it has been 

shown to play a key role in b-cell coupling and insulin secretion (Ravier et al, 

2005; Serre-Beinier et al, 2009 Carvalho et al, 2012). Cx36 derives its name form 

the size of the protein, as it is approximately 36 kDa in size and has a similar 

structure to other connexins (see Figure 5). A typical connexin molecule is 

comprised of four membrane spanning domains (M1-M4) with two extracellular 

loops connecting M1 to M2 and M3 to M4. Each of these extracellular loops 

contains three cysteine residues. There is also an intracellular loop connecting 

M2 to M3, as well as a cytoplasmic and cytoplasmatic loop with N and C terminals 
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(Söhl et al, 2004). The intracellular loop and the N-terminal vary a lot between 

species of connexin, whilst the rest is largely conserved. Each connexon hemi-

channel is comprised of six connexin sub-units surrounding a hydrophilic space. 

Two hemi-channels on neighbouring cells couple to form a full connexon 

intercellular channel to create a gap junction through forming bonds via the 

cysteine residues found on the extracellular loops (Söhl et al, 2004). 

 

 

Figure 5: General structure of a Connexon molecule.  
A single connexin molecule is comprised of four transmebrane domains known 
as M1-M4. Extracellular loops each harbouring 3 cysteine residues link M1 to M2 
and M3 to M4 respectively. There is an intracellular loop connecting M2 to M3 as 
well a cytoplasmic and cytoplasmatic loop with N and C terminals. Six of these 
units comprise a connexin hemi channel and they form a complete channel by 
interacting with a respective connexin molecule on a neighbouring cell via the 
formation of bonds with the cysteine residues. Adapted from Söhl et al, 2004. 
 

Cx36 has been shown to be the only connexin channel which couples b-cells in 

rodents and the major one in humans (Farnsworth et al, 2014). It is thought that 

Cx36 channels only have an open probability of around 0.8% (Marandykina et al, 

2013), and when open, it facilitates the movement of intracellular Ca2+ between 

neighbouring b-cells (Benninger et al, 2011). Cx36 plays a key role in insulin 
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secretion and it has been shown that it facilitates the movement of intracellular 

Ca2+ between b-cells when there are high levels of glucose present. This 

movement helps to stimulate the exocytosis of the insulin granules in the reserve 

pool, which induces second phase insulin secretion (Head et al, 2012). Evidence 

from this theory was demonstrated in a study whereby it was shown that Cx36 

KO mice have significantly reduced second phase of insulin secretion (Head et 

al, 2012). Furthermore, it has also been shown in this study that glucose 

intolerance resulted from the deletion of Cx36 in the mouse model. 

 

E-cadherin is a calcium-dependent cell-adhesion molecule which is also found in 

islets of Langerhans and has been shown to play a role in the regulation of insulin 

secretion. E-cadherin is a member of the classical cadherin subfamily of cadherin 

molecules and is a 120kDa protein, encoded by the CDH1 gene in humans 

(Graziano, 2013). Like other members of its family, its structure is comprised of 

an N-terminus, followed by five extracellular cadherin domains, known as EC1-

EC5, each connected by a Ca2+ ion for structural stability (Yap et al, 1997). The 

EC5 domain is connected to a b-Catenin residue further connected to a a-Catenin 

residue which connects the overall structure to an actin filament (Ivanov et al, 

2001), as shown in figure 6. As with all other classical cadherins, E-cadherin is 

homophilic, in that it will only interact with other E-cadherin molecules on 

corresponding cells. The primary role of E-cadherin is in the regulation of cell-cell 

adhesion but there is also emerging evidence that it has a role in other key cellular 

processes such as proliferation and apoptosis (Lu et al, 2014). 
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Figure 6: General Structure of a Classical Cadherin molecule 
The extracellular domain is comprised of 5 extracellular cadherin domains, known 
as EC1-EC5, each connected by a Ca2+ ion. EC5 is connected to the intracellular 
b-catenin and a-catenin residue which is connected to an actin filament. (Adapted 
from Yap et al, 1997). 
 

E-cadherin plays an important role in the architecture of the islets and has been 

shown to be expressed in b-cells of the islets of Langerhans (Cirulli, 2015). E-

cadherin mediated adhesion between b-cells has been shown to be upregulated 

by the presence of glucose and this adhesion also induces insulin secretion 

(Parnaud et al, 2015). E-cadherin aggregates around the edges if the b-cells and 

loss of functional protein was also associated with a decline in insulin secretion 

(Geron et al, 2015). Furthermore, preproinsulin mRNA levels were shown to be 

increased by up to 70% in E-cadherin over expressing MIN6 cells, as were the 
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levels of basal insulin secretion compared to the control (Geron et al, 2015). 

Pseudoislets with E-cadherin overexpression were also more compact compared 

to the control, suggesting it has a role in both the maintenance of islet structure 

and in insulin secretion (Carvell et al, 2007). E-cadherin expression has also been 

shown to be upregulated in MIN6 pseudoislets compared to cells cultured as 

monolayers (Kelly et al, 2010). 

 

1.4 Dysregulation of islet hormone secretion and diabetes 

 

Diabetes mellitus is a condition which is primarily associated with the failure of 

hormonal control of blood glucose levels as well as imbalances in carbohydrate, 

fat and protein metabolism (Zaccardi et al, 2016). Diabetes was first recognised 

as early as 600 BC, but it was the work of Himsworth in 1936 who determined 

that it could further be classified as either insulin resistant or insulin sensitive. 

However, the precise classification of diabetes which is still currently in use today 

was published in 1980 in the Expert Committee report (George and Alberti, 2010). 

 

1.4.1 Type 1 Diabetes Mellitus 

 

Type 1 diabetes mellitus (T1DM) is primarily characterised by b-cell destruction 

which can be caused by either autoimmune (90%) or idiopathic factors (10%) 

(Delli et al, 2010). An estimated 5-10% of total diabetes diagnoses are thought to 

be type 1 (Noble and Valdes, 2011) and it can either develop from birth or later 

in life. Infiltration of lymphocytes into islets, particularly CD8+ T-lymphocytes, play 

an important role in T1DM pathogenesis and CD8+ T-lyphocytes can selectively 

cause b-cell death (Burrack et al, 2017). The underlying cause of susceptibility to 
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autoimmune destruction of b-cells is a number of genetic factors, and in 

particular, in people who carry the DR3-DQ2 and DR4-DQ8 genotype which is a 

mutation of the HLA class II gene found on chromosome 6 in humans (Delli et al, 

2010; Noble and Valdes, 2011). A number of autoantibodies such as insulin 

autoantibody (IAA), glutamic acid decarboxylase autoantibodies (GAA or GAD) 

(Taplin and Barker, 2008; Rewers and Ludvigsson, 2016) and ZnT8 transporter 

autoantibodies (ZnT8Ab) (Kawasaki, 2012; Rewers and Ludvigsson, 2016) are 

detectable in the bloodstream before clinical onset, and can be used as a clinical 

marker to predict T1DM (Atkinson et al, 2014). Environmental factors which have 

been proposed to trigger the onset of T1DM include dietary factors such as 

drinking cows’ milk as an infant (as opposed to breastfeeding), consumption of 

root vegetables before the age of four months, and a lack of vitamin D (Rewers 

and Ludvigsson, 2016). Viral infections in childhood as well as consumption of 

toxins have also been shown to be risk factors in the development of T1DM 

(Filippi and von Herrath, 2008). 

 

In people who have T1DM, an estimated 90-95% of functional b-cells are 

destroyed upon clinical presentation, but diagnosis can occur when as few as 

66% of b-cells are destroyed (Atkinson et al, 2014), and it is associated with a 

complete loss of first phase insulin response and glucose intolerance, whilst 

treatment primarily involves insulin supplementation. However, as more is known 

about the onset of T1DM, efforts are now being made to try to delay, or even 

prevent its onset. 

 

 

 

28



 

1.4.2 Type 2 Diabetes Mellitus 

 

By far the most common form of diabetes mellitus presented is type 2 (T2DM), 

which is associated with insulin resistance and defective insulin secretion and 

accounts for approximately 90% of all cases (Chatterjee et al, 2017). The major 

risk factor in the development of T2DM is obesity and a lack of physical activity, 

and as such it is more prominent in ‘Western’ cultures and is becoming more 

prevalent (Khazrai et al, 2014). 

 

Obesity plays a major role in the development of insulin resistance. One proposed 

theory, known as the Randle Cycle (glucose fatty-acid cycle) suggests that non-

esterified fatty acids (NEFA) (whose release is associated with excess fat 

deposits in visceral adipose tissue) interferes with glucose metabolism by 

increasing very low-density lipoprotein (VLDL) production in the liver. This 

subsequently reduces insulin extraction, which results in reduced glucose 

oxidation (Scheen, 2003). 

 

Furthermore, it has also been shown that the levels of glucose and lactate present 

in the interstitial fluid (ISF) is significantly lower compared to the levels in the 

blood (Erdele et al, 2018), where the levels in the ISF were also shown to 

decrease with an increase in body mass index (BMI). These results suggest that 

obesity is a major risk factor in the development of T2DM, as glucose uptake into 

the ISF was up to six times higher in lean subjects compared to obese subjects 

(Enderle et al, 2018). This supports the suggestion that glucose uptake into 

adipose tissue is a significant factor in the development of T2DM. 
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Another factor in the reduced glucose uptake is through a lack of physical activity. 

Exercise has been shown to activate a number of signalling pathways associated 

with glucose uptake into skeletal muscle (Stanford and Goodyear, 2014). It has 

been suggested that acute exercise can improve skeletal muscle glucose uptake 

as exercise at high VO2max levels causes tyrosine phosphorylation which 

activates the IRS1/PI3-K pathway as well as the Akt/PKB pathways of glucose 

uptake (Rohling et al, 2016). Long-term physical training can increase the number 

of mitochondria which are involved in metabolising glucose (de las Heras et al, 

2018). Long term training also increases the expression of a number of glucose 

transporters such as GLUT-4 in skeletal muscle (Richter and Hargreaves, 2013). 

 

b-cell dysfunction is also observed in T2DM, associated with a reduction in the 

ability of glucose to stimulate insulin secretion, which  can be caused by a number 

of factors including ER and metabolic stress, the formation of amyloid plaques, 

inflammation, and a reduction in cell-cell communication pathways (Halban et al, 

2014). There are a number of treatments available to manage T2DM and these 

include insulin therapy, sulphonylureas, GLP-1 receptor agonists, and a host of 

other antidiabetic drugs (Marin-Penalver et al, 2016). 

 

1.5 Cystic Fibrosis-Related Diabetes 

 

Cystic fibrosis-related diabetes (CFRD) is classified as an “Other form of 

Diabetes” and only develops in people who have cystic fibrosis (CF). Cystic 

fibrosis is the most common autosomal recessive condition in Caucasians (Kelly, 

2017) and is caused by a mutation of the CFTR gene. Defective CFTR results in 

dehydrated bicarbonate secretions from a number of tissues including the lungs 
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and pancreas (Li and Naren, 2010) and results in the build-up of a viscous mucus 

(Brennan et al, 2004). This mucus harbours bacteria in the lungs meaning people 

with CF suffer from repeated lung infections, leading to a rapid decline in lung 

function (Cantin et al, 2015), which is the primary cause of mortality in CF.  

 

CFRD is one of the most common co-morbidities associated with CF, estimating 

to affect up to 50% of people with CF over the age of 30 (Brennan et al, 2004). It 

is usually diagnosed in early adulthood, between the ages of 18 to 21 and is 

associated with a significant decline in lung function (Milla et al, 2000). It shares 

similarities with both T1DM and T2DM but presents a unique challenge in its 

treatment. Similar to T1DM, CF patients are not overweight and show a significant 

loss of b-cells and a reduction in overall islet area which evidence suggests 

occurs early in childhood, several years before the clinical onset (Bogdani et al, 

2017). There is also substantial evidence suggesting insulin resistance is also 

present, similar to T2DM (Moran et al, 2010). Whilst CFRD patients are usually 

underweight, people with CF must consume a high calorie diet as part of their 

regular CF treatment which can make it difficult to control glucose intake and 

therefore manage hyperglycemia. CFRD patients take insulin supplementation 

upon diagnosis, but recent research has suggested possible benefits in beginning 

insulin therapy in childhood, due to the possibility of delaying the onset in early 

adulthood (Bizzarri et al, 2006). Furthermore, CFTR correctors such as ivacaftor 

have been shown in small studies to restore insulin responsiveness to 

intravenous glucose and improvements in glucose metabolism was observed in 

response to a 12-month treatment with lumacaftor-ivacaftor (marketed as 

Orkambi) (Misgault et al, 2018).  
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The role for Ivacaftor as a potential prevention mechanism for CFRD or a 

treatment for established CFRD should be explored as a number of recent 

investigations have shown that restoration of CFTR function in those carrying 

gating mutations also results in improved insulin secretion (Bellin et al, 2013; 

Tsarbi et al, 2016; Kelly at al, 2019). Even short-term one month ivacaftor therapy 

has been shown to restore insulin responsiveness (Bellin et al, 2013). However, 

to date these results have been in studies with relatively small cohorts, and the 

precise mechanism for the observations must be investigated further to determine 

if the insulin response is improved as a result of a restoration of islet mass or via 

an improved insulin secretory mechanism within the b-cells. 

 

Improvements in glycaemic control have also been observed following Ivacaftor 

treatment as enhanced insulin production has been noted following Ivacaftor 

treatment  (Christian et al, 2019). Furthermore, it has even been shown to resolve 

CFRD altogether in a small, one person study, completely restoring haemoglobin 

A1C measurements in the absence of conventional diabetic therapies (Hayes Jr 

et al, 2014).  

 

Ivacaftor-Lumnacaftor treatment for one year  in a larger 40 person cohort 

resulted in a significant improvement in glucose tolerance as well as the 

resolution of CFRD in a number of cases (Misgault et al, 2020). 

 

Pancreatic insufficiency is a condition whereby the acinar cells of the exocrine 

pancreas do not secrete sufficient digestive enzymes for normal digestive 

physiology (Struyvenberg et al, 2017), and the relationship between the exocrine 

and endocrine pancreas is one which has generated considerable interest. 
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Exocrine pancreatic insufficiency has been shown to be prevalent more so in 

T1DM patients (Hardt et al, 2003) compared to those with T2DM, but the specific 

nature of this relationship is uncertain, and it is presently unclear whether the 

exocrine insufficiency is causing the diabetes, or if the insufficiency is a co-

morbidity of the diabetes. 

 

It has been suggested that insulin can act as a tropic factor in pancreatic acinar 

cells as patients with diabetes have been shown to have pancreatic atrophy 

compared to non-diabetic controls (Hardt and Ewald, 2011). Furthermore, this 

suggestion is supported by the fact that acinar cells directly connected to islets 

via blood vessels are larger in seize and synthesise more digestive enzymes than 

cells not directly connected to islets (Hardt and Ewald, 2011). 

 

It has been suggested that the exocrine pancreas may play a key role in the 

development of CFRD (Norris et al, 2019). Pancreatic insufficiency is prevalent 

in CF and CFTR is expressed in pancreatic ductal cells (Madacsy et al, 2018). 

Pancreatic insufficiency is more likely to affect patients who carry mutations from 

Class I, II or III which are the more ‘severe’ mutations in the sense there is little 

amounts of functional CFTR at the cell surface membrane (Ahmed et al, 2003). 

Class I mutations are characterised by a complete lack of CFTR synthesis in the 

nucleus, whilst class II mutations are associated with reduced trafficking to the 

cell membrane and account for the majority of CFTR mutations including F508del 

(De Boek et al, 2014). Class III mutations are where the CFTR reaches the cell 

membrane but is unstable, and an example is the G551D mutation, Class IV 

mutations are classified by a stable protein but one which isn’t fully functional and 

Class V mutations are characterised by a reduction in the amount of protein 
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present at the membrane but the protein is structurally and functionally sound 

(Rowntree and Harris, 2003). The lack of functional CFTR results in acidification 

of pancreatic juices produced by the ductal cells which leads to increased mucin 

production. This mucin causes ductal obstruction, leading to pancreatic fibrosis 

(Moheet, 2017). It is interesting to speculate that due to the nature of the exocrine 

pancreas in CF, it may exert an effect on the endocrine portion. However, the 

precise mechanism for the development of CFRD is still being debated as there 

is also evidence that it is only b-cell mass which is lost in humans (Bogdani et at, 

2017), suggesting other factors are involved. 

 

The recently published review article included below outlines current theories on 

the development of CFRD, and further discusses the therapeutic challenges of 

managing this difficult condition. 

 

 

 

1.6 Cystic Fibrosis-Related Diabetes: Pathophysiology and Therapeutic  

Challenges. 

 

The following invited review article was published in Clinical Medicine Insights: 

Endocrinology and Diabetes (online on 28 May 2019). The accepted version 

follows. The final published version of this review can be found in the appendix 

of this thesis. I (Ryan Kelsey) wrote the initial draft of the manuscript in its entirety, 

which was revised and refined by Dr Fiona Manderson Koiviula, Professor Neville 

McClenaghan, and Dr Catriona Kelly. 
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ABSTRACT 

Cystic Fibrosis-Related Diabetes (CFRD) is among the most common extra-

pulmonary co-morbidity associated with Cystic Fibrosis (CF), affecting an 

estimated 50% of adults with the condition. CF is prevalent in 1 in every 2500 

Caucasian live births and is caused by a mutation in the Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) gene. Mutated CFTR leads to 

dehydrated epithelial surfaces and a build-up of mucus in a variety of tissues 

including the lungs and pancreas. The leading cause of mortality in CF is 

repeated respiratory bacterial infections, which prompts a decline in lung function. 

Co-morbid diabetes promotes bacterial colonisation of the airways and 

exacerbates the deterioration in respiratory health. CFRD is associated with a 6-

fold higher mortality rate compared to those with CF alone. The management of 

CFRD adds a further burden for the patient and creates new therapeutic 

challenges for the clinical team. Several proposed hypotheses on how CFRD 

develops have emerged, including exocrine driven fibrosis and destruction of the 

entire pancreas and contrasting theories on the direct or indirect impact of CFTR 

mutation on islet function. The current review outlines recent data on the impact 

of CFTR on endocrine pancreatic function and discusses the use of conventional 

diabetic therapies and new CFTR correcting drugs on for the treatment of CFRD.   
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CYSTIC FIBROSIS 

Cystic Fibrosis (CF) is the most common autosomal recessive condition in 

Caucasian populations with an incidence of 1 in 2500 live births. Globally, CF is 

estimated to affect between 70,000 and 100,000 people.1 The condition is caused 

by a mutation in the Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR) gene, which is found on the long arm of chromosome 7 and spans 230kb 

with 27 coding exons. The CFTR gene codes for a cAMP-regulated chloride 

channel of the same name. The membrane-bound CFTR glycoprotein was first 

identified in 1989 by Riordan and colleagues2 and is a member of the ATP-binding 

cassette (ABC) membrane transporter gene superfamily; a class of transporters 

that also includes the sulfonylurea receptor. CFTR is responsible for the outward 

movement of Cl- and the linear movement of water across cell membranes.3 

CFTR also regulates the activity of other membrane proteins, including the 

epithelial sodium channel ENaC, the outwardly-rectifying chloride channel 

ORCC, and a Cl-/HCO3- exchanger.4 

 

CFTR is a large protein of over 1400 amino acids separated into two homologous 

halves, each containing 6 membrane-spanning segments and a Nucleotide 

Binding Domain (NBD). The two halves are linked by a regulatory (R) domain.2 

Functional imaging studies suggest that the CFTR pore resembles an 

asymmetrical hourglass with a deep wide intracellular vestibule and a shallow 

extracellular vestibule separated by a narrow channel.5 The majority of the CFTR 

protein resides in the cytoplasm (77%), with 19% in the membrane and only 4% 

is extracellular.6 Channel gating is controlled by conformational changes in the 

cytoplasmic domains and requires a 2-step process involving phosphorylation 

and binding/hydrolysis of ATP.2 There exists a structure-function relationship, 
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whereby the more extensive the phosphorylation, the greater the probability of 

channel opening.7 

 

Since the discovery of the CFTR gene in 1989, close to 2000 different variants 

have been identified, of which, approximately 440 are disease-causing.8 

Furthermore, ~97% of all CFTR mutations are caused by a mutation in between 

1 and 3 nucleotides. Amongst these, missense mutations are the most common, 

accounting for 40% of all reported mutations.9 CFTR mutations are categorised 

into 5 groups, depending on the amount of protein present at the cell surface 

membrane and the degree of functionality.10 Broadly speaking, class I mutations 

are associated with the more severe phenotypes and class V mutations with 

milder phenotypes.11 The F508del mutation accounts for approximately 90% of 

the prevalence of disease-causing CFTR mutations in Caucasian populations 

and is characterised by a deletion of Phenylalanine at position 508. This results 

in defective folding of the protein and subsequent degradation via the Ubiquitin 

Proteasome pathway.12 Therefore minimal functional CFTR reaches the cell 

surface membrane and is characteristic of a Class II mutation. 

 

CF is associated with a build-up of thick, viscous secretions in epithelial tissues, 

leading to bacterial colonisation and subsequent fibrosis and destruction of a 

number of organs including the respiratory, gastrointestinal, hepatobiliary and 

reproductive systems in particular.13 Lung disease driven by recurrent infections 

and bacterial colonisation is the most common cause of mortality in CF. CFTR is 

readily detected in the airways6, and structural changes in the airways of CF 

patients are present from birth.14 Inflammation occurs rapidly, is severe, and is 

aided by a decrease in surface fluid pH (approximately 8-fold lower compared 
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with non-CF patients15), which leads to impaired host-pathogen defences.15 The 

CF lung is at increased risk of bacterial colonisation from Staphylococcus aureus 

and/or Pseudomonas aeruginosa in particular, leading to excessive airway and 

systemic inflammation, and an eventual loss of pulmonary function.15 CF lung 

disease represents a significant clinical challenge and is difficult to manage. 

Although lung disease is the primary cause of mortality, CF is a systemic 

condition with almost all organ systems affected. 

 

CF patients are at increased risk of a number of side effects, including inadequate 

weight maintenance16 in addition to obstruction of the bowel and musculoskeletal 

disorders which are relatively common in CF, affecting up to 15% of patients.17 

CF also results in reproductive problems and infertility, with 95% of males infertile 

due to azoospermia caused by complications with the vas differens.18 

Additionally, CF patients may also suffer from renal disease, metabolic bone 

disease, cancer, adverse drug reactions, and complications associated with lung 

transplants.18 Emerging evidence suggests that CFTR mutation may also impair 

neurological function.19 CF-related diabetes (CFRD) is the most prevalent 

extrapulmonary co-morbidity in CF, and is the focus of the current report. 

 

 

CYSTIC FIBROSIS-RELATED DIABETES 

CFRD affects approximately 50% of CF adults over the age of 30 and results in 

a significantly worsened prognosis and 6-fold higher mortality rate in comparison 

CF patients without diabetes13. CFRD is associated with lower lung function20 

caused in part by increased colonisation of the lungs by bacteria such as 

Psuedomonas aeruginosa, Staphylococcus aureus, and Strenotrophomonas 
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maltophilia.21 Patients with CFRD have been shown to have up to double the 

pulmonary exacerbations compared to CF patients without diabetes.22 Increased 

glucose levels induces Airway Surface Liquid (ASL) acidification in CFTR 

deficient airway epithlia.23 This results in an increase in lactate production and is 

further exacerbated by Psuedomonas aeruginosa colonisation. Psuedomonas 

aeruginosa has been shown to favour lactate as a growth source over 

traditidtional growth mediums23 meaning the environment in the airway epithelia 

of someone with CFRD is better suited to bacterial colonosation. 

 

CFRD shares clinical features of both type 1 and type 2 Diabetes Mellitus (T1D 

and T2D respectively) but is considered a distinct classification of diabetes. 

Consistent with T1D, patients are insulin deficient, lean, and adolescents or 

young adults at the time of diagnosis;24 however, CFRD is not an autoimmune 

condition and modest insulin resistance has been reported consistent with a T2D 

phenotype.24 Currently, the American Diabetes Association reccommends the 2 

hour OGTT (1.75g/kg body weight) for the diagnosis of CFRD. A 2 hour OGTT 

glucose greater than 200 mg/dL in a CF patient leads to a diagnosis of CFRD.24 

However, routine CFRD screens are not performed on patients under the age of 

10. The UK Cystic Fibrosis Trust recommends routine OGTT for CF patients over 

the age of 12, which should also be performed if there is an unexplained 

deterioration in lung function or unexpected weight loss. 

 

ISLET FUNCTION AND INSULIN SECRETION IN CF  

A consistent observation in human tissues and animal models, is that CF disease 

is associated with reductions in islet size and beta cell area.25-32 This is often 

accompanied with glucose responsiveness abnormalities and insulin secretory 
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defects.33-37 Reports dating back to the 1980s showed marked reductions in 

beta cell area in the pancreatta of CF patients irrespective of whether diabetes 

was present or not.26,27 Consistently, altered islet morphology and function 

were reported at birth in the CF ferret model, with a notable increase in the 

number of small islets present in this model.28 Reductions in islet mass or beta 

cell area have repeatedly been shown in animal models of CF29-31 and in post 

mortem tissue from children32  and adults with CF.25 Bogdani and colleagues 

examined pancreatic tissue from CF children under the age of 4 and reported 

reductions in beta cell area of up to 50% compared with age matched 

controls.32 Decreases in islet and/or beta cell area therefore appears to occur 

early in the development of CF disease. However, much debate exists as to the 

mechanisms leading to islet dysfunction in CF. Several studies show CFTR 

channel activity in cells isolated from mouse33-36 and human islet cells33,34 and 

report insulin and glucagon secretory defects in the absence of functional CFTR.33-

37 In contrast, others report minimal or absent expression of CFTR in human 

pancreatic endocrine cells25,38,39 and suggest that any insulin secretory defect 

likely results from reductions in islet mass, intra-islet inflammation or from the 

paracrine influences of exocrine-derived inflammatory mediators.25,38 In the CF pig 

model, an activated inflammatory response that appears largely confined to the 

pancreas of newborns and which is associated with exocrine destruction at birth 

has been reported40,41 (Thus, the theories surrounding the development of CFRD 

can largely be grouped into three categories, which are discussed below and 

summarised in Figure 1.  
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Figure 1: Summary the different hypotheses behind the development of CFRD, 
from initial CFTR mutation to its proposed effects in both the endocrine and 
exocrine pancreas 
 

 

Firstly, the bystander hypothesis suggests that islets are lost as a consequence 

of fibrotic progression in the pancreas. CFTR is highly expressed in pancreatic 

ductal cells and pancreatitis linked to CFTR mutation is common. Early work by 

Sharer et al reported that the risk of developing chronic pancreatitis was 2.5-times 

higher in those heterozygous for CFTR mutations.42 The suggestion that CFTR 

plays a role in the pathogenesis of pancreatitis is supported by several 

subsequent studies (summarised by Hegyi and colleagues43). Indeed, known risk 

factors for the development of pancreatitis including alcohol and smoking strongly 

inhibit CFTR function.43 In CF patients, the reduction in chloride and bicarbonate 

secretion causes acidification of the pancreatic juices and increased production 
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of mucins leading to pancreatic ductal obstruction.44 CF exocrine pancreatic 

insufficiency predominantly affects patients with class I-III CFTR mutations.44 

Patients that are deemed pancreatic insufficient (PI) are unable to break down 

food correctly due to loss of digestive enzymes, and therefore require extensive 

dietary supplementation.44 These processes ultimately lead to autodigestion of 

the pancreatic ducts and exocrine pancreatic fibrosis.42,44 The information on the 

relationship between exocrine pancreatic status and insulin secretion is varied. A 

study of 146 CF patients found insulin secretory defects on OGTT even in 

pancreatic sufficient individuals.45 A further report found impairments in functional 

islet mass, early-phase insulin secretion, and incretin responses in pancreatic 

insufficient, but not pancreatic sufficient, CF patients.46 In both studies, subjects 

were glucose tolerant. 

 

The second and third hypotheses on CFRD development are based on opposing 

views on whether CFTR is, or is not, expressed in the islet and whether mutations 

in CFTR therefore generate islet intrinsic or extrinsic defects that ultimately lead 

to reductions in insulin secretion. Early work by Boom et al. suggested that low-

level CFTR mRNA could be detected in rat beta cells, with alpha cells showing 

higher abundance of the gene.47 Subsequent studies have shown CFTR 

expression and channel activity in mouse33-36 and human islet cells.33,34 

Experimental data from isolated primary beta cells, beta cell lines and transgenic 

animal models have identified potential mechanisms that surround the reduction 

in insulin secretion associated with CFTR deficiency.  

 

Insulin secretion was shown to be reduced in studies using isolated beta cells 

exposed to CFTR inhibitors such as 3-[(3-triflouromethyl)phenyl]-5-[(4-
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carboxyphenyl)methylene]- 2-thioxo-4 thiazolidinone (CFTRInh-172) and CFTR 

inhibitor II (GlyH-101),34,36,37 studies in CFTR deficient cell lines37 and studies on 

islets from F508del mutant mice.36 In primary human beta cells, insulin granule 

exocytosis in response to the cAMP agonists forskolin and glucagon-like peptide 

1 (GLP-1) (which activate CFTR through the protein kinase A [PKA] pathway) was 

significantly decreased following treatment with CFTRInh-172 and GlyH-101.34 On 

measurement of membrane depolarisations, this effect was most prominent in the 

initial depolarisations, which is in line with the decreased first phase insulin 

secretion reported in CFRD patients.33 This study also reported a novel role for 

CFTR as a regulator of ANO1. CFTR was shown to act upstream of ANO1. In 

addition to reductions in insulin secretion in response to cAMP activators, two 

independent studies have reported reductions in glucose-induced insulin 

secretion in models with CFTR interference.36,38 The CFTR inhibitor CFTRInh-172 

affected beta cell resting membrane potential and Ca2+ flux in RINmF5 cells.33 

Both CFTRInh-172 and GlyH101 are potent inhibitors of CFTR. However, as with 

all inhibitors, when used at higher concentrations (i.e. above 5-10 µM), off targets 

effects on volume-sensitive outwardly rectifying Cl− conductance (VSORC) have 

been observed.48 Most studies listed here employed concentrations of 10 µM of 

each inhibitor and may have been subject to some off-target effects in addition to 

CFTR inhibition. Silencing of CFTR in the MIN6 beta cell line caused a significant 

reduction in the ATP:ADP ratio, and this was associated with reduced glucose-

induced insulin secretion.37 These results suggest that the first-phase insulin 

response to glucose observed in CFRD patients may be partly attributable to 

responses mediated by membrane-bound voltage-dependent channels. In the CF 

pig model, glycaemic abnormalities and insulin secretory defects were observed 

in newborn animals who went on to develop spontaneous diabetes over time.49 
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These changes took place despite sparing of islet mass suggesting that early 

functional deficits within the islets may play a role in the development of CFRD in 

this model.  

 

In addition to insulin secretion, CFTR has been reported to regulate glucagon 

release from the pancreatic alpha cell. Glucagon secretion was enhanced in 

response to glucose and forskolin following CFTR-inhibition in human islets.34 

However, depolarization-induced glucagon secretion was unaffected. Using a 

mathematical model of alpha cell electrophysiology, the authors suggest that 

CFTR predominantly regulates alpha cell membrane potential.34 Consistently, 

enhanced glucagon release was also observed in the islets from F508del mice.36 

Through overexpression studies in the AlphaTC1-9 cell line, it was suggested that 

wild-type CFTR acts as a glucose-sensing negative regulator of glucagon release 

and that defects in this process may contribute to glucose intolerance.36 

 

Further investigations in an F508del mouse model confirm a significant reduction 

in glucose-induced insulin secretion in islets studied ex vivo. However, in contrast 

to the findings of the above studies, the authors concluded that the observed 

reduction in insulin secretion was directly proportional to the reduction in insulin 

content, and did not occur as a result of a CFTR-induced beta cell insulin secretory 

defect.36 Furthermore, this study reports that as the mice aged, they developed 

insulin resistance. More recently, several studies have been published that 

suggest that the environment beyond the islet plays a significant role in islet 

dysfunction in CF. Using an inducible mouse model, Hart et al. report that beta 

cell specific deletion of CFTR did not affect beta cell function, that CFTR was 

poorly detected in human beta cells and that isolated islets from CF patients with 
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and without CFRD displayed relatively normal insulin and glucagon release upon 

challenge.25 This study demonstrated significant intra-islet inflammation and a 

reduction of beta cell area of around 65% in CF and suggests that these are the 

primary factors driving the development of CFRD. Work in the CF ferret model 

revealed that insulin content was reduced in CF in comparison with wild-type 

ferrets.29 Furthermore, perifusion studies showed that glucose-stimulated insulin 

secretion was reduced in CF neonates at all phases of secretion. However, it was 

shown that CF islets compensated for reductions in insulin content by secreting 

a higher proportion of insulin than wild-type animals under low glucose 

concentrations.29 This observation was attributed to higher expression of 

SLC2A1, increased basal inhibition of the KATP channel and increased basal 

intracellular calcium concentrations. Importantly, this study showed that IL-6 

release from CF islets was higher than that of wild-type islets and that 

administration of recombinant IL-6 to wild-type islets resulted in a phenotype that 

was consistent with that of CF islets, including reductions in insulin content and 

an increase in the percentage of insulin release under basal glucose conditions.29 

Using single-molecule fluorescent in situ hybridization, on isolated ferret and 

human islets, the authors report that CFTR colocalised with KRT7-expressing 

ductal cells, but not with endocrine cells. The authors conclude that CFTR 

impacts beta cell function via non-cell autonomous factors derived from islet 

associated, exocrine-derived cell types. Consistent with this theme, a recent 

report details increased IL-1b concentrations in the islets of CF patients with and 

without diabetes, including young children under the age of 10.50 In this study, a 

reduction in beta cell mass was not observed, but an increase in alpha cell area 

was evident in the islets of people with CF independent of the presence or 

absence of diabetes.50 
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Given the condition of the exocrine pancreas in CF, it seems unlikely that this 

environment will not exert a negative effect on the islet. The bystander hypothesis 

suggests that pancreatic islets are lost as a secondary consequence of 

pancreatic fibrosis and is a credible explanation of how diabetes might occur in 

older CF patients with long-standing established pancreatic disease. However, 

loss of beta cell mass (but not islet mass) has been reported in children, 

independent of the degree of pancreatic fibrosis32 suggesting that additional 

factors beyond fibrosis and autodigestion of the pancreas may play a role in 

regulating beta cell mass in CF. Furthermore, the conflicting data on the role of 

pancreatic sufficiency in glucose tolerance and insulin secretion, and the recent 

observation from a small cohort study that over half of children tested have 

glucose responsiveness abnormalities,51 suggest that the bystander hypothesis 

may not fully explain the onset of diabetes in the CF population. The consensus 

from the literature suggests that CFTR is detectable in mouse islets and in rodent 

beta cell lines.33,37,38 However the data from human islets and in other CF models 

including the ferret vary. Convincing and robust evidence has been presented on 

each side of the argument ,33-38 and further studies are emerging that seek to 

shed light on this issue. Nothwithstanding this debate, recent studies suggest that 

exocrine-derived paracrine signals are detrimental to islet function in CF. Further 

work on exocrine-endocrine interactions is needed to determine if these signals 

are the sole cause of islet dysfunction in CF, or whether they compound already 

existing secretory defects within the islet.  
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Observation Model/Paper 
Reduction in Islet area/ mass Human26,27,28,30,33,45 / Cell / Mouse31 / 

Ferret29,30,32 

Reduction in Beta cell area/mass Human26,27,28,30,33,45 / Cell / Mouse31 / 
Ferret29,30,32 

Impaired Insulin secretion Human34,44,45 / Cell36,38 / Mouse31,34,36 / 
Ferret29,39 

Enhanced Glucagon secretion Human35 / Cell37 / Mouse35,37 / Ferret 
Impaired Glucose Tolerance Human / Cell / Mouse36 / Ferret29 

Inflammation Human26,33 / Cell38 / Mouse / 
Ferret29,32,39 

Exocrine Pancreatic destruction/ 
Insufficiency 

Human33 / Cell / Mouse / Ferret29,30,32 

 
Table 1: Summary of common changes in the endocrine and exocrine pancreas 
in models of CFRD. The reported observations have been suggested to play a 
role in the overall occurrence of glucose abnormalities in CF as well as the 
development of diabetes. 
 

 

IMPLICATIONS FOR THE CLINICAL MANAGEMENT OF CFRD 

Insulin therapy is the most commonly used treatment for CFRD. Clinical trials 

have has demonstrated that CF patients benefitted from treatment with insulin as 

they showed a beneficial reduction in weight loss and an increase in body fat.52 

Insulin therapy before a formal diagnosis of CFRD (but with impaired glucose 

tolerance) has been shown to improve clinical status and lung function.53  

 

Several recent studies have examined insulin and islet hormone concentrations 

following administration of the CFTR corrector Ivacaftor. Ivacaftor was designed 

to counter gating mutations such as G551D, found in approximately 5% of people 

with CF. Insulin response was found to be improved in a small 5 patient cohort 

following 1 month of Ivacaftor treatment. Each patient in this study had never 

been on Ivacaftor therapy before and had varying levels of glucose tolerance 

including CFRD with and without fasting hyperglycaemia as well as normal and 
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impaired glucose tolerance. Insulin secretion in response to IV glucose improved 

by 51-346% in 4 of the patients and it was restored in 2 patients who had no 

response prior to the trial. Furthermore, insulin response to oral glucose improved 

by 66-178% in all patients except the one patient with a diagnosis of CFRD.54 A 

short 16-week study on 2 siblings with different glycaemic status showed that 

Ivacaftor can improve insulin secretion. Following the completion of this study, 

one patient with indeterminate glycaemia reverted to normal glucose tolerance 

and one patient with CFRD reverted to indeterminate glycaemia.55 An 

improvement in insulin secretion was also observed following 4 months of 

Ivacaftor treatment in a 12 person cohort who had not previously been on 

Ivacaftor therapy. However, incretin concentrations were not altered in this 

study.56 Despite the promising data from preliminary trials with Ivacaftor, the 

majority of CF patients do not have any copies of an Ivacaftor-targeting mutation. 

Thomassen and colleagues examined the effect of dual therapy with lumacaftor-

ivacaftor (Marketed as OrkambiTM and targeted towards those homozygous for 

the F508del mutation), but reported no improvement in glucose metabolism and 

insulin secretion after 6-8 weeks of treatment.57 However, in a longer term, 1 year 

study, glucose tolerance was found to be improved in patients homozygous for 

the F508del mutation.58  

 

Due to the ever increasing life expectancy in patients with CF, CFRD is becoming 

more prevalent, adding a further burden to CF patients and creating new 

challenges for treatment. Different treatment programmes have tried to address 

both restoration of CFTR and insulin levels with varying degrees of success. 

There is increasing evidence that factors beyond the endocrine pancreas have a 

significant role to play in the development of CFRD. An ongoing clinical trial is 
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currently exploring the utility of the DPP-4 inhibitor Sitagliptin for the treatment of 

CFRD.59 Increasing incretin concentrations may well help maintain beta cell mass 

and improve insulin secretion in CF.  

 

It is likely that no single hypothesis is sufficient to explain the complexity of islet 

dysfunction in CF and there is much to be learned about how islets function in the 

inhospitable enviroment of the CF pancreas, and how secretory defects may be 

restored or prevented. Evidence from young children shows reductions in islet 

size and glucose abnormalities even in the absence of overt exocrine damage. It 

is possible that early intervention with drugs designed to maintain beta cell mass 

and to restore CFTR function may aid in slowing the onset of CFRD.   
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1.7 Aims of the Thesis 
 
Given the above, this thesis aims to elucidate the role that CFTR plays in the 

development of CFRD. The following four aims will be addressed: 

1. Examine the impact of short-term, pharmacological CFTR inhibition on 

endocrine function in otherwise healthy adult C57BL/6 mice 

Development of a novel murine model of impaired CF function will be 

developed by pharmacological CFTR inhibition using CFTR inhibitor 172  

(CFTRinh172). The role of CFTR in the endocrine pancreas will be assessed 

to determine if short-term CFTR pharmacological inhibition can affect islet size 

and insulin secretory capability. This will allow determination of the role of 

CFTR in islet structure and function in vivo.  

 

2. Determine the impact of sub-chronic, pharmacological CFTR inhibition on 

endocrine function and beta cell identity in C57BL/6 mice. 

The short-term CFTR inhibition model will be expanded to a 21-day sub-

chronic CFTR inhibited model to determine if the effects of short-term CFTR 

inhibition are dependent on the length of exposure to the inhibitor. CFRD is 

not usually diagnosed in humans until early adulthood suggesting glucose 

abnormalities and insulin resistance develop as a result of duration of disease.  

3. Compare islet architecture and the expression of markers of islet cell 

connectivity in mouse models of CF. 

Islet architecture is crucial in maintaining the insulin secretory response and 

the expression of two prominent markers of beta-cell connectivity Connexin 

36 and E-Cadherin will be assessed. Connexin 36 is a murine beta-cell 

specific connexin which has a role in regulating intra-islet calcium signalling 

which is important for maintaining the insulin response. E-cadherin, (whose 

expression is regulated by CFTR) is important for maintaining islet-structure 

and also plays a role in insulin secretion.  
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4. Examine the effects of the exocrine pancreas on endocrine function in in 

vitro models carrying various CFTR mutations 

CFTR is highly expressed in human exocrine ductal cells and the impact of 

the exocrine pancreas on the endocrine insulin secretory ability will be 

investigated. The secretomes from cell lines harbouring different CFTR 

mutations will be assessed and these secretomes will be added to pancreatic 

beta-cells to determine if there are differences in insulin secretion or insulin 

secretory ability in vitro. 
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CHAPTER 2 

Short-term CFTR Inhibition reduces islet area 
in C57BL/6 mice
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ABSTRACT 

 

Cystic fibrosis-related diabetes (CFRD) worsens CF lung disease leading to early 

mortality. Loss of beta cell area, even without overt diabetes or pancreatitis is 

consistently observed. We investigated whether short-term CFTR inhibition was 

sufficient to impact islet morphology and function in otherwise healthy mice. 

CFTR was inhibited in C57BL/6 mice via 8-day intraperitoneal injection of 

CFTRinh172. Animals had a 7-day washout period before measures of hormone 

concentration or islet function were performed. Short-term CFTR inhibition 

increased blood glucose concentrations over the course of the study. However, 

glucose tolerance remained normal without insulin resistance. CFTR inhibition 

caused marked reductions in islet size and in beta cell and non-beta cell area 

within the islet, which resulted from loss of islet cell size rather than islet cell 

number. Significant reductions in plasma insulin concentrations and pancreatic 

insulin content were also observed in CFTR-inhibited animals. Temporary CFTR 

inhibition had little long-term impact on glucose-stimulated, or GLP-1 potentiated 

insulin secretion.  

CFTR inhibition has a rapid impact on islet area and insulin concentrations. 

However, islet cell number is maintained and insulin secretion is unaffected 

suggesting that early administration of therapies aimed at sustaining beta cell mass 

may be useful in slowing the onset of CFRD.  
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INTRODUCTION 

 

Cystic fibrosis (CF) is an autosomal recessive condition caused by mutations in 

the CF transmembrane conductance regulator (CFTR) gene, which encodes a 

cAMP activated chloride channel of the same name. CFTR is an apical 

membrane Cl-/HCO3- channel, which controls epithelial cell salt and fluid 

secretion across the plasma membrane. Abnormal CFTR leads to dehydrated, 

acidic secretions, which drive CF pathogenesis.1 The vast majority of morbidity 

and mortality in CF results from lung disease where a build up of viscous mucous 

leads to bacterial colonisation of the airways and a decline in lung health. 

However, CFTR is highly expressed in various organs including the airways, 

pancreas and intestine.2 

 

CF-related diabetes (CFRD) is the largest extra-pulmonary co-morbidity in the 

CF population and significantly accelerates lung decline. In comparison to 

normoglycaemic individuals, patients with CFRD have worse pulmonary 

function, more frequent and severe pulmonary exacerbations, and a greater 

prevalence of bacteria in the sputum.3 CFRD is present in 30-50% of adults with 

CF, and prevalence is rapidly increasing as CF life expectancy improves.4 The 

pathogenesis of CFRD remains poorly understood and extensive debate exists as 

to the role of CFTR in islet function and insulin secretion. Several investigators 

report CFTR channel activity in mouse5-8 and human islets5, 7 and show insulin 

and glucagon secretory defects in the absence of functional CFTR.5-9 Conversely, 

others report that CFTR expression is very low or absent in human pancreatic 

endocrine cells10-12 and suggest that impairments in insulin secretion likely result 
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from decreased islet mass, intra-islet inflammation or exocrine-derived 

inflammatory mediators.10, 11  

Notwithstanding, the debate surrounding the location of CFTR within the 

pancreas, compelling evidence from human tissue and CF animal models 

consistently reports reductions in beta cell area and insulin content. Seminal 

studies in the pancreas of CF patients showed marked reductions in beta cell 

area irrespective of whether diabetes was present or not.13, 14 This was 

confirmed in the CF ferret where altered islet morphology and function were 

reported at birth. In this model, a significant increase in the number of small 

islets was observed in neonates.15 Subsequent studies have repeatedly shown 

reductions in islet mass or beta cell area in animal models of CF16-19 and in 

post mortem pancreas from patients with CF10, 20 including children under the 

age of 4 years.20 In the latter study, beta cell area was reduced by as much as 

50% in children less than 4 years old when compared with age-matched 

controls and this was shown to be independent of the degree of exocrine 

pancreatic fibrosis or the presence / absence of diabetes.20 It is therefore clear 

that decreased islet and beta cell area occurs early in the pathogenesis of CF. 

In this study we wished to explore just how quickly this happened through the 

creation of a mouse model of short-term CFTR inhibition. To determine if any 

observed impact of CFTR was dependent on, or exacerbated by, 

hyperglycaemia, mice were exposed to CFTRinh172 alone or in combination 

with streptozotocin. Streptozotocin-induced hyperglycaemia occurs via beta 

cell toxicity leading to a near absolute insulin requirement. The inhibition of 

CFTR in otherwise healthy animals allows for the assessment of whether CFTR 

has an essential role to play in the maintenance of islet area, whether loss of 
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islet area could be attributed to developmental deficiencies, or whether loss of 

islet area is solely driven by a hyperinflammatory state in the pancreas. 
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RESULTS 

 

Short-term CFTR inhibition impacts weight gain. 

Body weight change over the duration of the study is shown in Fig. 1a and the 

percentage change in body weight from Day -3 to Day 12 is shown in Fig. 1b. 

Control animals had significant weight gain over the course of the study (p<0.05, 

Fig 1a). Animals treated with CFTRinh172 alone showed a non-significant trend 

to weight gain (Fig 1a). However, their percentage body weight gain from the start 

to the end of the study was significantly lower (60.3 ± 31.17% reduction; p<0.01) 

than that of control animals (Fig. 1b). Streptozotocin treatment was associated 

with significant and comparable weight loss in the presence or absence of 

CFTRinh172 co-administration (Figs 1a and 1b). Cumulative food and water 

intake were lower than in control animals during administration of STZ and 

CFTRinh172 alone or a combination (Fig. S2, ESM).  Treatment of animals with 

STZ, CFTRinh172 or a combination of the two did not impact bone mineral 

content, bone mineral density or lean mass (Fig. S2, ESM). However, STZ 

treatment, alone or in combination with CFTRinh172 was associated with a 

reduction (p<0.01) in fat mass (Fig. S2, ESM). 
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Fig. 1. Body weight and blood glucose concentrations. Mice were treated 

with vehicle control, streptozotocin, CFTRinh172, or a combination of the two and 

(a) body weight over the duration of the study (Days -3, 1, 4, 7, 9 and 12), (b) 

percentage change in body weight from the beginning to the end of the study 

(Day -3 to Day 12), (c) blood glucose concentrations over the duration of the study 

(Days -3, 1, 4, 7 and 12), and (d) percentage change in blood glucose 

concentrations from the beginning to the end of the study (Day -3 to Day 12) were 

measured. Data are presented as mean ± SEM (n=7-8 mice for all experiments). 

(a) and (c): *p<0.05 compared with values at Day -3 (t test). (b) and (d) **p<0.01, 

***p<0.001 compared to control animals (One-way ANOVA).  
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Short-term CFTR inhibition does not induce hyperglycaemia or glucose 

intolerance. 

Control animals showed no change in blood glucose concentration over the 

course of the study. Animals treated with CFTRinh172 alone were not 

hyperglycaemic (Fig. 1c) but displayed a modest increase in blood glucose over 

the duration of the study (13.75 ± 7.28% increase between Day-3 and Day 12, 

p<0.01, Fig. 1d). STZ treatment was associated with significant hyperglycaemia 

(Fig 1c). STZ and CFTRinh172 co-administration led to a greater increase in 

glucose in comparison to STZ alone (Fig. 1d). 

 

Glucose tolerance was tested over 90 minutes following i.p. administration of a 

glucose load on Day 12 of the study. Administration of CFTRinh172 alone had no 

significant impact on glucose tolerance (Fig. 2a and 2b). Multiple low dose 

streptozotocin alone, or in combination with CFTRinh172, was associated with 

fasting hyperglycaemia and abnormal glucose tolerance test (Fig 2a and 2b). 

There were no significant differences between groups in fasting (Fig 2c) or area 

under the curve serum (AUC) insulin (Fig 2d). Consistently, calculation of HOMA-

IR (Fig. S3a, ESM), HOMA-B (Fig. S3b, ESM), QUICKI (Fig. S3c, ESM) and 

measurement of phosphorylated IRS-1 in liver lysates (Fig. S3d), showed that 

animals treated with STZ, either alone or in combination with CFTRinh172, 

displayed evidence of insulin resistance and poor insulin sensitivity. Mice treated 

with CFTRinh172 alone were insulin sensitive (Fig. S3, ESM). 
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Fig. 2. Glucose tolerance. Mice were treated with vehicle control, streptozotocin, 

CFTRinh172, or a combination of the two. Intraperitoneal glucose tolerance tests 

were undertaken on study Day 12 (a) Blood glucose concentrations and (c) 

plasma insulin concentrations were assessed immediately before and 15, 30, 60 

and 90 minutes after intraperitoneal administration of glucose (18 mmol/kg body 

weight). Respective areas under the curve for (b) blood glucose and (d) plasma 

insulin AUCs are also shown. Data are presented as mean ± SEM (n=5-7 mice 

for all experiments). ***p<0.001 compared to control animals (One-way ANOVA).  
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Short-term CFTR inhibition reduces peripheral and pancreatic insulin 

concentrations. 

Plasma insulin, glucagon, and GLP-1 concentrations were assessed on the final 

day of the study following 2 hours fasting. In addition, the pancreatic content of 

each islet hormone was also investigated. Insulin concentrations (Fig. 3a and 3b) 

were reduced (p<0.01) and glucagon concentrations (Fig. 3c and 3d) were 

elevated (p<0.05) in STZ-treated animals. The current data show that short-term 

CFTR inhibition resulted in significant reductions in plasma insulin concentrations 

(36.40 ± 9.62% reduction, p<0.01, Fig. 3a) and pancreatic insulin content (39.42 

± 9.74% reduction, p<0.01, Fig. 3b). CFTR inhibition had little impact on glucagon 

or GLP-1 concentrations (Fig. 3). 
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Fig. 3. Islet hormone concentrations. Peripheral plasma concentrations of (a) 

insulin (n=10-15), (c) glucagon (n=6-8), and (e) GLP-1 (n=5-8) were assessed on 

Day 12 of the study. Additionally, the pancreatic content of (b) insulin (n=6-8), (d) 

glucagon (n=7-8), and (f) GLP-1 (n=5) were assessed in protein extracted from 

pancreatic tissue. All observations were made in mice fasted for 2 hours. Data 

are presented as mean ± SEM for a given number of mice (n) as indicated above. 

*p<0.05, **p<0.01 and ***p<0.001 compared to control animals (One-way 

ANOVA). 
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Short-term CFTR inhibition reduces islet cell size, not number.   

Sectioned pancreata were stained for insulin and glucagon (Fig. 4a). Islet area, 

beta cell area (insulin positive area) and non-beta cell area (total islet area minus 

insulin positive area) were calculated. Animals treated with STZ showed a 

reduction in islet size (p<0.01, Fig. 4b), accompanied by a reduction in beta cell 

area (p<0.001, Fig. 4c) and a significant increase in non-beta cell area (p<0.001, 

Fig. 4d). Short-term CFTR inhibition caused significant reductions in islet area 

(69 ± 20% reduction, p<0.001, Fig. 4b), beta cell area (72 ± 20% reduction, 

P<0.001, Fig. 4c) and non-beta cell area (56 ± 23% reduction, p<0.001, Fig. 4d). 

To address whether the reductions in islet size resulted from changes in the 

number of islet cells or changes in the size of islet cells, insulin or glucagon 

positive cells were counted and expressed as a percentage of total islet cells 

(total DAPI counts per islet). As shown in Fig. 4e and 4f, the proportion of insulin 

and glucagon-positive cells per islet did not differ between control animals and 

those treated with CFTRinh172 alone. In contrast, the proportion of beta cells per 

islet decreased and the proportion of alpha cells increased in STZ-treated 

animals with and without CFTRinh172 co-administration. Finally, we assessed 

the percentage endocrine area (calculated as [endocrine area/exocrine area*100] 

where endocrine area comprised the cumulative area for all islets present in each 

section of tissue) for all animals (Fig. 4g). The mean endocrine area for control 

animals was 7.7 ± 0.8%. The percentage endocrine area of all other groups was 

significantly (p<0.001) lower than that of control animals. The endocrine area of 

CFTRinh172-treated animals was 3.4 ± 0.6% (Fig. 4g). 
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Fig. 4. Islet size and composition. (a) Representative images of pancreatic 

islets from mice treated with vehicle control, streptozotocin, CFTRinh172, or a 

combination of the two and stained for insulin (green), glucagon (red), and the 

nuclear stain DAPI (blue). (b) Islet area (µm2), (c) beta cell area [insulin positive 

area] (µm2), (d) non-beta cell area [non-insulin positive area] (µm2), (e) beta cell 

number as a percentage of total islet cells [insulin positive cells/DAPI count] and 

(f) alpha cell number as a percentage of total islet cells [glucagon positive 

cells/DAPI count]. Data are presented as mean ± SEM (n=5 mice) and calculated 

from two sections of tissue per animal taken at least 200 µm apart. A minimum of 

100 islets were counted from a total of 5 animals (at least 20 islets per animal). 

Each data point on the graphs represents one islet. **p<0.01 and ***p<0.001 

compared to controls animals (One-way ANOVA). 
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Short-term CFTR inhibition does not alter beta-cell transcription factor 

expression  

The proportion of beta cells expressing the transcription factors Pdx-1 and Nkx6.1 

was determined by expressing the number of cells co-stained for insulin and 

either Pdx-1 or Nkx6.1 as a percentage of total insulin positive cells. Multiple low-

dose STZ, alone or in combination with CFTRinh172 significantly (p<0.01 to 

p<0.001) reduced the percentage of Pdx-1 (Fig. 5a and 5b) and Nkx6.1 (Fig. 6a 

and 6b) positive beta cells in C57BL/6 mice. No change in the percentage of Pdx-

1 (Fig. 5a and 5b) or Nkx6.1 (Fig. 6a and 6b) positive beta cells was observed in 

animals treated with CFTRinh172 alone. Consistently, the mRNA expression of 

PDX1 (Fig. 5c) or NKX6-1 (Fig. 6c) in isolated islets did not differ between control 

and CFTR-inhibited animals.  
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Fig. 5. Pdx-1 expression.  (a) Representative images of pancreatic islets from 

mice treated with vehicle control, streptozotocin, CFTRinh172, or a combination 

of the two and stained for insulin (green), Pdx-1 (red), and the nuclear stain DAPI 

(blue). (b) Number of Pdx-1 positive cells as a percentage of beta cells (insulin 

positive cells). Data are presented as mean ± SEM (n=5 mice). A minimum of 50 

islets were counted from a total of 5 animals (at least 10 islets per animal). Each 

data point on the graphs represents one islet. ***p<0.001 compared to control 

animals (One-way ANOVA). (c) relative PDX1 mRNA expression in the isolated 

islets of control animals and those treated with CFTRinh172 alone. Data are 

presented as mean ± SEM (n=8).  
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Fig. 6. Nkx6.1 expression.  (a) Representative images of pancreatic islets from 

mice treated with vehicle control, streptozotocin, CFTRinh172, or a combination 

of the two and stained for insulin (green), glucagon (red), Nkx6.1 (grey), and the 

nuclear stain DAPI (blue). (b) Number of Nkx6.1 positive cells as a percentage of 

beta cells (insulin positive cells). Data are presented as mean ± SEM (n=5 mice). 

A minimum of 50 islets were counted from a total of 5 animals (at least 10 islets 

per animal). Each data point on the graphs represents one islet. ***p<0.001 

compared to control animals (One-way ANOVA). (c) relative NKX6-1 mRNA 

expression in the isolated islets of control and CFTR-inhibited mice. Data are 

presented as mean ± SEM (n=8) 
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Insulin secretion is not influenced by short-term CFTR inhibition. 

Islets were isolated from mice treated with CFTRinh172 alone or vehicle control 

and challenged with glucose or the cAMP agonist GLP-1. In all instances, 

elevation of glucose concentration in the presence or absence of GLP-1 evoked 

significant increases in insulin release compared with the corresponding control 

under basal conditions (Fig. 7a). No significant differences were observed in 

glucose-stimulated insulin secretion or GLP-1 potentiated insulin secretion 

between vehicle controls and animals treated with CFTRinh172 when absolute 

insulin concentrations were measured (Fig. 7a). Additionally, no significant 

differences were detected in the mRNA expression of several glucose sensing 

genes (SCLC2A2, GCK, ABCC8, KCNJ11) in islets from CFTR-inhibited mice 

(Fig. S4, ESM). However, when insulin secretion was adjusted for pancreatic 

insulin content, the fraction of insulin released from islets isolated from 

CFTRinh172-treated mice was significantly higher (p<0.001) than that of vehicle 

controls under basal (1.1 mM) glucose concentrations (Fig. 7b).  
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Fig. 7. Glucose stimulated insulin secretion.  Islets were isolated from animals 

treated with vehicle control or CFTRinh172 and exposed to 1.1 mM glucose, or 

16.7 mM glucose ± 10 nM GLP-1 for 1h. (a) Static insulin release was measured 

by ELISA with *p<0.05, **p<0.01 and ***p<0.001 compared to either 1.1 mM or 

16.7 mM glucose as indicated in the Figure (one-way ANOVA). (b) Data was 

adjusted for pancreatic insulin content under basal (1.1 mM) glucose conditions 

with ***p<0.001 compared to corresponding control animals (t test). Data are 

presented as mean ± SEM (n=8-10 for all experiments).  
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Short-term CFTR inhibition generates pancreatic and intestinal phenotypes 

that are consistent with CF disease. 

H&E staining of the pancreas revealed a significant (p<0.001) reduction in islet 

size (Fig. 8a and 8b) and an increase (p<0.01) in ductal area (Fig. 8a and 8c) in 

CFTR-inhibited animals consistent with observations from ΔF508 and CFTR KO 

mice (Fig. 8). Pancreatic inflammation is consistently reported in CF disease and 

recent work has shown that IL-6 plays a key role in islet dysfunction in CF ferrets 

[11]. In the current study, short-term CFTR inhibition did not cause an increase in 

IL-6 concentrations in the pancreas (Fig. S5, ESM) and there was little 

histological evidence of inflammatory cell infiltrate (See Fig. S7, ESM). Finally, 

intestinal villus height was not influenced by short-term CFTR inhibition, 

consistent with the ΔF508 model (Fig. S8, ESM).  

 

Sirius red/fast green staining was undertaken to determine if there was any 

evidence of early stage fibrosis in the tissues of animals treated with 

CFTRinh172. Despite occasional evidence of additional collagen deposition 

around the pancreatic ducts and within the basement membrane of the intestine, 

the overall % area stained for Sirius red did not differ between control and CFTR-

inhibited animals (Fig. S9, ESM).  
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Fig. 8. Pancreatic morphology. Representative H&E stained sections of the (a) 

pancreas of CFTRinh172-treated mice and vehicle controls (both n=5), 

transgenic ΔF508 mice and wild-type controls (both n=3), CFTR KO mice (n=3) 

and wild-type controls (n=2). Islets are denoted by dashed white circles with 

pancreatic ducts identified by dashed rectangles. (b) Islet area and (c) pancreatic 

ductal area have been quantified. Values represent mean ± SEM calculated from 

two sections of tissue per animal taken at least 200 µm apart. A minimum of 20 

data points (at least 10 per section) were collected for each animal. Each data 

point on the graphs represents one islet/duct. **p<0.01 and ***p<0.001 compared 

to corresponding control/wild type animals (t test). Please note that the 

representative image of the pancreas shown for the DF508 mice is a composite. 

The complete image is presented in Figure S6, ESM.  
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DISCUSSION 

 

In the present study we generated a mouse model of short-term (8 day) CFTR 

inhibition using low-dose treatment with the pharmacological CFTR inhibitor, 

CFTRinh172, in otherwise healthy mice. CFTRinh172 is a small molecule 

containing 2-thioxo-4-thiazolidinone core that acts to inhibit CFTR Cl− channel 

function by binding to the first nucleotide-binding domain of CFTR and stabilising 

closed channel state.21, 22 Following short-term administration of this inhibitor, we 

observed marked and consistent reductions in islet size that were associated with 

reduced pancreatic insulin content and reduced circulating insulin concentrations. 

Our data show that loss of CFTR function, even on a short-term basis is sufficient 

to mediate reductions in islet size and insulin content. 

 

Previous studies have suggested that beta cell dysfunction and insulin 

deficiency results in impaired glucose tolerance in the majority of CF patients.23 

Glucose abnormalities are frequently observed in children with CF and in very 

rare cases, have been reported in infants under the age of 2.24-27 In the current 

study, CFTR-inhibited animals displayed a modest increase in blood glucose 

concentrations but were not diabetic. The animals also had normal glucose 

tolerance in response to an intraperitoneal glucose challenge. None of the 

observed effects of CFTR inhibition were dependent on, or exacerbated by, 

hyperglycaemia.  

 

Islet area was reduced by some 70% in the present study, with beta cell and non-

beta cell areas similarly reduced. Recently, Rotti et al.18 detailed changes in islet 

composition in CF ferrets of increasing age and phases of glycaemic regulation. 
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In the ferret model, newborn animals and those up to the age of 4 months, 

displayed relatively similar distribution of insulin, glucagon and somatostatin 

positive cells. When the number of insulin, or glucagon-positive cells were 

counted as a percentage of total islet cells in this model of short-term CFTR 

inhibition, it was evident that the reduction in islet size resulted from smaller islet 

cells rather than loss of cells. This is consistent with recent observations in the 

ΔF508 mouse19 and raises the attractive possibility that early interventions to 

prevent reductions in islet mass may assist in the maintenance of normal islet 

size and function in CF. In line with the reductions in islet size, insulin content and 

peripheral insulin concentrations were also significantly reduced. Glucagon and 

GLP-1 concentrations were spared in this model.  

 

Reductions in insulin secretion in the face of glucose challenge have been 

reported in several CF animal15, 16, 19, 33 and cell models,5-9 and in patients with 

CF.29-34 Fontes et al.17 report that impairments in insulin secretion from the 

isolated islets of ΔF508 mice result from reductions in insulin content associated 

with loss of beta cell mass. Short-term CFTR inhibition had little impact on 

glucose-stimulated, or GLP-1 potentiated, insulin secretion in the current study 

even in the absence of any adjustment for insulin content. However, it should be 

noted that the inhibitor used here is reversible and therefore the washout period 

of 7 days may mean that an acute secretory defect was missed. However, it is 

noteworthy that the reductions in islet size and insulin content did not impact 

insulin secretion in response to challenge. Importantly, the fraction of insulin 

secreted under basal conditions was higher in CFTR-inhibited mice than vehicle 

controls, consistent with recent observations in the CF ferret.11 This may explain 
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the ability of these islets to function well in the face of GLP-1 challenge despite 

significant reductions in size and insulin content.  

 

Prior use of CFTRinh172 in vivo caused defects in the nasal epithelial ion 

transport in mice,35 and reduced efficacy in submucosal gland fluid secretion in 

pig and human airways.36 Nonetheless, we were conscious of the use of a 

pharmacological inhibitor of CFTR, which has the potential to generate off-target 

effects.11, 37, 38 We have taken several steps to minimise this risk including low-

dose use of the inhibitor, which has been reported to limit the potential for 

aberrant effects.37 The literature suggests that mice will tolerate up to 50 mg/kg 

per day for 1 week, or 3 mg/kg CFTRinh172 twice daily for a period of 6 weeks 

with little evidence of toxicity.39 In the current study, we used the lower dose and 

administered the treatment once daily. Animals were also allowed a wash-out 

period of one week before most of the data presented here (including islet 

hormone concentrations, insulin secretion and morphological analyses) were 

assessed. Although CFTR-inhibited animals weighed a little less than the control 

group, they otherwise appeared to tolerate the treatment well.  

 

To further validate our model of short-term CFTR inhibition, we sought to 

characterise the phenotype created following CFTR inhibition and to compare this 

directly with a transgenic CF mouse model (ΔF508),40 a CFTR KO model41 and 

the known literature on CF disease. The pancreatic and intestinal phenotypes of 

CFTR-inhibited mice were largely consistent with CF disease. Islet size was 

reduced in CFTR-inhibited animals, and the ΔF508 and CFTR KO animals, 

consistent with the literature.17, 19 In addition, ductal dilatation, a hallmark of CF 

disease, was evident in all three mouse models studied here. Intestinal villi height 
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is occasionally reduced in CF.42 However, in both the CFTR-inhibited model and 

the ΔF508 model, we observed no change in villi height.  

 

Recent work suggested that pancreatic IL-6 concentrations contribute to islet 

dysfunction in CF ferrets.11 However, IL-6 concentrations were not elevated in 

our model of CFTR inhibition and there was little histological evidence of 

inflammatory cell infiltrate within the islets. The absence of inflammation in this 

model does not negate the role of pancreatitis and intra-islet inflammation in the 

pathogenesis of CFRD. Indeed, it seems implausible that the pancreatic 

environment in advanced CF disease would not impact islet function. However, 

these findings show that islets are impacted early after loss of CFTR, and suggest 

that these changes, even in the absence of overt inflammation / proinflammatory 

cytokine signalling, may contribute to islet dysfunction.  

 

Here we report that short-term CFTR inhibition does not cause clinically 

significant glucose abnormalities, nor is it associated with spontaneous 

development of diabetes, a long-term defect in the secretory capacity of islets, 

pancreatic inflammation or fibrosis. This is in contrast with much of the published 

literature discussed above. It is likely that the acute duration of CFTR inhibition 

examined in this study was insufficient to trigger several defects often associated 

with age. For example, Fontes et al.17 report glucose intolerance in 24-week old 

ΔF508 mice, but not in 12-week old animals. Moreover, we found little evidence 

of pancreatic inflammation in CFTR-inhibited animals as has been reported in 

transgenic animals11 and in adult CF patients10, 20 where chronic disease has 

persisted for periods far beyond the acute 8-day duration of CFTR inhibition 

examined here. Consistently, pancreatic inflammation is less commonly 
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observed in CF children.20 Furthermore, the washout period following CFTR 

inhibition and the reversible nature of the inhibitor itself may mean that an acute 

functional secretory defect has been missed. 

 

In conclusion, the present observations provide further evidence that CFTR is 

essential to the maintenance of islet size and insulin content within the pancreas. 

The current model of global CFTR inhibition does not allow for distinction between 

islet intrinsic versus extrinsic roles of CFTR. However, the data shows that 

inhibition of CFTR has a rapid impact on islet size. Importantly, the use of healthy 

adult mice in this study excludes the possibility that early loss of islet mass in the 

absence of functional CFTR is purely a developmental issue. The absence of 

inflammation in our model raises the possibility that additional trophic factors 

beyond the pancreas may be regulating islet mass in this state. The observations 

that (1) islet cell number is maintained even in the face of a reduction in area and 

that (2) the secretory capacity of islets is sustained despite significant reductions in 

insulin content, suggest that early administration of therapies aimed at sustaining 

beta cell mass may be useful in slowing the onset of CFRD.  
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METHODS 

 

Animal models 

Animal studies were conducted in male C57BL/6 mice exposed to a 

pharmacological inhibitor of CFTR, CFTRinh172. Experiments were licensed 

according to UK Home Office regulations (UK Animals Scientific Procedures Act 

1986) and associated guidelines (EU Directive 2010/63/EU) and approved by 

the University of Ulster Animal Ethics Review Committee. The pancreatic (and 

where possible, intestinal) phenotypes of CFTR-inhibited mice were compared 

with those of Cftrtm1EUR mice,40 hereafter referred to as ΔF508 mice, and CFTR 

KO mice.41 Further information on the age, genetic background, and the 

husbandry and maintenance of the mice is provided in the methods section of 

the electronic supplementary material (ESM).  

 

In vivo studies 

C57BL/6 mice were age-matched and grouped based on their fasted blood 

glucose and body weight. The dosing regimen is described in Fig. S1 (ESM). In 

brief, animals received once daily intraperitoneal (i.p.) injections of vehicle control 

(DMSO) or CFTRinh172 (3 mg/kg body weight) for 8 consecutive days starting 

on Day -3. To determine if the effects of CFTR inhibition were dependent on, or 

exacerbated by, hyperglycaemia, CFTRinh172 was administered alone or in 

combination with a low dose streptozotocin (STZ; 50 mg/kg body weight) 

regimen, which began on Day 0 of the study and continued for 5 consecutive 

days. This resulted in the creation of 4 groups of animals: (1) vehicle control; (2) 

STZ-treated; (3) CFTRinh172-treated; and (4) STZ + CFTRinh172-treated. 

Specific information on the routine measurement of body mass composition, 
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blood glucose and glucose tolerance tests are given in Fig. S1 and in the methods 

section of the ESM. 

 

After a 7-day washout period, mice were killed by Schedule 1 methods and 

pancreata, intestines and terminal blood samples collected. Pancreata were 

halved longitudinally from head to tail with one half used for histology and the 

other half used for islet isolation or determination of islet hormone content as 

described below and in the ESM.  

 

Determination of islet hormone concentrations 

Commercially available ELISAs were used to measure insulin (Ultra-sensitive 

murine insulin ELISA, Mercodia), glucagon (Glucagon Quantikine ELISA Kit, 

R&D Systems) and GLP-1 (GLP-1 EIA Kit, Sigma-Aldrich) concentrations 

according to the manufacturers’ instructions. Further details on the processing of 

plasma and pancreatic protein extract for assessment of islet hormone 

concentrations is given in the methods section of the ESM.  

 

Islet isolation and determination of insulin secretion 

Islets were isolated from vehicle control and CFTR-inhibited mice by collagenase 

digestion, as previously described.43 Islets were cultured overnight in RMPI 

supplemented with 10% FBS and 1% Penicillin/Streptomycin at 37 °C and 5% 

CO2 prior to experimentation. Batches of ten islets underwent static incubation in 

basal glucose (1.1 mM D-glucose) for 1 hour, followed by exposure to test 

solution (1.1 mM D-glucose, or 16.7 mm D-glucose ± 10 nM GLP-1) for a further 

1 hour. Supernatants were collected and the secretion of insulin assessed by 

ELISA (Ultra-sensitive murine insulin ELISA, Mercodia).  
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Expression of islet regulatory genes 

The mRNA expression of islet regulatory genes was assessed by qPCR. mRNA 

was extracted from isolated mouse islets43 using a RNeasy Mini Kit following 

manufacturer's instructions (Qiagen, UK). mRNA (200 ng) was reverse 

transcribed to cDNA using transcriptor first strand cDNA synthesis kit (Roche, 

Burgess Hill, UK). UK). qPCR was performed on a Lightcycler 480 System 

(Roche, UK) using custom designed probes (Roche). Probe IDs are provided in 

Table S1 (ESM) and further information on cycling conditions and quantification 

of relative expression are available in the methods section of the ESM.  

 

Immunofluorescent staining of pancreatic tissue  

Pancreatic tissues were immediately fixed, processed and embedded in paraffin 

wax using an automated tissue processor (Leica TP1020, Leica Microsystems, 

Nussloch, Germany), as described previously.44 Tissues were stained with 

appropriate primary (Table S2, ESM) and secondary antibodies (Table S3, ESM). 

Full details on tissue processing and staining are given in the ESM. Slides were 

mounted with anti-fade mounting medium (Vectashield, Vector Laboratories) with 

DAPI and viewed using a Nikon A1 confocal microscope (Nikon UK Limited, 

Surry, United Kingdom). All staining procedures and image analysis were carried 

out in a blinded manner.  

 

Phenotypic characterisation of pancreatic and intestinal tissue 

Pancreata and intestines from mice treated with CFTRinh172, ΔF508, and CFTR 

KO mice and corresponding control animals were fixed, processed and sectioned 

as described. Haematoxylin and Eosin staining (H&E) was conducted as 
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previously described.45 Quantification of collagen deposition was conducted 

using the sirius red/fast green method. Briefly, 4μm sections were deparaffinised, 

rehydrated and incubated in 0.1% Fast Green for 5 minutes. Following rinsing in 

distilled water, sections were incubated in 0.5% Sirius Red for 10 minutes before 

counterstaining with Haematoxylin, rinsed in Scott’s Tap Water and mounted with 

Pertex (CellPath).  

 

Image analysis 

For measurements of islet size, beta cell area, non-beta cell area and 

endocrine:exocrine area, two sections of tissue separated by at least 200 µm 

were analysed for each animal. Measurements from a minimum of 20 data points 

(i.e. at least 10 islets per section) were collected per animal from at least 5 

different mice. Nikon NIS-AR image analysis software (NIS Elements) was used 

to analyse islet parameters including islet area, alpha cell area (glucagon positive 

area) and beta cell area (insulin positive area), expressed as µm2. Islet 

parameters were determined using the ‘closed polygon’ tool in analysis software. 

The number of cells per islet were manually counted using cell counter in ImageJ 

software. For assessment of the percentage Pdx-1 and Nkx6.1 positive cells 

within the islet, analyses were performed on at least 10 islets per animal from five 

different mice and further validated by qPCR. 
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Statistical analysis 

Statistical analysis was performed using GraphPad PRISM (La Jolla, CA, USA; 

version 7). Data are presented as mean ± SEM for a given number of 

observations (n) as indicated in the Figures. All samples were numbered and 

blinded, and researchers were unblinded only when analyses were complete. 

Differences between groups were compared using one-way ANOVA or unpaired 

2-tailed Student’s t test as appropriate. Statistical significance was accepted at 

p<0.05. 
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METHODS 

Animal models 

Short-term CFTR inhibition 

Animal studies were conducted in male C57BL/6NHsd (10-12 weeks old, Envigo 

Ltd, UK) maintained on a standard rodent diet (10% fat, 30% protein and 60% 

carbohydrate, Trouw Nutrition, UK). All animals were housed individually in an 

air-conditioned room at 22 ± 2 °C with a 12 hour light and dark cycle and had 

access to food and water ad lib. All in vivo studies on C57BL/6 mice were 

conducted as described in the main text and were carried out in accordance with 

the UK Animals (Scientific Procedures) Act 1986.  

ΔF508 mouse model 

To allow for comparison of the pancreatic and intestinal phenotype of the CFTR-

inhibited mice with a model of CF disease, an ΔF508 mouse model was used. 

CFTRtm1EUR mice1, hereafter referred to as ΔF508 mice, are on a C56BL/6J 

background. The ΔF508 mice were a kind gift from Dr Bob Scholte, Erasmus 

MC, Rotterdam and were embryo derived upon arrival at the Karolinska 

University Hospital Huddinge animal facility, Sweden. Male and female ΔF508 

mice (aged 8-12 weeks) were housed in specific pathogen-free conditions in 

isolator cages with between 2-5 mice per cage. ΔF508 mice were bred as 

heterozygotes and genotyping was performed as described1. Most of the mice 

were untreated however a few were used as controls in a separate experiment 

and received 200μl PBS buffer by i.p injection two or four hours prior to 

euthanasia2. Mice were anaesthetised with isofluorane and then killed by 
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cervical dislocation. The mice were housed and experiments were performed 

according to both local and national regulations and ethical permission for the 

studies was granted by the local ethics committee.  

CFTR KO mouse model 

CFTR KO mice (age 8-12 weeks, male), FVB/N background3) were kindly 

supplied by Dr. Ursula Seidler (Hannover Medical School, Hannover, Germany) 

and housed at the University of Szeged. Animals were kept in standard plastic 

cages on 12 hour light and dark cycle at room temperature and had free access 

to standard or CFTR specific laboratory chow and drinking solutions3. All mice 

were genotyped prior to the experiments. For genotyping, genomic DNA from the 

tail was isolated and amplified by traditional PCR. Ethical approval for the study 

was issued by the Public Health and Food Chain committee, Csongrad County 

Government Office, Hungary. 

 

In vivo studies 

C57BL/6NHsd mice were age-matched and grouped based on their fasted blood 

glucose and body weight. The dosing regime is described in Figure S. In brief, 

animals were fasted for 4 hours prior to receiving once daily intraperitoneal (i.p.) 

injections of vehicle control (DMSO) or CFTRinh172 (3mg/kg body weight) for 8 

consecutive days starting on Day -3. CFTRinh172 was administered alone or in 

combination with a low dose streptozotocin (STZ) regimen, which began on Day 

1 of the study. Animals were fasted for 4 hours prior to receiving once daily i.p. 

injections of vehicle control (DMSO) or STZ (50 mg/kg body weight; made freshly 
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in 0.1 M sodium citrate buffer, pH 4.5) for 5 consecutive days. Injections were 

administered at approximately 2PM each day. This resulted in the creation of 4 

groups of animals: (1) vehicle control; (2) STZ-treated; (3) CFTRinh172-treated; 

and (4) STZ + CFTRinh172-treated. No adverse events were experienced during 

this study. 

Food intake and body weight were monitored daily. Blood samples were collected 

from the cut tip of the tail vein of conscious mice at regular intervals throughout 

the study. Blood glucose was monitored using a hand-held Ascencia Contour 

blood glucose meter (Bayer Healthcare, Newbury, Berkshire, UK). Glucose 

tolerance and insulin responses were evaluated on the final day of the study after 

i.p. injection of glucose (18 mmol/kg body weight) in overnight (15 hour) fasted 

mice. 

After a 7-day washout period, mice were culled by Schedule 1 methods and 

pancreata, intestines and terminal blood were collected. Pancreata were halved 

longitudinally from head to tail with one half used for histology and the other half 

used for islet isolation or determination of islet hormone content as described 

below. Terminal analysis also included measurement of total body fat and lean 

mass by dual-energy X-ray absorptiometry (DEXA) scanning (Piximus 

Densitometer; Inside Outside Sales, Fitchburg, WI, USA). 

 

Measurements of insulin resistance and sensitivity 

To measure insulin resistance following ipGTT, HOMA-IR (Homeostasis model 

of insulin resistance) was calculated as follows: [fasting serum glucose x fasting 
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serum insulin/22.5].4 An assessment of beta cell function was performed using 

HOMA-B (Homeostasis model of beta cell function) as follows: [20* (fasting 

serum insulin/fasting serum glucose) – 3.5].5 QUICKI (Quantitative insulin 

sensitivity check index) was also calculated for all animals as follows: [1/(log 

fasting serum glucose + log fasting serum insulin)].6 

To further assess any evidence of insulin resistance in animals treated with STZ, 

CFTRinh172, or a combination of STZ + CFTRinh172, Western Blotting for 

phosphorylated IRS-1 was performed. Briefly, protein was extracted from the 

livers of animals using RIPA buffer (Thermo Scientific) supplemented with a 

protease inhibitor cocktail (Thermo Scientific). In brief, tissue was lysed in ice-

cold RIPA buffer over 20 mins. A mechanical homogeniser was used to aid lysis 

of the tissue. The lysate was centrifuged for 20 min at 14,000 rpm and 4 oC. 

The supernatant was transferred to a fresh eppendorf tube and the cellular 

protein content was assessed by BCA assay (ThermoFisher Scientific). Proteins 

(100 μg) were separated on a discontinuous SDS-PAGE NuPAGE Bis-Tris 

Electrophoresis System (ThermoFisher Scientific, UK) using pre-cast (4-12%) 

polyacrylamide mini-gels (Invitrogen, UK) and NuPAGE Running Buffer 

(ThermoFisher Scientific). Gels were run at 100 mA for 50 minutes. Separated 

proteins were transferred to PDVF membranes pre-soaked in methanol using 

NuPAGE Transfer Buffer at 170 mA for 60 minutes. The membranes were 

blocked overnight at 4 oC in 5% BSA dissolved in PBS, washed in PBS-T the 

following morning and incubated with primary antibody against phosphorylated 

IRS-1 (anti-Phospho-IRS1 Ser 612 (Cell Signalling #3193) overnight at 4 oC. 

Finally, the membranes were washed in PBS-T, incubated with secondary 

antibody (Anti-mouse IgG, HRP-linked Antibody (Cell Signalling #7076) at room 
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temperature for 2 hours and washed for a final time with PBS-T. Membranes were 

exposed to SuperSignal West Pico Substrate (ThermoFisher) and imaged using 

Biolite UVP software (Biolite, US) and processed using Image J (nih.gov). 

 

Determination of islet hormone concentrations 

Commercially available ELISAs were used to measure insulin (Ultra-sensitive 

murine insulin ELISA, Mercodia), glucagon (R&D Systems) and GLP-1 (GLP-1 

EIA kit, Sigma-Aldrich) concentrations according to the manufacturers’ 

instructions. Plasma was isolated from tail vein and terminal blood samples and 

added directly to the ELISA plate. Islet hormone content was assessed following 

the extraction of protein from pancreatic tissue using RIPA buffer as described 

above for liver. A total of 5 μg protein was added to each well of the ELISA plates 

 

Expression of islet regulatory genes 

The mRNA expression of islet regulatory genes was assessed by qPCR. mRNA 

was extracted from isolated mouse islets7 using an RNeasy Mini Kit following 

manufacturer's instructions (Qiagen, UK). RNA was quantified in all instances 

using a NanoDrop (Thermo Scientific, UK). RNA quality was determined by 

260/280 ratio of 1.8 – 2.1 and through examination of RNA integrity on a 2% 

agarose gel (for a random selection of samples). mRNA (500 ng) was reverse 

transcribed to cDNA using transcriptor first strand cDNA synthesis kit (Roche, 

Burgess Hill, UK). qPCR was performed on a Lightcycler 480 System (Roche, 

UK) using custom designed probes (Roche, see Table S1). Following 
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optimization, B-actin was chosen as a reference gene for all experiments. 2 μl 

cDNA was used per 10 μl reaction and was mixed with 2 μl RNase-free water, 5 

μl Master Mix (Roche Lightcycler, UK) and 1 μl relevant probe. All qPCR 

experiments including no RT controls, water controls and controls lacking probes. 

Each sample and control were added to a 96-well plate in duplicate and the plate 

was read according to an optimized protocol for monocolour hydrolysis probes 

provided by Roche, UK (annealing temperature of 60 oC). Relative mRNA 

expression was determined using 2^ΔΔCt method and normalised to beta 

actin/ACTB expression. 

 

Immunofluorescent staining of pancreatic tissue 

Pancreatic tissues were immediately fixed in 4% PFA for 48 hours at 4 oC. The 

tissues were subsequently dehydrated using a series of increasing strength 

ethanol solutions and processed for embedding in paraffin wax using an 

automated tissue processor (Leica TP1020, Leica Microsystems, Nussloch, 

Germany), as described previously.7 Tissue blocks were sectioned (4-5 μm) 

using a Shandon Finesse 325 microtome (Thermo Scientific, Hemel Hempstead, 

UK) and picked for staining at intervals of 10 sections. After dewaxing, sections 

were rehydrated using a series of decreasing strength ethanol solutions.7 Antigen 

retrieval was carried out at 94 oC for 20 min using citrate buffer (pH 6.0). Sections 

were then blocked using 2% BSA or 5% goat serum and incubated overnight at 

4 oC with appropriate primary antibody (Table 1). The slides were incubated with 

corresponding secondary antibodies (Table 1). Slides were mounted with anti 

fade mounting medium with DAPI and viewed using a Nikon A1 confocal 
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microscope (Nikon UK Limited, Surry, United Kingdom). All staining procedures 

and image analysis were carried out in a blinded manner. 

 

Assessment of IL-6 concentration 

Pancreatic IL-6 concentrations were measured following isolation of protein from 

pancreatic tissue as described in the ESM. IL-6 concentration was assessed 

using a commercially available murine ELISA kit (PeproTech EU). A total of 5 μg 

protein was added to each well of the ELISA plate and the assay was conducted 

in accordance with the manufacturer’s instructions. 
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RESULTS 

Short-term CFTR inhibition does not influence body composition of 

C57BL/6 mice 

Treatment of animals with CFTRinh172 or a combination of STZ and 

CFTRinh172 did not impact bone mineral content, bone mineral density, lean 

mass or fat mass. However, STZ treatment negatively impacted fat mass and 

percentage fat (Figure S2). 

 

Short-term CFTR inhibition does not alter measures of insulin resistance or 

sensitivity in C57BL/6 mice 

Treatment of animals with CFTR alone did not significantly alter the HOMA-IR, 

HOMA-B or QUICKI scores. Furthermore, there was no evidence of 

phosphorylated IRS-1 accumulation in the livers of these animals. In all 

instances, treatment with STZ was consistent with an insulin resistant phenotype 

(Figure S3). 

 

Short-term CFTR inhibition does not influence the mRNA expression of 

glucose-sensing genes 

Islets were isolated from CFTR-inhibited animals and vehicle controls and the 

expression of several glucose-sensing genes examined. Short-term CFTR 

inhibition did not significantly influence the expression of SCLC2A2, GCK, 

ABCC8 or KCNJ11 (Figure S4). 
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Pancreatic IL-6 concentrations are not influenced by short-term CFTR 

inhibition 

The IL-6 content of pancreatic protein extract was determined by ELISA. None of 

the treatment conditions influenced IL-6 concentrations in the current study 

(Figure S5). 

 

Villus height is unchanged in mice treated with CFTRinh172 and in the 

ΔF508 mouse model. 

Intestinal villus height was not influenced by short-term CFTR inhibition  

consistent with the ΔF508 model (Figure S8). 

 

Short-term CFTR inhibition was insufficient to induce significant fibrosis in 

the pancreas or intestine. 

Despite occasional evidence of additional collagen deposition around the 

pancreatic ducts and within the basement membrane of the intestine, the overall 

% area stained for Sirius red did not differ between control and CFTR-inhibited 

animals (Figure S9). 
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TABLES 

 

Table S1: qPCR hydrolysis probe IDs (Roche) 

 

Table S2: Primary Antibodies  

All antibodies were validated in control tissue and with negative controls lacking 
primary antibody. 

 

Target Gene Assay ID 

SCLC2A2 311351 

GCK 311106 

ABCC8 300187 

KCNJ11 317283 

Nkx6.1 318473 

Pdx-1 314873 

Beta-actin 500152 

Target Host Dilution Source 

Insulin Guinea pig 1:500 Abcam (ab7842) 

Glucagon Mouse 1:100 Abcam (ab92517) 

Somatostatin Mouse 1:500 Abcam (ab30788) 

Pancreatic polypeptide Mouse 1:200 Abcam (ab77192) 

Chromogranin A Rabbit 1:200 Abcam (AB15160) 

Nkx6.1 Mouse 1:100 DSHB (F55A10) 

Pdx-1 Mouse 1:200 DSHB (F6A11-c) 
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Table S3: Secondary Antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Host Reactivity Dilution Fluorescent dye and Source 

IgG Goat Mouse 1:1000 Alexa Flour ® 594, Invitrogen (A-11032) 

IgG Goat Guinea pig 1:1000 Alexa Flour ® 488, Abcam (ab150185) 

IgG Goat Rabbit 1:1000 Alexa Flour ® 594, Abcam (ab150080) 
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FIGURES 

Figure S1: Treatment regimen for CFTR inhibition with or without 

hyperglycaemia. 

 

 

C57BL/6 mice were fasted for 4 hours prior to receiving once daily intraperitoneal 

(i.p.) injections of vehicle control (DMSO) or CFTRinh172 (3mg/kg body weight) 

for 8 consecutive days starting on Day -3. CFTRinh172 was administered alone 

or in combination with a low dose streptozotocin (STZ) regimen (50 mg/kg body 

weight/day for 5 consecutive days), which began on the Day 1 of the study. 

Animals were allowed to recover for a total of 7 days before being killed by 

schedule 1 methods. On the final day of the study, animals underwent ipGTT. 

 

 

 

 

 

 

 

 

Day	-3	 Day	1	 Day	5	 Day	10	 Day	12	

CFTR	inh172	3mg/kg/day	i.p.	

STZ	50mg/kg/day	i.p.	

Recovery	 ipGTT	

TerminaBon	
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Figure S2: Cumulative food and water intake and measurements of body 

composition. 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Cumulative food intake, (B) cumulative fluid intake, (C) Body composition of 

mice treated with vehicle control, STZ, CFTRinh172 and STZ + CFTRinh172. 

Values are mean ± SEM for n=7-8 mice. *P<0.05, **P<0.01 compared to healthy 

vehicle controls. BMD, bone mineral density; BMC, bone mineral content; STZ, 

Streptozotocin. 
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Figure S4: mRNA expression of glucose-sensing genes 

                    

The effect of CFTR inhibition on the mRNA expression of glucose sensing genes 

in primary islets obtained from C57BL/6 mice was examined by qPCR. Data are 

expressed as a percentage of control. Results are presented as mean ± SEM 

(n=4-7). 
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Figure S5: Pancreatic IL-6 concentrations 

 

  

 

 

 

 

 

 

The effect of CFTR inhibition on pancreatic IL-6 concentration was examined by 

ELISA.  Data are expressed as a percentage of control. Results are presented 

as mean ± SEM (n=6). 
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Figure S6. H&E staining of the pancreas of transgenic DF508 mice 

 

 

Shown above is the complete image of the composite image presented in the 

main text in Figure 8a. 
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Figure S7: Higher-resolution images of the pancreas of mice treated with 

CFTRinh172 

 

Presented above are representative higher resolution images (x40 magnification) 

of islets from mice treated with vehicle control or CFTRinh172. Fully searchable 

dynamic links to full pancreatic tissue sections from five individual mice are 

provided below: 

 

Control animals: 

http://nbb-slidepath.ncl.ac.uk/dih/webViewer.php?snapshotId=15439197192432 

 

CFTRinh172-treated animals:                     

http://nbb-slidepath.ncl.ac.uk/dih/webViewer.php?snapshotId=15439193123393 
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Figure S9: Fibrotic progression in the pancreas and intestine. 

Representative sirius red/fast green (SRFG) stained sections of the (a) pancreas 

and (b) intestine of CFTRinh172-treated mice and vehicle controls (both n=5). (c) 

Collagen deposition has been calculated as a function of the SRFG % area and 

normalised to the entire tissue area. Values represent mean ± SEM. 
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2.4 Clarifications 
 
2.4.1 Figures 4-6 (Islet size and composition, Pdx-1 expression and Nkx6.1 

expression) 

 

Technical replicates were performed by measuring approximately twenty islets 

per animal, taken on at least 2 sections a minimum 200µm. This was to consider 

variations in islet size within each individual animal and to also account for the 

fact that overall islet size can vary depending on the area of the pancreas they 

are present.  Biological replicates were performed by repeating these 

measurements across all animals in each group to account for variations between 

animals subjected to the same treatment. 

 

 

2.4.2 Concentration of selected protease inhibitors contained in the protease 

inhibitor tablet 

 

EDTA- 0.35mg/ml 

Leupeptin- 0.5µg/ml 

Pepstatin- 0.7µg/ml 

Aprotinin- 1µg/ml 
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2.4.3 Figure S4: mRNA expression of glucose-sensing genes  

The 4 genes listed play an important role in glucose-sensing and the insulin 

secretory ability of beta-cells, and as such were tested to assess for any potential 

defects caused by CFTR inhibition. 

Gene Function 

SLC2A2 (GLUT-2) GLUT-2 is the primary glucose 

sensing channel on the surface of 

rodent pancreatic beta-cells. It 

facilitates the uptake of glucose into 

the cell. 

GCK (Glucokinase)  Glucokinase is the enzyme which 

phosphorylates glucose upon entry in 

to beta-cells into Glucose-6-

Phosphate (G6P) where it enters the 

mitochondria, generating ATP in the 

Kreb’s Cycle 

ABCC8 (Sur1) One of the 4 Sulphonylurea receptor 

subunits which make up the 

Potassium sensitive ATP channel 

(KATP). Sulphonylurea bind to the 

Sulphonylurea receptor to induce 

channel closure.  

KCNJ11 (Kir6.2) One of 4 ATP receptor subunits which 

comprise the Potassium sensitive 

ATP channel (KATP). The 4 Kir6.2 

subunits form a central core, 

surrounded by the 4 Sulphonylurea 

receptor subunits. ATP binds to the 

ATP receptor to induce channel 

closure.  
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Beta-actin is an integral part of the cellular cytoskeleton involved in cell growth 

and migration (Bunnel et al, 2011). It was used as a housekeeping gene in this 

study as it is a highly conserved protein found in eukaryotic cells (Gunning et al, 

2015) and is a well established housekeeping gene used for pancreatic beta-cells 

within the Diabetes Research Group (DRG) at Ulster University.  

 

2.4.4  Reviewer’s comments 

The papers presented in this thesis are the final accepted forms of the 

manuscript, and as such, all requests by the reviewers have been included. Their 

primary area of concern initially was regarding the numbers of animals used in 

for analysis and overall scatter of the initial results following the first submission. 

This study was subsequently repeated three times over the course of 

approximately nine months, so the ‘n’ for each group doubled between initial 

submission and final acceptance. The reviewers were also keen to assess insulin 

resistance, so a HOMA-IR, HOMA-B and QUICKI tests were performed, and a 

Western Blot for phosphorylated IRS-1 in the liver were conducted to address 

this. 

 

2.4.5 Limitations of the study and future work  

The use of mouse models in CF research is one which has been extensively 

debated and there are a number of caveats associated with the CF mouse 

models and this is discussed in more detail in the Discussion section of this 

thesis (section 6.7). 
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Whilst animals did appear healthy following the treatment programme, and 

efforts were made to reduce off-target effects of the inhibitor. However, to 

conclusively determine that the results obtained in this study were due to the 

effects of the inhibitor, the study could be repeated in CFTR-/- mice.  

Whilst it wasn’t possible to measure beta-cell mass in this particular investigation, 

this is something which can be done and is an indicator of CFRD (Bogdani et al, 

2017). Future investigations could measure beta-cell mass to determine if it is 

also impacted by CFTR inhibition as previous studies have shown that functional 

beta-cell mass is reduced in CFTRF508del/F508del mice (Fontes et al, 2013) and 

young children (Bogdani et al, 2017), and reductions in beta-cell mass have been 

observed in both T1D and T2D (Chen et al, 2017). 
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CHAPTER 3 

Sub-chronic CFTR inhibition promotes insulin 
resistance in C57BL/6 mice
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3.1 Contribution 

This manuscript has been formatted for submission to the Journal of 
Endocrinology.  

Dr Catriona Kelly and Dr Dawood Khan designed and planned the experiments. 
I (Ryan Kelsey) assisted Dr Dawood Khan and Dr Catriona Kelly in writing and 
formatting this manuscript including data analysis and compilation of figures.  

I assisted Dr Dawood Khan and Dr Catriona Kelly with the in vivo experiments 
including daily body weight and blood glucose measurements, as well as the 
IPGTT. I also assisted with the processing of blood and tissue after they had 
been taken. 

I ran all ELISAs included in this manuscript and undertook all relevant analysis. 
Dr Dawood Khan, Dr Catriona Kelly and I undertook immunofluorescent 
staining, imaging and subsequent measurements plus the relevant statistical 
analysis 
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ABSTRACT 

Secondary, co-morbid diabetes accelerates lung decline in people with cystic 

fibrosis (CF). The aetiology of CF-related diabetes (CFRD) is complex with 

reports implicating altered islet morphology, primary beta-cell defects, reduced 

first phase insulin secretion, insulin resistance and pancreatic insufficiency in the 

development of the disease. Previously we have shown that short-term cystic 

fibrosis transmembrane conductance regulator (CFTR) inhibition is sufficient to 

trigger reductions in islet size and insulin concentration in the absence of many 

of the characteristics associated with CFRD including insulin resistance. Here we 

sought to determine if several of these characteristics were a consequence of 

duration of disease. C57BL/6 mice were exposed to sub-chronic (21 day) 

treatment with a pharmacological CFTR inhibitor (CFTRinh172). Glucose 

concentration was elevated in CFTRinh172-treated mice in comparison to 

corresponding controls. Although animals were glucose tolerant following i.p. 

glucose challenge over 90 minutes, there was evidence of insulin resistance, 

reduced pancreatic beta-cell function, and poor insulin sensitivity in the 

CFTRinh172 treated group. Peripheral insulin concentrations were reduced and 

glucagon concentrations elevated following CFTRinh172 treatment, 

accompanied by an overall increase in the number of islet alpha-cells and a 

reduction in transcriptions factors central to the maintenance of mature beta-cell 

populations (Pdx1, NGN3). Overall, the present data support the idea that insulin 

resistance in CF results from duration of disease and suggests that beta-cell 

identity may be lost or become plastic in CF over time.
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INTRODUCTION 

Cystic fibrosis (CF) is an autosomal recessive disorder resulting from mutations 

in the gene encoding the cystic fibrosis transmembrane conductance regulator 

(CFTR) (Brennan et al, 2004). The CFTR gene encodes a cyclic AMP (cAMP) 

regulated chloride channel of the same name (Riordan et al, 1989). CFTR is 

expressed on epithelial tissues throughout the body and is abundant in the lungs 

and pancreas in particular (Saint-Criq and Gray, 2017). Mutations in CFTR lead 

to defective chloride, sodium and water transport across epithelial tissues and 

promotes the accumulation of mucus on dehydrated epithelial surfaces (Mall and 

Hartl, 2014). The vast majority of morbidity and mortality arises from CF lung 

disease, which results from chronic and recurring respiratory infections. CFTR is 

an ATP-binding cassette transporter gene producing chloride channel CFTR 

protein (McCarthy and Harris, 2005). CFTR protein regulates chloride and sodium 

transport thereby maintaining hydration of ducts and airways (Bear et al. 1992). 

Approximately, 1500 mutations have been identified in CFTR gene with ΔF508 

being most common worldwide (Zielenski and Tsui, 1995). These mutations in 

CFTR lead to dehydration, increased acidic secretions, which drive CF and 

related complications (Brennan et al. 2004). With recent advancements in the 

treatment and management of CF, the life expectancy of people living with the 

disease has improved remarkably in the last decade, with the median age of 

survival now estimated at >45 years (Bridges et al. 2018). However, with 

increased life expectancy, extra pulmonary co-morbidities are increasing in 

prevalence. CF-related diabetes (CFRD) is among the most common 

comorbidities, affecting 50% of adult CF patients (Moran et al. 2009). CFRD 

shares features of both type 1 (Carrington et al. 1994) and type 2 (Blackman et 

al. 2009) diabetes mellitus with a primary defect in first phase insulin secretion 
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from the islet beta-cell (Yung et al. 2002; Costa et al. 2007; Mohan et al. 2009; 

Nathan and Moran, 2010), compounded by the exacerbating effect of insulin 

resistance (Moran et al. 1994; Hardin et al. 1997; Tofe et al. 2005) in peripheral 

tissues including the liver (Hardin et al. 1999; Hardin et al. 2008). 

 

The development of CFRD has been linked to primary defects in islet hormone 

release (Edlund et al. 2014; Guo et al. 2014; Edlund et al. 2017; Huang et al. 

2017), reductions in islet mass, intra-islet inflammation or exocrine-derived 

inflammatory mediators (Sun et al. 2017; Hart et al. 2018). In mice carrying the 

ΔF508 CFTR mutation increased insulin sensitivity and normal insulin secretion 

was observed (Fontes et al. 2015). However, as these mice aged, they developed 

a deficit in beta-cell mass combined with insulin resistance relative to their WT 

controls (Fontes et al. 2015). These results suggest an underlying beta-cell defect 

related to the CFTR mutation which becomes apparent with age and increased 

secretory demand. This is also supported by the clinical observation that the 

prevalence of CFRD dramatically increases with age and suggests that 

alleviation of insulin resistance might be beneficial in preserving glucose 

homeostasis in CF patients (Moran et al. 2009). 

 

Similar to type 2 diabetes, alterations in islet morphology and function occurs in 

CFRD. Notably, a reduction in the number of beta-cells has been observed in 

people with CF (Bogdani et al 2017; Hart et al, 2018). Although less well studied, 

the alpha-cell population is reportedly increased in people with CF both with and 

without diabetes (Lohr et al. 1989, Bogdani et al. 2017, Hart et al. 2018, Hull et 

al. 2018). It is also thought that exocrine insufficiency may lead to beta-cell trans-

differentiation in the presence of ongoing exocrine inflammation (Moin et al. 2018), 
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demonstrated in a recent study, which reported increased frequency of hormone-

negative pancreatic endocrine cells in CF patients suggesting an attempt at 

endocrine cell regeneration (Cory et al. 2018). Therefore, beta-cell development 

in the absence of functional CFTR is important in understanding the development 

of CFRD. 

 

Altered islet morphology, decreased islet/beta-cell area and age-related insulin 

resistance are key features in the pathogenesis of CFRD. Previously, we have 

shown that short-term CFTR inhibition in otherwise healthy adult C57BL/6 mice 

was sufficient to provoke marked reductions in islet size that were associated with 

reduced pancreatic insulin content and reduced circulating insulin concentrations 

(Khan et al. 2019). Despite modest increases in glucose concentrations, the 

animals were not hyperglycaemic and were glucose-tolerant with little evidence of 

insulin resistance or exocrine inflammation. Since the duration of CFTR inhibition 

in our previous study was likely insufficient to trigger several defects often 

associated with age (i.e. insulin resistance and pancreatic inflammation), we 

wanted to further assess pathological changes in islet cell function in otherwise 

healthy animals after sub-chronic CFTR inhibition. Since the current model of 

CFTR inhibition in otherwise healthy animals is free of secondary complications 

often observed in transgenic animals, this approach permits us to directly 

assess the role of CFTR in the development of insulin resistance in addition to 

beta-cell dysfunction as reported in other animal models of CF (Oliver et al, 

2012; Sun et al, 2014; Fontes et al, 2015; Rotti et al, 2018). The current study 

therefore sought to determine if insulin resistance and/or heterogeneity in islet 

morphology and function is associated with duration of CFTR inhibition. 
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METHODS 

Mouse model of CFTR inhibition 

CFTR was inhibited in 8-10 week old male C57BL/6N mice (ENVIGO 

(Huntington, England)) as previously described (Khan et al. 2019). In brief, 

animals were fasted for four hours prior to intraperitoneal (i.p.) treatment with 3 

mg/kg/day CFTRinh172 for 21 consecutive days. A timeline showing the 

treatment regimen is shown in figure M1. The reason 21 days was defined as 

‘Sub-Chronic’ was because previous work by the Diabetes Research Group at 

Ulster University have used this timeline for studies (Hasib et al, 2019) longer 

than short-term (7-8) days but shorter than ‘chronic’ (~6 months). Control animals 

were treated with DMSO i.p. under the same conditions and for the same 

duration. Experiments were licensed according to UK Home Office regulations 

(UK Animals Scientific Procedures Act 1986) and associated guidelines (EU 

Directive 2010/63/EU) and approved by the University of Ulster Animal Ethics 

Review Committee. Animals were maintained on a routine rodent diet consisting 

of 10% fat, 30% protein and 60% carbohydrate (Trouw Nutrition, UK). Each 

animal was housed individually in an air-conditioned room at 22 ± 2 ºC with a 12 

hour light and dark cycle with access to food and water ad libitum. 

 

In vivo experiments 

Animals were grouped according to weight and fasting blood glucose 

concentrations. Blood glucose, peripheral insulin, body weight, and total food 

intake were regularly measured throughout the study. Blood glucose 

measurements were assessed using a hand-held Ascencia Contour blood 

Glucose meter (Bayer Healthcare, Newbury, Berskshire, uk). On day 22, an 

intraperitoneal glucose tolerance test (ipGTT) was performed following overnight 

150



    

fasting and the administration of a glucose load (18 mmol/kg i.p). Blood samples 

were collected at 15, 30, 60 and 90 minutes post glucose challenge, and 

assessed for glucose and insulin concentrations. Animals were allowed a 

washout period of four days to recover from the IPGTT before being euthanized 

by schedule 1 methods on day 25. Terminal blood was collected and the 

pancreata harvested for histological investigation. The pancreata were sliced 

longitudinally from head to tail with one half used for histology and the other for 

analysis of islet hormone content. 

 

Fasting terminal blood glucose and insulin levels were assessed for evidence of 

insulin resistance and beta cell function. HOMA-IR (Homeostasis model of insulin 

resistance) was calculated using the formula [(fasting serum glucose x fasting 

serum insulin) / 22.5]. HOMA-B, which is the homeostasis model of beta-cell 

function was calculated using the formula [20* (fasting serum insulin/ fasting 

serum glucose) – 3.5]. QUICKI which is the Quantitative insulin sensitivity check 

index was calculated using the formula [1/log(fasting serum glucose)+log(fasting 

serum insulin)]. 

 

Measurements of islet hormone concentration 

Islet hormone concentrations were assessed using commercially available kits 

and following the manufacturers’ instructions. Insulin was measured using the 

mouse ultrasensitive insulin ELISA (Mercodia, Uppsala, Sweden), glucagon was 

measured using the Quantikine ELISA glucagon immunoassay (R&D Systems, 

Minneapolis, USA) and GLP-1 was measured using the GLP-1 EIA kit (Sigma 

Aldrich, Poole, UK). For terminal measurements, and assessment of daily insulin 

and ipGTT insulin concentrations, plasma was used. For assessment of islet 
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hormone content, protein was extracted from the pancreas by homogenising the 

tissue and lysing the tissue by placing it in ice cold RIPA buffer supplemented 

with a protease inhibitor tablet (Thermo Scientific, UK) for 20 minutes with regular 

vortexing of each sample. Each sample was centrifuged at 14,000 g for 20 

minutes and the protein concentration quantified using a BCA Assay (Thermo 

Scientific, UK). 5 µg of each sample was added directly to the ELISA plates. 

 

Histological analysis 

Pancreata were fixed in 4% PFA, paraffin embedded, processed and de-waxed 

as previously described (Khan et al. 2019). Approximately 200 μL of 2.5% BSA 

was then added to each slide and incubated at for 45 minutes. The primary 

antibody was added and the slides were incubated overnight at 4 ºC before 

washing off excess antibody with PBS and addition of the secondary antibody 

followed by a 45 minute incubation at 37 ºC. The slide was again washed 3 times 

with PBS. Vectashield mounting medium with DAPI (Vector Laboratories, 

Peterborough, England) was then added to mount the tissue. In this experiment, 

the pancreas were stained with glucagon and insulin. All antibodies were 

obtained from Abcam (Cambridge, England). The antibodies used and their 

source are shown in Tables 1 and 2. 

 

Images were taken on two sections from each animal at least 200 µm apart and 

10 islets per section, (one section per animal for a total n of 70-80) were analysed. 

Analysis included alpha-cell area (glucagon positive), beta-cell area (insulin 

positive) and total islet area. All values obtained were in µm2. In addition to this, 

the percentage of each cell type was also analysed by counting the total number 

of insulin- or glucagon-positive cells and expressing this as a percentage of total 
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islet cells (assessed by DAPI staining). Images were analysed on the Image J/ 

FIJI software using the ‘Closed polygon’ tool. 

Table 1: Primary Antibodies 

Target Host Dilution Source 

Insulin Guinea Pig 1:500 Abcam (ab7842) 

Glucagon Mouse 1:100 Abcam (ab92517) 

Pdx1 Mouse 1:200 DSHB (F6A11-c) 

NGN3 Mouse 1:100 DSHB (F25A1B3) 

NKX6.1 Mouse 1:100 DSHB (F55A12) 

Table 2: Secondary Antibodies 

Target Host Reactivity Dilution Fluorescent Dye 
and Source 

IgG Goat Mouse 1:1000 Alexa Fluor ® 
594, Invitrogen 
(A-11032) 

IgG Goat Guinea Pig 1:1000 Alexa Fluor ® 
488, Abcam 
(ab150185) 

H&E staining was conducted using a standard protocol. In brief, de-waxed tissue 

sections were stained with Meyer’s haematoxylin solution for one minute before 

rinsing in warm water for 15 minutes. The slides were counterstained with eosin 

Y solution for one minute before dehydration in increasing percentages of alcohol, 

from 70 to 100%. Xylene free mounting media was added to the tissue and glass 
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coverslips were attached with nail varnish to protect the tissue. H&E stained 

sections were imaged on a Vision Tek analyser using the Vision Tek 2.0 software. 

 

Statistical Analyses 

Statistical analysis was performed using GraphPad PRISM 7 software (La Jolla, 

CA, USA; version 7). Data are presented as mean ± SEM for a given number of 

observations (n) as indicated in the Figures. All samples were numbered and 

blinded, and researchers were unblinded only when analyses were complete. 

Differences between groups were compared using one-way ANOVA or unpaired 

two-tailed Student’s t-test as appropriate. Statistical significance was accepted 

at p<0.05 *  p<0.01 ** p<0.001 *** p ≤0.0001 **** 

 

 

154



 
 

 
 

 Tr
ea

tm
en

t t
im

el
in

e 

 D
ay

 
0 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10

 
11

 
12

 
13

 
14

 
15

 
16

 
17

 
18

 
19

 
20

 
21

 
22

 
23

 
24

 
25

 
 

 
Tr

ea
tm

en
t 

R
ec

ov
er

y 

   Fi
g 

M
1:

 T
im

el
in

e 
sh

ow
in

g 
th

e 
tre

at
m

en
t r

eg
im

en
 fo

r 
th

is
 in

ve
st

ig
at

io
n.

 M
ic

e 
w

er
e 

gr
ou

pe
d 

an
d 

ba
se

 li
ne

 m
ea

su
re

m
en

ts
 o

f w
ei

gh
t, 

gl
uc

os
e,

 a
nd

 in
su

lin
 r

ec
or

de
d 

on
 D

ay
 0

. T
re

at
m

en
t w

ith
 3

m
g/

kg
.b

w
 C

FT
R

in
h1

72
 w

as
 th

en
 a

dm
in

is
te

re
d 

fro
m

 D
ay

 1
 to

 D
ay

 2
1,

 w
ith

 
w

ei
gh

t, 
gl

uc
os

e,
 a

nd
 in

su
lin

 m
ea

su
re

m
en

ts
 re

co
rd

ed
 o

n 
D

ay
s 

5,
 1

0,
 1

5 
an

d 
21

. T
he

 a
ni

m
al

s 
w

er
e 

al
lo

w
ed

 a
 fo

ur
 d

ay
 w

as
ho

ut
 p

er
io

d 
fro

m
 d

ay
s 

22
 to

 2
5,

 w
ith

 a
n 

IP
G

TT
 p

er
fo

rm
ed

 o
n 

D
ay

 2
2.

 T
he

 a
ni

m
al

s 
w

er
e 

te
rm

in
at

ed
 b

y 
Sc

he
du

le
 1

 m
et

ho
ds

 o
n 

D
ay

 2
5 

of
 th

e 
in

ve
st

ig
at

io
n.

 
 

W
ei

gh
t, 

G
lu

co
se

, 
In

su
lin

 

W
ei

gh
t, 

G
lu

co
se

, 
In

su
lin

 

W
ei

gh
t, 

G
lu

co
se

, 
In

su
lin

 

W
ei

gh
t, 

G
lu

co
se

, 
In

su
lin

 

W
ei

gh
t, 

G
lu

co
se

, 
In

su
lin

 

IP
G

TT
 

Te
rm

in
at

io
n 

155



RESULTS 

Subchronic administration of CFTRinh172 impacts glycaemia and 

peripheral insulin concentration 

Body weight change over the duration of the study is shown (Fig. 1A) and 

the percentage change in body weight from day 0 to day 21 is shown (Fig. 1B.) 

Both control and animals treated with CFTRinh172 showed a non-significant 

trend to weight gain over the course of the study (Fig. 1A) with no 

differences in the percentage weight gain observed between the two groups 

(Fig. 1B). Mice treated with vehicle control did not display a significant 

difference in blood glucose concentration over the course of the study. The 

animals treated with CFTRinh172 were mildly hyperglycaemic (Fig. 1C), their 

blood glucose concentration did significantly increase (p<0.01, Fig. 1C) over 

the duration of the study and the percentage change from the beginning to 

the end of the study was significantly higher than that of vehicle controls 

(Vehicle controls: 6.1 ± 3.3% increase, CFTRinh172 treated: 16.5 ± 3.4% 

increase; p<0.05, Fig. 1D). Consistently, daily insulin concentrations increased 

significantly over the duration of the study in mice treated with vehicle 

control (p<0.01, Fig. 1E). However, this was not observed in animals 

treated with CFTRinh172. Overall, the percentage change in peripheral insulin 

concentration from the beginning to the end of the study was significantly lower 

in CFTRinh172 treated animals compared with controls (Vehicle Control: 

243 ± 26% increase, CFTRinh172 treated: 138 ± 23%; p<0.01, Fig. 1F
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Fig. 1. Body weight and blood glucose concentrations. Mice were treated 
with vehicle control or CFTRinh172 for 21 consecutive days and (A) body weight 
over the duration of the study (Days 0, 5, 10, 15 and 21), (B) percentage change 
in body weight from the beginning to the end of the study (Day 0 to Day 21), (C) 
blood glucose concentrations over the duration of the study (Days 0, 5, 10, 15 
and 21), and (D) percentage change in blood glucose concentrations from the 
beginning to the end of the study (Day 0 to Day 21) were measured. (E) Insulin 
concentrations over the duration of the study (Days 0, 5, 10, 15 and 21) and (F) 
the percentage change in insulin concentrations from the beginning to the end of 
the study (Day 0 to Day 21). Data are presented as mean ± SEM (n = 7-8 mice 
for all experiments). (A), (C) and (E): p<0.05*, p<0.01** compared to control 
animals (t-test). (B), (D) and (F) p<0.05*, p<0.01** compared with values at Day 
0 (One-way ANOVA) 
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Treatment with CFTRinh172 may promote insulin resistance. 

Glucose tolerance was tested over 90 minutes following i.p. administration of a 

glucose load on day 22 of the study. Animals treated with CFTRinh172 were 

glucose tolerant (Figs. 2A and 2B). Although the insulin concentrations of 

CFTRinh172 treated animals remained elevated until 60 minutes after the 

glucose load (Fig. 2C), significant differences in area under the curve serum 

insulin (Fig. 2D) were not observed between the two groups tested. Calculation 

of HOMA-IR (Fig. 2E), HOMA-B (Fig. 2F), QUICKI (Fig. 2G) and measurement 

of non-fasted insulin (Fig. 2H), showed that animals treated with CFTRinh172 

displayed evidence of insulin resistance and poor insulin sensitivity when 

compared with vehicle-treated control animals (p<0.01). 
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Fig. 2. Glucose tolerance. Mice were treated with vehicle control or CFTRinh172 
for 21 consecutive days. Intraperitoneal glucose tolerance tests were undertaken 
on study Day 21. (A) Blood glucose concentrations and (C) plasma insulin 
concentrations were assessed immediately before and 15, 30, 60 and 90 minutes 
after intraperitoneal administration of glucose (18 mmol/kg body weight). 
Respective areas under the curve for (B) blood glucose and (D) plasma insulin 
are also shown. (E) HOMA IR, (F) HOMA B (%), (G) QUICKI results are also 
shown as well as the (H) non-fasted insulin concentrations taken immediately 
before glucose challenge. Data are presented as mean ± SEM (n =6-8 mice for 
all experiments).p<0.05* compared to control animals (t-test). 
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Mice treated with CFTRinh172 have lower circulating insulin and higher 

glucagon concentrations. 

Blood was collected on the final day of the study for measurement of terminal 

insulin, glucagon and GLP-1 concentrations in the pancreas and plasma. 

CFTRinh172 treatment had no impact on the pancreatic content of insulin (Fig. 

3A), glucagon (Fig. 3C), or GLP-1 (Fig. 3E). However, circulating insulin 

concentrations were lower (Vehicle controls: 1.29 ± 0.03 ng/ml, CFTRinh172 

treated: 0.68 ± 0.03 ng/ml; p<0.0001, Fig. 3B) and glucagon concentrations were 

higher (Vehicle controls: 87.2 ± 7.0 pg/ml, CFTRinh172 treated: 134.4 ± 6.2 

pg/ml; P<0.0001, Fig. 3D) in mice treated with CFTRinh172 compared with 

vehicle controls. Plasma GLP-1 concentrations were comparable in both the 

treated and control groups. 
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Subchronic CFTRinh172 treatment leads to heterogeneity in islet size 

Previously, we have reported that short-term (8 day) treatment with CFTRinh172 

lead to significant reductions in islet size (Khan et al, 2019). Here we consistently 

observe reductions in the size of the overall islet population (Vehicle controls: 

9843 ± 1066 µm2, CFTRinh172 treated: 7001 ± 868 µm2; p<0.05, Fig. 4B). 

However, the degree of reduction in islet size was not as pronounced as that 

observed with shorter term treatment with CFTRinh172. Reductions of up to 70% 

were observed in the short-term study (Khan et al, 2019), compared to reductions 

of up to 43% in the present investigation. A consistent observation in the current 

study was that animals treated with CFTRinh172 displayed a mixture of very 

small islets and very large islets (Fig. 4A). Analyses of the percentage size 

distribution revealed that the changes in the proportion of small and medium islets 

was fairly consistent between those animals treated with CFTRinh172 and 

vehicle controls, irrespective of whether the animals had received treatment for 8 

or 21 days (Fig. 4C). However, the proportion of large islets was almost doubled 

in animals treated with CFTRinh172 for 21 days compared with those treated with 

the inhibitor for 8 days (Fig. 4C). 
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CFTRinh172 treatment increases the percentage of alpha cells in the islet. 

Histological analysis of the islets for insulin and glucagon (Fig. 5A) revealed that 

mice treated with CFTRinh172 had a significantly smaller (p<0.05) beta-cell area 

(Fig. 5B), but that the number of beta-cells present was comparable between 

CFTRinh172 treated mice and those exposed to vehicle (Fig. 5C). This is 

consistent with our previous observations where we reported the same number 

of beta-cells, but a reduction in overall beta-cell size (Khan et al, 2019). However, 

although the alpha-cell area remained consistent between the two groups (Fig. 

5D), the percentage of alpha-cells present in the islet was significantly higher 

(p<0.05) in mice treated with CFTRinh172 compared with vehicle controls (Fig. 

5E). Glucagon staining was readily observed on the periphery of all islets (Fig. 

5A), with occasional evidence of glucagon positive cells scattered through the 

core of islets from CFTRinh172-treated mice (Fig. 5A). Both the area (Fig. 5F) 

and the number (Fig. 5G) of non-beta-cells was consistent between mice treated 

with CFTRinh172 or vehicle. 
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CFTRinh172 treatment reduces number of Pdx1 and NGN3 positive Beta 

Cells 

Histological analysis of the islets for insulin (Fig. 6A) revealed that mice treated 

with CFTRinh172 had a significantly smaller (p<0.001) percentage of Pdx1 

positive beta-cells (Fig. 6B). The number of NKX6.1 positive beta-cells (Fig. 6C) 

were comparable between the vehicle control and CFTRinh172 treated mice (Fig 

6D). This is consistent with our previous observations where we reported similar 

results after 8 days of CFTRinh172 treatment (Khan et al, 2019). Staining with 

NGN3 (Fig 6E) revealed CFTRinh172 treatment resulted in a significantly smaller 

(p<0.0001) percentage of NGN3 positive beta-cells (Fig 6F) compared to the 

vehicle control. 
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DISCUSSION 

Several studies have now consistently shown that CF is associated with 

reductions in islet size and insulin secretion (Sun et al, 2014; Sheikh et al, 2017; 

Hart et al, 2018). However, it was unclear whether these effects results from 

developmental defects or the environment post birth. Our previous work (Khan et 

al. 2019) revealed that even short-term CFTR inhibition was sufficient to trigger 

reductions in islet size and insulin content in otherwise healthy adult mice, making 

it unlikely that these phenomena are developmentally related. However, our 

model of short-term CFTR inhibition did not display many of the characteristics 

often reported in CF animal models and in patients with CF. To determine if these 

characteristics are associated with the duration of disease, we performed sub-

chronic (21 day) inhibition of CFTR in C57BL/6 mice. The action of the inhibitor 

and phenotypic characteristic of CFTRinh172-treated mice is described 

elsewhere (Khan et al. 2019). 

Consistent with our previous work and that of others (Fontes et al, 2015), we 

again report reductions in islet size following 21 day CFTR inhibition. However, 

the overall percentage reduction was considerably less than reported following 

8-day CFTR inhibition (Khan et al. 2019). In the current study, qualitative

observations suggests considerable heterogeneity in islet size as there is a 

balanced number of small, medium and large islets (~30 % of each size). 

However, this was not observed in the short-term study, as there is a high 

proportion of smaller islets (~60 % of total islets). Work in the CF ferret (Rotti et 

al. 2018) revealed increased islet size in CF animals as they aged, which was 

attributed to increased expression of Ki67 indicative of islet cell hyperplasia. Sub-

chronic CFTR inhibition resulted in a decrease in beta-cell area, but not in beta-
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cell number suggesting reduction in beta-cell size. This is consistent with 

observations in the model of short-term CFTR inhibition (Khan et al. 2019) in the 

in the F508del mouse (Edlund et al. 2019). However, here we report an increase 

in the number of alpha-cells present  without an overall increase in alpha-cell area 

in mice treated with CFTRinh172 for 21 days, which suggests more small alpha-

cells are present within the islets. The alpha-cell population is reportedly 

increased in people with CF both with and without diabetes (Lohr et al. 1989, 

Bogdani et al. 2017, Hart et al. 2018, Hull et al. 2018). In rodents, glucagon-

positive cells are generally confined to the periphery. However, CFTRinh172-

treated mice showed occasional evidence of glucagon-positive cells in the centre 

of the islet consistent with the overall increase in alpha-cell number. Although the 

islet content of insulin, glucagon and GLP-1 was unchanged in mice treated with 

CFTRinh172, significant reductions in plasma insulin and increases in plasma 

glucagon were observed in the current study. Although this may be directly 

attributable to the reduction in beta-cell area and the increase in alpha-cell 

number, Edlund and colleagues (2019) also report that the F508del mouse 

displays defective insulin secretion (consistent with several other animal models 

(Guo et al, 2014; Sun et al,2014:2017) and hypersecretion of glucagon. 

 

Several transcription factors regulate the development of mature beta-cells. Here 

we report a reduction in Pdx1 positive beta-cells in mice treated with CFTRinh172 

and a reduction in the abundance of NGN3 within the pancreas of these animals 

with an almost complete absence of NGN3-positive islet cells. It has been 

suggested that inflammation-driven exocrine insufficiency may promote beta-cell 

trans-differentiation (Moin et al. 2018). An increase in the prevalence of hormone-

negative pancreatic endocrine cells has recently been reported in CF patients 
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(Cory et al. 2018). Although it is not possible to determine if the changes in 

transcription factor expression observed in the current study is a genuine trans- 

or de-differentiation event, it is unlikely that Pdx1 deficient beta-cells are fully 

functional. Furthermore, the reduction in NGN3 expression in CFTRinh172-

treated mice strongly suggests that the pool of endocrine progenitor cells is 

impaired in these animals. 

 

We have previously reported mild hyperglycaemia following short-term CFTR 

inhibition that was not associated with any evidence of insulin resistance or 

glucose intolerance (Khan et al. 2019). In the current study, the degree of 

hyperglycaemia was more pronounced than in the short-term study, but the 

animals responded normally to acute glucose challenge, so therefore were not 

yet diabetic. This is in line with studies in the F508del mouse where glycaemia 

worsens with age (Fontes et al, 2015). Several studies report insulin resistance 

in CF (Hardin et al, 2001; Moran et al, 2010). Often this is thought to be a 

consequence of pancreatic insufficiency or age (Fontes et al, 2015). In the current 

study, animals were glucose tolerance and had normal insulin responses on 

glucose challenge, but did display evidence of insulin resistance, reduced beta-

cell function and reduction insulin sensitivity. This agrees with findings in the 

F508del mouse where insulin resistance emerged with time (Fontes et al, 2015). 

 

The data presented here support the idea that insulin resistance in CF results 

from duration of disease and suggests that beta-cell identity may be lost or 

become plastic in CF over time. Furthermore, the degree of hyperglycaemia 

observed in CFTRinh172-treated mice worsened in the current study compared 

with our previous study where the inhibitor was administered for only 8 days 
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(Khan et al. 2019). The use of the inhibitor in otherwise healthy adult mice 

suggests that the absence of functional CFTR channels plays a direct role in the 

development of the phenotype described here. It also largely excludes the notion 

that endocrine defects arise during embryonic development in CF. Therapies 

aimed at restoring the basic CFTR defect may be useful in preventing the 

development of several of the changes observed here. Indeed, a recent small-

scale study suggests that the use of the CFTR potentiator ivacaftor may be 

beneficial in the treatment and prevention of CFRD (Kelly et al. 2019).  

 

Additionally, may also be possible to preserve beta-cell mass as recently a 

number of investigations have sought to re-purpose existing drugs to explore 

potential new novel anti-diabetic therapies. One such example is the sodium-

channel blocker carbamazepine which has been shown to maintain functional 

beta-cell mass in vivo, therefore potentially delaying the onset of Type 1 diabetes 

(Lee et al, 2018). It is quite feasible that this drug could also be used in delaying 

the onset of CFRD, where beta-cell mass is also significantly impaired.  

 

Another example of such a drug is Neratinib, a mammalian sterile 20-like kinase 

1 (MST1) inhibitor which has also been shown to restore beta-cell mass and 

function in both type 1 and type 2 diabetic models (Ardestani et al, 2019). Within 

these models the expression of Pdx1, NKX6.1 and GLUT-2 are also restored with 

Neratinib treatment, thereby protecting beta-cells from the damage associated 

with type 1 and type 2 diabetes (Ardestani et al, 2019). There is currently no 

evidence as to the role of carbamazepine and Neratinib in the prevention of 

CFRD; but these two drugs along with other novel therapies could be explored 
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as part of future studies to potentially delay the onset or even prevent the changes 

in the endocrine pancreas associated with CFRD. 
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LIMITATIONS AND FUTURE WORK 

One limitation of this investigation is the number of experiments performed to 

measure insulin sensitivity. Further experiments would strengthen the argument 

that sub-chronic CFTR inhibition promotes insulin resistance. A Western Blot for 

phosphorylated IRS-1 in the livers would have further determined if insulin 

sensitivity was impaired (Kopps et al, 2016). Additionally, further metabolic tests 

such as the hyperinsulinemic clamp could be performed to further measure 

insulin sensitivity in this model (Kim, 2009) 

 

Future work in to this area could explore the use of existing anti-diabetic therapies 

as a mechanism to delay the onset or prevent CFRD. GLP-1 receptor agonists 

can are regularly used in the treatment of type 2 diabetes as they mimic the 

effects of GLP-1 which helps to enhance insulin secretion in response to glucose 

challenge, inhibit glucagon secretion and reduces appetite (Doyle and Egan, 

2007). There is also evidence that these drugs may act to promote beta-cell 

survival (Zummo et al, 2017). Insulin therapy has also been investigated and 

limited studies have suggested early treatment has a positive impact on lung 

function in people with CF who have impaired glucose tolerance (IGT) (Bizzarri 

et al, 2006).   

 

A small study has shown that up to half of children with CF display glucose 

responsiveness abnormalities (Banavath et al, 2018). Future work in this area 

could assess the effectiveness of early intervention of anti-diabetic drugs, CFTR 

modulators and other re-purposed drugs on young people with CF (so before the 

onset of CFRD) to investigate that if by maintaining normal glucose 
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responsiveness from an early age, can the onset of CFRD be prevented or even 

delayed.  

Additionally, future work in this area could assess if the effects of sub-chronic 

CFTR inhibition could be reversed with treatment with anti-diabetic drugs or 

CFTR modulators. As the mice were not considered diabetic at this stage, these 

potential investigations could be used to determine if the impacts seen are 

reversible. The effect of chronic CFTR inhibition could also be assessed by 

repeating the study for at least 3 months to observe if the animals develop a 

diabetic phenotype similar to humans with CFRD. This would further determine if 

it is the duration of CFTR dysfunction which leads to the development of a 

diabetic phenotype.  

Treating CFRD necessitates an increase in insulin secretion to normalise 

glycaemia. Given our observations that islet area is rapidly impacted in healthy 

animals following CFTR inhibition, anti-diabetes therapies aimed at maintaining 

beta-cell mass may prove useful adjuncts to CFTR correctors and potentiators. 
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CHAPTER 4 

Loss of markers of islet connectivity in mouse 
models of Cystic Fibrosis
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Abstract 

 

Cystic fibrosis-related diabetes (CFRD) is a common cystic fibrosis (CF) co-

morbidity and accelerates lung decline. CF patients frequently present with 

glucose abnormalities and reduced insulin secretion. Preservation of islet 

architecture is essential to achieve normal patterns of insulin release in response 

to physiological demand and is maintained by calcium-dependent gap junction 

channels. Altered islet morphology has been reported in animal models of CF 

and in human autopsy material from people who died with CF. This study aimed 

to assess markers of islet cell connectivity in three mouse models of CF 

(pharmacological CFTR inhibition, CFTRF508del/F508del, and CFTR-/- mice). 

Immunofluorescent staining for Connexin 36 and E-cadherin was performed on 

pancreata from the three models and their corresponding wild-type control. Islets 

of Langerhans were identified and the percentage of total cells positive for the 

two markers were assessed as well as the Mean Fluorescence Intensity (MFI) 

per area. In all instances, evidence of altered islet morphology was observed, 

with a number of irregularly shaped islets appearing across all three models 

compared to their corresponding control. In all three models, a significant 

reduction in the percentage of islet cells positive for Cx36 was observed, whilst 

the percentage of islet cells positive for E-cadherin was reduced in both of the 

transgenic models. For the first time, the loss of markers of islet connectivity  

across multiple CF mouse models is reported which may contribute to islet 

dysfunction, glucose abnormalities and altered insulin secretion as seen in CF. 
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Introduction 

 

Cystic fibrosis (CF) patients frequently present with glucose abnormalities and 

reduced insulin secretion upon testing, and CF-related diabetes (CFRD) is one 

of the most common CF co-morbidities and significantly accelerates lung decline 

(Oliver et al, 2012). Maintenance of islet architecture and morphology is crucially 

important for insulin secretion and is achieved via calcium-dependent gap 

junction channels, which keep neighbouring islet cells in proximity with each 

other, leading to the 3D spherical structure associated with pancreatic islets of 

Langerhans (Hopcroft et al, 1985). These gap junctions also allow the rapid 

passage of small molecules such as glucose between islet cells, facilitating 

regulated responses to nutrients and some insulinotropic drugs. Early work by 

Hopcroft et al. revealed the importance of islet architecture in the maintenance of 

normal patterns of insulin secretion, where disruption of rat islets into a single cell 

suspension resulted in loss of biphasic insulin secretion, which was restored on 

re-aggregation of the islet cells into ‘pseudoislets’ (Hopcroft et al, 1985). Several 

gap junction proteins interact with CFTR (Chanson et al, 1985), and reciprocal 

signalling has been demonstrated, with CFTR regulating connexin-mediated cell-

cell communication in cell types beyond the pancreas (Chanson et al, 1985). As 

differences in islet morphology have been reported in CF ferrets (Oliver et al, 

2012), and in autopsy reports on people who died from CF (Iannucci et al, 1984: 

Soejima et al, 1986), the principal aim of the present study was to assess islet 

architecture and markers of islet cell connectivity using mouse models of CF. 

Since islet architecture is central to the maintenance of normal patterns of insulin 

secretion, CFTR-driven alterations in islet cell connectivity may contribute to 
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impairments in first phase insulin secretion that have been widely reported in CF 

patients. 

 

It has been proposed that defective gap junction coupling may play a role in tissue 

dysfunction as seen in CF (Chanson et al, 1999). In particular, CFTR expression 

has been shown to influence Connexin 45 (Cx45) mediated cell-cell coupling by 

reducing the voltage sensitivity of the gap junction channel (Kotsias and 

Peracchia, 2005). Similar observations were also noted in the Cx32 and Cx40 

channels (Kotsias et al, 2006).  

 

However, it isn’t precisely clear whether it is CFTR which influences gap junctions 

or vice-versa as It has also been shown that transfection with siRNA against Cx43 

caused a reduction in the protein expression of CFTR (Carbone et al, 2018) 

alongside an inhibition of function of multiple gap junctions in airway cell cultures 

(Carbone et al, 2018), suggesting CFTR expression and function may be 

dependent on the expression of certain gap junctions.  

 

The mechanism for this interaction may be related to the role of CFTR acting as 

a chloride channel which influences membrane potential required for the opening 

of a number of connexin channels of which the precise mechanism for this 

interaction is currently unclear.    
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Methods 

 

Animal models 

Pharmacological inhibition of CFTR was achieved in male C57BL/6NHsd (aged 

10-12 weeks) as previously described (Khan et al, 2019). Briefly, animals were 

exposed to 3 mg/kg/day CFTRinh172 for eight consecutive days followed by a 

one-week washout period. Two transgenic CF mouse models were also 

investigated. CFTRtm1EUR mice, (van Doorninck et al, 1985) hereafter referred to 

as ΔF508 mice (aged 8-12 weeks, male and female, C56BL/6J background) 

were a gift from Dr Bob Scholte, Erasmus MC, Rotterdam and were embryo 

derived upon arrival at Karolinska University, Sweden. CFTR KO mice (aged 8-

12 weeks, male, FVB/N background (Fraulob et al, 2010) were supplied by Dr. 

Ursula Seidler (Hannover Medical School, Hannover, Germany), and housed at 

the University of Szeged. All mice were housed, and experiments performed, 

according to both local and national regulations and ethical permission for the 

studies was granted by the local ethics committee at each site. 

 

Histological characterisation of islet morphology and cell-cell connectivity 

Pancreatic tissues were immediately fixed, processed and embedded in paraffin 

wax using an automated tissue processor (Leica TP1020, Leica Microsystems, 

Nussloch, Germany), as described previously (Khan et al, 2019). Haematoxylin 

and eosin staining (H&E) was conducted as previously described (Khan et al, 

2017).  

 

Tissues were stained with primary antibodies against E-cadherin (Abcam 

ab76055) and Cx36 (Abcam ab86408), and an appropriate secondary antibody 
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(Alexa Flour ® 594, Invitrogen (A-11032). Tissue staining was conducted as 

previously described (Khan et al, 2017). All slides were fixed and imaged under 

light micrograph conditions of 596 nm excitation filters as appropriate (Zeiss, 

Germany). Identical settings were used for imaging of CF tissues and 

corresponding wild-type control tissue. 

 

Data analyses 

For the assessment of the percentage E-cadherin or Cx36-positive cells within 

the islet, analyses were performed on at least 10 islets per animal from five 

different mice. Measurements of protein abundance per µm2 were conducted. 

The area of each islet was drawn around using the Zeiss software and the 

fluorescence intensity reading was recorded. Statistical analysis was performed 

using GraphPad PRISM (La Jolla, CA, USA; version 7). All analyses were 

conducted in a blinded manner and unblinded only when analyses were 

complete. Differences between groups (WT vs corresponding CF model)  were 

compared using unpaired two-tailed Student’s t-test with significance accepted 

at p<0.05. As a result of possible variation between the different strains of 

mouse model used in this investigation, statistical comparisons were not 

performed between the different models. 
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Results 

 

In addition, In this investigation there was evidence of altered islet morphology 

in CF models with irregularly shaped, elongated islets commonly (although not 

universally) observed (Fig. 1). Cx36 regulates beta cell-beta cell communication 

and insulin secretion (Meda et al, 2003), whilst E-cadherin is ubiquitously 

expressed throughout the islet and exocrine pancreatic tissue. Prior work has 

shown that E-cadherin is essential to maintain the 3D structure of the islet 

(Hauge-Evans et al, 1999). In the current study, the percentage of islet cells 

positive for Cx36 (Fig. 2C) and E-cadherin (Fig. 3C) was in the region of 70-

80% in wild type/control animals, whilst the percentage of islet cells positive for 

Cx36 (Fig 2C) and E-cadherin (Fig 3C) in the CF models varied between 50-

70%. The percentage of islet cells positive for Cx36 was significantly reduced 

(p<0.01 – p<0.001) in all three CF models examined when compared with 

corresponding wild type/control animals (Fig. 2B). Significant (p<0.001 – 

p≤0.0001) reductions in the percentage of E-cadherin positive islet cells were 

only observed in transgenic models, and not in the model of short-term CFTR 

inhibition (Fig. 3B). The overall abundance of each protein per µm2 was largely 

unchanged in the CF models (Figs. 2B and 3B), with the exception of Cx36, 

which was significantly lower in CFTRinh172-treated animals (p≤0.0001; Fig. 

2B)

191



 
 

 

C
57

BL
/6

H
N

sd
   

   
   

   
   

   
   

   
   

 C
57

BL
/6

J 
 

   
   

   
   

 F
VB

/N
 

 
 

 
 

 
 

                   CF                                 Wild-type 

Irregular        Regular 

Fi
gu

re
 1

: I
rr

eg
ul

ar
 is

le
t m

or
ph

ol
og

y 
in

 C
F 

is
le

ts
 

Pa
nc

re
at

ic
 ti

ss
ue

 s
ec

tio
ns

 fr
om

 m
ic

e 
tre

at
ed

 w
ith

 C
FT

R
in

h1
72

 (C
57

BL
/6

H
N

sd
), 

ΔF
50

8 
m

ic
e 

(C
57

BL
/6

J)
 a

nd
 

C
FT

R
 K

O
 m

ic
e 

(F
VB

/N
) w

er
e 

H
&E

 s
ta

in
ed

 a
nd

 im
ag

ed
 b

y 
lig

ht
 m

ic
ro

gr
ap

h 
(x

10
 m

ag
ni

fic
at

io
n,

 s
ca

le
 b

ar
s 

– 
50

 µ
m

) 
 

192



 
 

 

 
Fi

gu
re

 2
: E

xp
re

ss
io

n 
an

d 
ab

un
da

nc
e 

of
 C

x3
6 

is
 re

du
ce

d 
in

 C
F 

is
le

ts
 

Pa
nc

re
at

ic
 ti

ss
ue

 s
ec

tio
ns

 fr
om

 m
ic

e 
tre

at
ed

 w
ith

 C
FT

R
in

h1
72

 (C
57

BL
/6

H
N

sd
), 

ΔF
50

8 
m

ic
e 

(C
57

BL
/6

J)
 a

nd
 C

FT
R

 K
O

 m
ic

e 
(F

VB
/N

) w
er

e 
st

ai
ne

d 
fo

r C
x3

6 
(R

ed
) a

nd
 c

ou
nt

er
 s

ta
in

ed
 w

ith
 th

e 
nu

cl
ea

r d
ye

 D
AP

I (
Bl

ue
) 

(A
). 

Ti
ss

ue
s 

w
er

e 
im

ag
ed

 o
n 

a 
flu

or
es

ce
nt

 m
ic

ro
sc

op
e 

un
de

r 5
96

 n
m

 e
xc

ita
tio

n 
(x

20
 m

ag
ni

fic
at

io
n,

 s
ca

le
 b

ar
s 

– 
20

 µ
m

). 
M

ed
ia

n 
Fl

uo
re

sc
en

t I
nt

en
si

ty
 (M

FI
) 

w
as

 m
ea

su
re

d 
as

 a
 fu

nc
tio

n 
of

 is
le

t a
re

a 
an

d 
is

 p
re

se
nt

ed
 in

 (B
). 

Th
e 

pe
rc

en
ta

ge
 o

f c
el

ls
 p

os
iti

ve
 fo

r C
x3

6 
w

as
 c

al
cu

la
te

d 
as

 
a 

pe
rc

en
ta

ge
 o

f t
ot

al
 is

le
t c

el
ls

 (
D

AP
I s

ta
in

) 
an

d 
is

 p
re

se
nt

ed
 in

 (C
). 

D
at

a 
ar

e 
pr

es
en

te
d 

as
 m

ea
n 

± 
SE

M
 (n

 =
 5

 m
ic

e)
 w

ith
 

p<
0.

01
**

, p
<0

.0
01

**
* 

an
d 
p≤

0.
00

01
**

**
 c

om
pa

re
d 

w
ith

 c
or

re
sp

on
di

ng
 w

ild
-ty

pe
 c

on
tro

ls
 (S

tu
de

nt
’s

 2
 ta

ile
d 

T-
te

st
). 

193



 
 

  

 
 Fi

gu
re

 3
: E

xp
re

ss
io

n 
of

 E
-C

ad
he

rin
 is

 re
du

ce
d 

in
 C

F 
is

le
ts

 
Pa

nc
re

at
ic

 ti
ss

ue
 s

ec
tio

ns
 fr

om
 m

ic
e 

tre
at

ed
 w

ith
 C

FT
R

in
h1

72
 (C

57
BL

/6
H

N
sd

), 
ΔF

50
8 

m
ic

e 
(C

57
BL

/6
J)

 a
nd

 C
FT

R
 K

O
 m

ic
e 

(F
VB

/N
) w

er
e 

st
ai

ne
d 

fo
r E

-c
ad

he
rin

 (R
ed

) a
nd

 c
ou

nt
er

 s
ta

in
ed

 w
ith

 th
e 

nu
cl

ea
r d

ye
 D

AP
I (

Bl
ue

) (
A

). 
Ti

ss
ue

s 
w

er
e 

im
ag

ed
 

on
 a

 fl
uo

re
sc

en
t m

ic
ro

sc
op

e 
un

de
r 5

96
 n

m
 e

xc
ita

tio
n 

(2
0x

 m
ag

ni
fic

at
io

n,
 s

ca
le

 b
ar

s 
– 

20
 µ

m
). 

M
ed

ia
n 

Fl
uo

re
sc

en
t I

nt
en

si
ty

 
(M

FI
) w

as
 m

ea
su

re
d 

as
 a

 fu
nc

tio
n 

of
 is

le
t a

re
a 

an
d 

is
 p

re
se

nt
ed

 in
 (B

). 
Th

e 
pe

rc
en

ta
ge

 o
f c

el
ls

 p
os

iti
ve

 fo
r E

-c
ad

he
rin

 w
as

 
ca

lc
ul

at
ed

 a
s 

a 
pe

rc
en

ta
ge

 o
f t

ot
al

 is
le

t c
el

ls
 (D

AP
I s

ta
in

) a
nd

 is
 p

re
se

nt
ed

 in
 (C

). 
D

at
a 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
± 

SE
M

 (n
 =

 5
 

m
ic

e)
 w

ith
 p

<0
.0

01
**

* 
an

d 
p≤

0.
00

01
**

**
 c

om
pa

re
d 

w
ith

 c
or

re
sp

on
di

ng
 w

ild
-ty

pe
 c

on
tro

ls
 (S

tu
de

nt
’s

 2
 ta

ile
d 

T-
te

st
) 

194



  

 

Discussion 

 

Cx36 regulates b-cell-b-cell interactions through synchronisation of Ca2+ 

oscillations and insulin secretion (Calabrese et al, 2003). Cx36 deficiency 

therefore disrupts b-cell metabolism and basal insulin secretion by inhibiting the 

stimulus-secretion coupling pathway (Meda et al, 2003; Ravier et al, 2005). In the 

current study we show a reduction in the percentage of islet cells positive for 

Cx36 but not in the abundance of the protein in CF mouse models. Similarly, the 

number of cells positive for E-cadherin was significantly less in transgenic CF 

mouse models. The finding that E-cadherin expression was unchanged in the 

model of short-term CFTR inhibition may suggest that it is CFTR expression 

rather than function that influences E-cadherin expression. Indeed, prior work has 

shown that knockdown of CFTR directly reduced the expression of E-cadherin 

and the formation of cell junctions (Dong et al, 2015). 

 

Roles for Cx36 and E-cadherin in the regulation of insulin secretion are long 

established. Recently Cx36 has been shown to regulate blood flow in mouse 

islets (Short et al, 2014). Cx36 facilitates the movement of intracellular free-

calcium ([Ca2+]i) through the islet when there are high levels of glucose (Benniger 

et al, 2011). Calcium is important in numerous cell functions, but particularly in 

pancreatic beta-cells where it plays a vital role in insulin secretion. Calcium enters 

beta-cells via Voltage-gated Calcium Channels (VGCCs) which open in response 

to membrane depolarization caused by the closure of the ATP dependent Sodium 

channel (KATP) channel (Rorsman and Braun, 2013). Upon entering beta-cells, 

calcium stimualtes the release of insulin present in the Readily Releasable Pool 

(RRP) of insulin situated just below the cell membrane (Rosman and Stenstrom, 
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2003). Additionally, it helps maintain insulin secretion by phosphorylating proteins 

involved in granular translocation during insulin exocytosis (Putney and Tomita, 

2012). 

 

In addition to a direct role in insulin secretion, calcium is also involved in the 

proliferation and survival of beta-cells (Klec et al, 2019). Mitochondrial uptake of 

calcium is also important in the generation of ATP involved in insulin secretion 

(Weiderkehr and Wollheim, 2008) and there is also evidence for calcium-

signalling failure in the development of type-2 diabetes (Sabanti et al, 2019). 

 

Connexin 36 plays an important role in maintaining calcium efflux between beta-

cells by electrical coupling, as Cx36 KO mice do not show calcium oscillations 

compared to the WT control (Ravier et al, 2005). Cx36 knockdown has been 

shown to be associated with a desynchronization of beta cells leading to a pattern 

of insulin secretion similar to what is seen in type 2 diabetes, in addition to a 

significant reduction in the expression of the insulin gene  (Serre-Beinier et al, 

2009).  

 

Connexin 36 over expression not only increases the Ca2+ levels in the ER, but 

also protects beta-cells against stress induced apoptosis (Allagnat et al, 2013). 

Additionally, it was also shown that Cx36 is regulated by the pro-inflammatory 

cytokine IL-1b, with reductions in both expression and function down-regulated 

by treatment of IL-1b in both primary mouse islets and the immortalised human-

beta cell line INS-1E (Allagnat et al, 2013). It has been reported previously that 

IL-1b immunoreactivity is increased in people with CFRD (Hull et al, 2018), so 

therefore it is possible that the findings in this present investigation could be 
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explained by an the impacts of IL-1b, but this is something which should be 

explored in a future investigation.  

 

Another possible link between Cx36 and CFTR is through the Downstream 

Regulatory Element Antagonist Modulator (DREAM) protein. DREAM has shown 

to be highly expressed in both a and b-cells of the pancreatic islet (Jacobson et 

al, 2006) and negatively regulates the transcription of the insulin gene promoter 

(Daneva et al, 2013). DREAM is calcium-dependent transcription factor, and high 

levels of intracellular Ca2+ disconnects DREAM from the Downstream Regulatory 

Element (DRE) (Zaidi et al 2004; Mellstrom et al, 2008) of the Insulin gene 

promoter, thereby facilitating insulin gene transcription (Daneva et al, 2013). Thus 

Ca2+ inhibits DREAM, stimulating insulin secretion.  

 

DREAM has shown to be up-regulated in mouse whole lung homogenate in CF 

and  negatively regulates the transcription of A20 (Momtazi et al, 2009). The lack 

of A20 in CF ariway epithelia stimulates NF-kb activation which is important in 

the inflammatory phenotype in CF airways (Kelly et al, 2013).  

 

As Cx36 is downregulated in the islets of the models analysed in this current 

investigation, it is therefore possible that the potential reduction in Cx36 mediated 

Calcium signalling, exacerbated by possible increased DREAM (in the CF 

models)  is causing reduced insulin content and secretion as seen in the 8-day 

CFTR inhibited model (Khan et al, 2019). A graphical representation showing the 

proposed pathways of how CFTR influences insulin secretion via Cx36 is shown 

in figure 4. 
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E-Cadherin has been shown to be involved in the maintenance of islet structure 

in vitro) (Rogers et al, 2007) and E-cadherin engagement actively promotes 

insulin secretion (Parnaud et al, 2015). It has been proposed that CFTR 

expression downregulation influences E-cadherin expression through the 

interaction with genes involved in Epithelial-Mesenchymal Transition (EMT). One 

proposed mechanism is that CFTR suppression promotes EMT via the 

uPA/uPAR pathway, which in turn leads to down-regulation of a number of 

epithelial markers including E-cadherin (Li et al, 2015). 

 

Another proposed mechanism is that CFTR is a negative regulator of the 

canonical Wnt/b-catenin signalling pathways which regulate the expression of E-

cadherin. Activation of b-catenin has been shown to downregulate E-cadherin 

expression (Zhang et al, 2017) and under normal conditions, CFTR down 

regulates b-catenin through the stimulation of the Dishevelled 2 (Dvl2) protein, an 

inhibitor of b-catenin signalling (Zhang et al, 2017). Therefore, impaired CFTR is 

unable to prevent b-catenin activation, which causes down-regulation of E-

cadherin.  

 

It is reasonable to assume that both pathways discussed here may be involved 

in CFTR regulated expression of E-cadherin which eventually causes impaired 

insulin secretion through a reduction in b-cell-cell contact. The proposed 

pathways relating CFTR to impaired insulin secretion via both Cx36 and E-

cadherin is shown in figure 4. 
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Figure 4: CFTR influences insulin secretion through Cx36 and E-cadherin 
Graphical representation of the proposed pathways showing CFTR interaction 
with both Cx36 and E-cadherin and how impairment in both proteins may lead to 
a reduction in insulin secretion 
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Limitations and Future Work 

 

One of the limitations of this study is that the relationship between individual islet 

shape and expression of Cx36 and E-cadherin was not investigated. This makes 

it unclear as to whether the expression of each protein directly influenced 

individual islet structure and shape. Future work into this area could look at what 

is defined as ‘irregular shaped islets’ and ‘regular shaped islets’ by perhaps 

quantifying the circularity and if the expression of the two markers differed 

between the two groups. 

 

In addition, this was a small, limited investigation and future work could examine 

more connexins such as Cx43 which is found in the periphery of murine islets 

(Carvalho et al, 2010) and how they correlate to CFTR status. Repeating this 

investigation in other CF animal models such as the ferret or pig would also be 

worthwhile to validate the results obtained in this present study. 

  

Future work in this area could further validate the findings of this current study by 

isolating pancreatic islets from WT mice and quantifying E-cadherin expression 

by both Western blot or qPCR. These results could then be compared to isolated 

islets which have CFTR over-expressed, silenced, exposed to CFTR inhibitor or 

stimulated using forskolin to determine if CFTR expression or function regulates 

the expression of E-Cadherin. 

 

To confirm that it is CFTR expression as opposed to function which influences E-

cadherin expression, the CFTR corrector Lumacaftor could be given to the ΔF508 

mice tested in this current investigation and the expression of E-cadherin 
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compared. By restoring CFTR expression, but not function, we hypothesise that 

E-cadherin expression would be restored, irrespective of the fact that CFTR 

may be functionally deficient.  

 

In addition, the potential role of DREAM could be further investigated in CF 

models by firstly staining for the protein and comparing the expression in CF islets 

compared to controls. This would determine if the observations of DREAM up-

regulation in the CF airways are replicated in pancreatic islets. It would be 

important to also measure islet Ca2+ flux which could be measured in isolated 

islets from the CF mouse models to confirm if the reduction in Cx36 expression 

has a negative impact on Ca2+ signalling. Additionally, islets could be isolated 

and qPCR performed for INS to test whether insulin transcription is impaired in 

the CF model as a possible result of DREAM expression. 

 

To deduce if Cx36 influences DREAM in pancreatic islets, a Cx36-/- model could 

then be examined to investigate DREAM expression. This would help to confirm 

if the defective Cx36 expression and thus reduced Ca2+ signalling influences 

DREAM transcription in pancreatic islets. 
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Conclusion 

 

Taking this all into consideration, we propose that CFTR dysfunction causes 

reductions in the expression of both markers through several pathways as shown 

in figure 4. CFTR may directly influence Cx36 through the up-regulation of the 

expression of IL-1b which can down-regulate Cx36 expression which in turn 

reduces insulin secretion through impaired Ca2+ signalling. In addition to this, it is 

also feasible that CFTR may also indirectly influence insulin secretion through 

the interaction with DREAM, a calcium-dependent transcription factor which 

negatively regulates insulin gene transcription. In addition to this, CFTR may also 

regulate the expression of E-cadherin through its interactions with the uPA/uPAR 

and b-catenin signalling pathways.  

 

This is the first report detailing loss of markers of islet connectivity across multiple 

mouse models of CF. The observation in the current study that both Cx36 and E-

cadherin expression is reduced may in part explain some of the altered islet 

morphology commonly observed in CF animal models and in human CF disease. 

Loss of either protein would also likely contribute to abnormalities in insulin 

secretion and glucose responses, which are common among people with CF.  
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CHAPTER 5 

Impact of CFTR mutations in the exocrine 
pancreas on endocrine function
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Abstract 

 

Cystic Fibrosis related diabetes (CFRD) is one of the most common extra-

pulmonary co-morbidities associated with CF. The exocrine pancreas is one of 

the organs most affected in CF, with up to 90% of people with CF having 

Pancreatic Insufficiency (PI). Previous work has identified a distinct relationship 

between the ductal cells of the exocrine pancreas and the b-cells of the endocrine 

pancreas, suggesting the two cell types could be coupled.   

 

This investigation therefore aimed to explore this potential relationship by 

determining the impact of the secretomes from ductal cells with different 

mutations of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

gene on the insulin secretory ability of pancreatic b-cells. 

 

The results of this study show that exocrine pancreatic cells which express wild-

type CFTR, CFTRF508del/F508del and CFTRG551D/G551D show differences in the 

secretion of a number of inflammatory markers such as 4E-BP1, MCP-1 and IL-

6 which are associated with exocrine pancreatic inflammation in CF and the 

development of insulin resistance, all of which may play a role in the development 

of CFRD. However, it was found in this study that pancreatic b-cells exposed to 

conditioned media from the mutated cell lines were generally unaffected in terms 

of their glucose-stimulated insulin secretion or their insulin secretory ability. 

Further work is therefore required to establish the nature of any potential 

interactions between the exocrine and endocrine pancreas.  
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Introduction 

 

Cystic Fibrosis Related Diabetes (CFRD) is one of the most common extra-

pulmonary co-morbidities associated with Cystic Fibrosis. It is usually diagnosed 

in early adulthood between the ages of 18 and 24 (Moran et al, 2010) and is 

associated with more frequent lung infections which leading to a rapid decline in 

lung function. People with CF who also have diabetes have a six-fold greater 

mortality rate compared to people with CF without diabetes (Brennan et al, 2004). 

 

The gene for the Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR) channel is found on the long arm of chromosome 7 in humans and 

encodes for a cyclic AMP regulated chloride channel of the same name (Riordan 

et al, 1989). Approximately 97.5% of all CFTR mutations are caused by a 

mutation in between 1 and 3 nucleotides (Ferec et al, 2012). The F508del 

mutation is a class 2 mutation and is the most common mutation seen in people 

with CF. Approximately 90% of people with CF carry at least one copy of the 

mutation (Lukacs et al, 2012). It has been reported that people who carry one 

F508del allele are at higher risk of pancreatic insufficiency (PI) (McDonagh et al, 

2015). The G551D CFTR mutation is a gating mutation and the third most 

common CFTR mutation globally, accounting for approximately 3% of observed 

CF cases (Bompadre et al, 2007) and is characterised by a glycine to aspartate 

mutation at position 551 in the CFTR gene (Bompadre et al, 2007). 

 

The precise mechanism for the development of CFRD currently remains unclear 

with conflicting evidence over the presence of the CFTR channel in the human 

pancreatic islets. However, the channel is abundantly expressed in the ductal 

213



cells of the human exocrine pancreas and CF severely impacts on this portion of 

the organ (Wilschanski et al, 2013). In pancreatic ductal cells, the CFTR channel 

facilitates the inward movement of sodium and the outward movement of chloride 

along a concentration gradient (Saint-Crique et al, 2017) and plays a key role in 

the maintenance of the pH of digestive fluid as well as helping to facilitate the 

homeostasis of mucus (Wilschanski et al, 2013). In the pancreas, impaired CFTR 

leads to a build-up of thick sticky mucus which can cause inflammation and 

autodigestion of the pancreas.  PI has been reported to affect up to 85 % of 

people with CF (Singh et al, 2017) and normally becomes apparent early in life, 

before the age of one (Singh et al, 2017). Pancreatic insufficiency is diagnosed 

when the pancreas is unable to secrete digestive enzymes into the digestive 

system, thereby reducing the ability of the digestive system to digest food. It has 

also been suggested that new-borns with lower levels of circulating 

immunoreactive Trypsinogen (IRT) which is indicative of progressive exocrine 

damage, are at a greater risk of developing CFRD later in life (Soave et al, 2014).  

 

The relationship between the exocrine and endocrine pancreas is one which has 

gathered considerable interest. Temporary hyperglycaemia has been reported in 

up to 50% of patients with chronic pancreatitis (CP) (Czako et al, 2009). 

Furthermore, communication pathways between the exocrine and endocrine 

pancreata, known as the peri-islet – islet exocrine interface (IEI) is lost through 

fibrosis in animal models of T2DM (Hayden et al, 2008).  

 

It has also been reported that immune infiltration of CD45+ positive cells into the 

islet occurs in CF alongside significant loss of pancreatic �-cell area (Campbell-

Thompson et al, 2016). In addition to this, immunoreactivity of IL-1b is increased 
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in islets of people with CFRD but is also detectable in more than half of the cohort 

with CF but that do not have diabetes. Furthermore IL-1b immunoreactivity is also 

detected in people with CF under the age of 10 before a formal CFRD diagnosis, 

suggesting islet inflammation occurs early and may be an early indicator of CFRD 

(Hart et al, 2018). 

 

It has been reported previously that pro-inflammatory cytokines IL-1b, IL-6 and 

TNFa play a role in b-cell dedifferentiation (Rajasekaran et al, 2004), where 

mature b-cell markers such as GLUT1, GLUT 2, Pdx1, Nkx6-1, GcK and Foxo1 

were significantly down-regulated after 24-hours exposure to proinflammatory 

cytokines (Rajasekaran et al, 2004).  

 

Additionally, it has also been shown that defective CFTR in pancreatic ductal 

epithelial cells causes a reduction in insulin secretion from pancreatic �-cells 

when co-cultured on a novel ‘pancreas on a chip’ in vitro cell culture system (Mun 

et al, 2019). 

 

Taken together, the present investigation sought to determine if inflammation 

markers secreted by pancreatic ductal cells harbouring different CFTR mutations 

would have any impact on the insulin secretory ability of pancreatic �-cells. This 

would therefore give greater insight into the nature of exocrine-endocrine 

interactions in the CF pancreas. 
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Methods 

 

Cell culture 

The cells used in this investigation including the source, CFTR genotype and 

media used are detailed in table 1. 

Table 1: Cells used in this investigation, species of origin, type of cell, CFTR 
genotype, their source and media composition. 
 

 

Cells were initially stored at -80oC in a 1.5ml cryotube in their appropriate freezing 

media consisting of 80% FBS, 10% DMSO and 10% culture media. The cells 

were gently thawed and approximately 1 ml of freezing media containing cells 

were added to 9 ml of complete culture media in a 15 ml Eppendorf tube. These 

were then centrifuged at 180 g  for 5 minutes to create a small pellet at the bottom 

of the Eppendorf tube. The media was aspirated off and the pellet of cells were 

 CAPAN-1 CFPAC HPAF-II BRIN-BD11 

Species Human Human Human Rat 

Type Ductal 
Cancer 

Ductal 
Cancer 

Ductal 
Cancer 

Insulin 
Producing �-
cells 

CFTR  Wild-Type 
CFTR 

F508del 
CFTR 

Wild-Type 
CFTR  

N/A 

Source Dr Viktória 
Venglovecz 
(University of 
Szeged) 

Dr Viktória 
Venglovecz 
(University of 
Szeged) 

American 
Type Tissue 
Collection 
(ATCC) 

Ulster 
University 

Media  RPMI; 
15% FBS; 
1% PS 

DMEM; 
10% FBS; 
1% Na 
Pyruvate; 
1% PS 

MEM; 
10% FBS; 
1% Na 
Pyruvate; 
1% PS 
 

RPMI; 
10% FBS; 
1% PS 
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resuspended in fresh culture media. Cells were routinely kept at 37 °C and 5% 

CO2 in in a T75 tissue culture flask and passaged every 4-5 days.  

  

Plasmid Expansion  

PCDNA5-FRT plasmids harbouring wild type CFTR or F508del were kindly 

donated by the Gregory Fleming James Cystic Fibrosis Research Centre at the 

University of Alabama (Birmingham, USA). Approximately 7 ng of DNA was 

mixed with 50 µl of DH5a cells (Thermo Fisher Scientific), incubated on ice for 30 

minutes before a heat shock for 20 seconds at 42°C. The cells were then placed 

on wet ice for 2 minutes and 950 µl of sterile LB Broth (Thermo Fisher) was added 

to the cells. This mixture was further incubated for 1 hour at 37 °C whilst shaking 

at 3,000 g. Following this, approximately 100 µl of mixture was spread out onto a 

sterile plate containing 75 µg/ml ampicillin (Sigma, UK). These plates were 

incubated overnight at 37 °C and the next day, colonies were selected for testing 

via Colony PCR. 

 

Colony PCR 

Each colony selected was mixed with 100 µl LB broth containing 50 µg/ml 

ampicillin. Colony PCR was performed using the following master mix shown 

comprising 2 µl of 5x MyTaq Red Reaction Buffer; 1 µl colony/template; 0.8 µl 

Primers (at 5Um); 0.2 µl MyTaq Red DNA Polymerase; 5.2 µl Water (ddH2O) (all 

Bioline, USA). A negative control (water instead of colony) was also used. 
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The Primer used was: 

 

 CFTR.Fex1-3 & CFTR.Rex1-3 (281bp)  

 CFTR.Fex1-3 = TAGGAGCTTGAGCCCAGACG (81-100bp) 

 CFTR.Rex1-3 = AACATCGCCGAAGGGCATTA (361-342bp) 

 

PCR was performed at an annealing temperature of 59 °C for 33 cycles. 

Approximately 8µl of each PCR product was added to a separate well in a 

1.25% agarose gel in 0.5x TAE buffer. 

 

Starter Prep 

The colony which resulted in the brightest band was selected for the starter prep. 

The remainder of the 100 µl of LB Broth containing colonies was added to 5 ml 

of LB Broth containing 50 µg/ml ampicillin and incubated at 37°C with shaking at 

300 rpm in a 50 ml Falcon tube. After 5-6 hours, the 5 ml was then transferred to 

150 ml of LB Broth containing 50 µg/ml ampicillin in a 1.5 L sterile conical flask 

and incubated overnight at 37 °C with shaking at 300 rpm. The following morning, 

the LB Broth turned cloudy indicating successful growth of cells. This was then 

aliquoted into 3 x 50ml Falcon tubes. 

 

Maxi Prep 

The Maxi Prep was performed using the Qiagen Endo Free Plasmid Maxi Kit 

following the manufacturer’s instructions. Confirmatory PCR was then performed 

using the conditions outlined previously, replacing the colony with the plasmid. 
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Transfection 

Approximatively 80,000 HPAF-II cells were seeded into a 12 well plate and 

allowed to attach for 24 hours in their normal medium. After 24 hours, the media 

was removed replaced with 990 µl of fresh medium, and a transfection mixture 

containing 10 µl of plasmid cDNA at a concentration of  0.1 µg/µl, 90 µl of serum 

free minimum essential media and 2 µl of Turbofect Transfection Reagent (Life 

technologies) was prepared and left for 15 minutes. After 15 minutes, 100 µl of 

transfection mixture was added dropwise to the cells. The cells were left at 37oC 

for 48 hours and transfection checked by PCR. 

 

 
Figure 1: Real Time PCR results from the transfected cell lines a: HPAF-II (no 
transfections); b: HPAF-II (CFTR over expression); c: HPAF-II (F508del); d: 
HPAF-II (G551D) 
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Conditioning of cell culture medium 

Cell culture medium was changed 24 hours after passage and allowed to 

incubate on the cells for a further 72 hours as this found to be the average time 

it took both cell lines to become 70% confluent in a T75 flask. Following this, the 

medium was removed from the cells, centrifuged to remove any lose cells and 

stored at -20°C until needed.  

 

OLINK Analysis  

Analysis of the conditioned media was performed at OLINK Proteomics, Uppsala, 

Sweden. The OLINK Proximity Extension Assay was performed on the samples 

and involves the binding of a matched pair of antibodies linked together via an 

oligonucleotide to a target protein and these antibodies are brought in to close 

proximity with one another following binding to the target sequence. This creates 

an oligonucleotide pair and this sequence is subsequently extended using DNA 

Polymerase which creates a DNA amplicon which is detected and quantified via 

qPCR. The panel used in this investigation was the OLINK Inflammation panel, 

which examines different inflammatory makers associated with a range of 

disease areas. OLINK data is presented as a heatmap designed using the R 

software using scripts written by Stephen Morgan from the Northern Ireland 

Centre for Stratified Medicine. Select markers were then entered into the STRING 

Database in order to produce a protein map for interaction analysis (Szklarczyk 

et al, 2019) 

 

Insulin secretory experiments 

The insulin-producing rat b-Cell line BRIN-BD11 was cultured in RPMI, 10% FBS 

and 1% penicillin-streptomycin. Approximately 80,000 cells were seeded into a 
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24 well plate, or 500,000 into a T25 cell culture flask and allowed 24 hours to 

attach, following which the media was removed and replaced with 1 ml (24 well 

plate) or 5 ml (T25 culture flask) of either regular BRIN-BD11 media, conditioned 

CFPAC media, conditioned CAPAN-1 media, as well as regular CFPAC, CAPAN-

1, and HPAF-II media. These cells were then incubated in the conditioned media 

from the ductal cells for 48 hours at 37 °C and 5% CO2 as BRIN-BD11s were 

found have a doubling time of approximately 20 hours. Therefore, a 48 hour 

incubation in the meant a high percentage of the new cells were grown in the 

conditioned media. The media was removed and the cells washed with PBS, 

following which Hepes Buffered Saline (HBS) (containing 10 mM Hepes; 145 mM 

NaCl; 5 mM KCl; 1 mM MgSO4; 1mM CaCl; 1 mg/ml Bovine Serum Albumin, 

supplemented with 1.1mM D-glucose (All Sigma, UK)) was added to the cells and 

incubated for 40 minutes at 37 °C. After the incubation was complete, HBS 

containing 1.1, 5.6, or 16.7 mM D-glucose as well as 16.7 mM D-glucose + 10 

nM Glucagon-Like Peptide (GLP-1) was added to the cells and incubated for 20 

minutes at 37 °C. Following incubation, the supernatants were removed and 

stored in a 1.5 ml Eppendorf tube at -80°C.  

 

Insulin secretion was assessed using the Mercodia Mouse Ultrasensitive Insulin 

ELISA (Mercodia, Uppsala, Sweden) according to the manufacturer’s instructions 

and the results obtained read at 450 nm on an Epoch Microplate 

Spectrophotometer (Biotek, UK).   
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mRNA extraction and first strand cDNA production 

Cells were passaged and messenger RNA (mRNA) was extracted from the pellet 

of cells and following the manufacturer’s instructions. The yield of mRNA was 

then quantified using a nanodrop DN-1000 (Nanodrop Technologies, USA) and 

stored at -80OC. 

 

The RNA yield in ng/μl was used to calculate the amount of cDNA required to 

produce cDNA at a specific concentration according to the calculation: “cDNA 

concentration required”/ RNA Yield (ng/μl). This gave the amount of RNA (in μl) 

that was to be added to RNA Free water to create an 11 μl RNA/H2O solution. In 

this experiment, 1 µg of mRNA was reverse transcribed into cDNA using the 

Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics Ltd., Burgess 

Hill, UK) following manufacturer’s instructions and placed in a Techne Prime 

Gradient Thermal Cycler (Cole-Parmer, Staffordshire, UK) following the 

programme shown in table 2. The resulting cDNA was then stored at -20 OC for 

experimental use.  

 

Temperature Time 

25oC 10 minutes 

50oC 60 minutes 

85oC 5 minutes 

4oC Hold 

Table 2: Programme for cDNA production from mRNA 
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Quantitative Polymerase Chain Reaction (qPCR) 

Real Time PCR was performed using the Roche LightCycler 480 protocol. All 

materials were purchased from Roche Diagnostics Ltd., (Burgess Hill, UK) 

following manufacturer’s instructions.  The programme was allowed to run and 

the CP values were noted. The probes used in this project along with their 

specific Assay IDs are shown in table 3. 

 

Probe Assay ID (Rat) 

18s 502300 

KCNJ11  506200 

GcK 506197 

Connexin 36 (Gjd2) 502729 

Ca2+ Receptor 503137 

E-Cadherin (Cdh1) 500600 

ABCC8_Rat 506195 

KCNQ1 506506 

HNF1A 500240 

PDX1 506832 

NKX6.1 506820 

SLC26A1 506822 

Table 3: Probes and Assay IDs used for qPCR (all Roche Diagnostics) 
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Statistical Analysis 

Statistical analysis was performed using GraphPad PRISM 7 software (La Jolla, 

CA, USA; version 7). Standard curves were constructed for analysis of the ELISA 

results and the interpolated X results were determined.  Data are presented as 

mean ± SEM with the n number for each group indicated. Differences between 

groups were compared using two-way ANOVA with Bonferroni’s multiple 

comparison test or unpaired 2-tailed Student’s t test where appropriate. 

Statistical significance was accepted at p<0.05 *  p<0.01 ** p<0.001 *** p 

≤0.0001 ****. 
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Results 

 

Expression profile of the proteins detected in the conditioned media  
 
Data from the OLINK inflammatory panel is shown as a heat map in figure 2. The 

mean NPX values were calculated and those with a higher NPX value (so 

therefore higher expression level) are shown in red, whilst those with lower NPX 

values are shown in blue. 
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Figure 2 Expression of all detected proteins in the OLINK inflammatory 
panel 
 
Heat map showing the expression profile of the proteins detected in the 
conditioned media. Data is presented as the mean NPX value obtained for each 
protein  
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The fifteen highest expressed inflammatory markers detected in the 
conditioned media from the CAPAN-1 cell line. 
 
 

CAPAN-1 
Protein Mean NPX 

IL8 13.6517 
VEGFA 13.6205 
CXCL1 13.2850 
CXCL6 12.7248 
CCL20 12.6411 
FGF.19 12.2058 
MCP.1 12.0805 

CXCL10 11.9765 
OPG 11.9472 

CXCL5 11.4149 
uPA 11.2932 

CSF.1 11.1297 
CD40 10.0285 

IL6 9.9183 
LIF 9.4917 

 
 
 

Table 4: Highest expressed proteins in the CAPAN-1 media 
 
The fifteen highest expressed inflammatory markers present in the CAPAN-1 

conditioned media. Data is presented as the mean NPX values for each 

inflammatory marker (n=3) 

 
 
 
 
 
 
 
 
 
 
 
 
 

227



Protein Interactions for the highest expressed inflammatory markers from 
the CAPAN-1 conditioned media 
 
 
 

 
 
 
 
 

Figure 3: Known protein interactions in the CAPAN-1 media 
 
The fifteen highest expressed proteins present in the CAPAN-1 conditioned 
media were entered into the STRING database to analyse the protein interactions 
and these are shown in figure 3. 
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The fifteen highest expressed inflammatory markers detected in the 
conditioned media from the CFPAC cell line. 
 
 

CFPAC 
Protein Mean NPX 
MCP.1 15.0418 
MMP.1 14.4599 
VEGFA 14.1697 

IL8 13.5122 
CXCL1 13.2390 
CXCL5 13.1057 
CXCL6 12.5939 

IL6 12.1753 
uPA 11.7984 
OPG 10.8775 
LIF 10.6864 

CD40 10.3111 
CSF.1 9.5303 
CDCP1 8.6125 
TGF-� 8.4092 

 
 
 

Table 5: Highest expressed proteins in the CFPAC media 
 
The fifteen highest expressed inflammatory markers present in the CAPAN-1 
conditioned media. Data is presented as the mean NPX values for each 
inflammatory marker (n=3) 
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Protein Interactions for the highest expressed inflammatory markers from 
the CFPAC conditioned media 
 
 
 

 
 
 
 
Figure 4: Known protein interactions in the CFPAC media 
 
The fifteen highest expressed proteins present in the CFPAC conditioned media 
were entered into the STRING database to analyse the protein interactions and 
these are shown in figure 4. 
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Statistical comparison of detected proteins in the media of the CAPAN-1 
and CFPAC cell lines 
 

 
Significantly Up-

Regulated No Significant Change 
Significantly Down-

Regulated 
IL6 <0.0001 TRAIL 0.0703 FGF-21 0.0205 
MCP-1 <0.0001 CD40 0.1938 IL-10RB 0.0089 
CXCL5 <0.0001 Flt3L 0.2284 OPG 0.0012 
ADA <0.0001 VEGFA 0.2757 CXCL11 <0.0001 
PD-L1 <0.0001 uPA 0.3606 IL-17C <0.0001 
TNFRSF9 <0.0001 IL-15RA 0.4000 IL-20RA <0.0001 
MMP-1 <0.0001 MCP-4 0.4448 CXCL9 <0.0001 
CXCL11 <0.0001 LAP TGF-�1 0.5644 SCF <0.0001 
MMP-10 <0.0001 CX3CL1 0.8136 IL-18R1 <0.0001 
MMP-1 <0.0001 IL7 0.8164 CCL3 <0.0001 
TGF-� <0.0001 CXCL6 0.8805 CXCL10 <0.0001 
IL1-� <0.0001 TNF 0.8911 4E-BP1 <0.0001 
CST5 <0.0001 IL8 0.987 CCL28 <0.0001 
MCP-3 <0.0001 CXCL1 0.993 FGF-19 <0.0001 
CDCP1 0.0120 SIRT2  0.993 CASP-8 <0.0001 
DNER 0.0017 ST1A1 0.9962 TWEAK <0.0001 
LIF 0.0002 IL18 0.9962 CCL20 <0.0001 
    STAMBP <0.0001 
    CSF-1 <0.0001 

 
 
 
 
Table 6: Statistical comparison of proteins detected in the CAPAN-1 and 
CFPAC conditioned media  
 
The expression of the detected proteins in the CFPAC conditioned media were 

compared to those detected in the CAPAN-1 conditioned media. Data is 

presented as the p-value obtained following a 2-way ANOVA with significantly 

up-regulated proteins shown in green, significantly down-regulated in red and 

those where there was no significant difference in blue. 
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Conditioned media from an exocrine cell line harbouring wild-type CFTR 
causes a significant upregulation of E-Cadherin in BRIN-BD11 cells 

 
Conditioned media from the wild-type CFTR expressing CAPAN-1 cell line and 

the F508del expressing CF-PAC Cell line were conditioned on BRIN-BD11 cells 

for approximately 48 hours. Additionally, non-conditioned media was also applied 

for comparison.  Following 48 hours on the BRIN-BD11 cells, the media was 

removed and approximately 1 µg of mRNA was transcribed into cDNA and qPCR 

was performed for various b-cell markers. The results of this experiment show 

that E-Cadherin is significantly upregulated in when treated with conditioned 

media compared to the non-conditioned control as can be seen in figure 5. 
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Figure 5: Real Time PCR results with mRNA extracted from BRIN-BD11 cells 
after 48 hours incubation in conditioned media from the CAPAN-1 and 
CFPAC cell lines.  
 
(A) b-cell markers, (B) Gap junction markers, (C) Inflammatory markers and (D) 
inflammatory markers. RPMI (10%) is the routine BRIN-BD-11 media, DMEM is 
the media used for the CAPAN-1 (wild-type CFTR) cell line and RPMI (15%) is 
the media from the CF-PAC cell line (F508del). 18s mRNA was used as a 
housekeeping gene. Data is presented as the mean 2^∆Ct ± SEM (n=6). 
Unpaired T-tests were performed comparing the conditioned media (con DMEM 
and con RPMI (15%)) with the non-conditioned controls with significance 
accepted at p <0.05* or p<0.01 **. 
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Conditioned media from an exocrine cell line harbouring wild-type CFTR 
causes a significant reduction in glucose stimulated insulin secretion 

 

Conditioned media from the wild-type CFTR expressing CAPAN-1 cell line and 

the F508del expressing CFPAC Cell line were conditioned on BRIN-BD11 cells 

for approximately 48 hours. Additionally, non-conditioned media was also applied 

for comparison.  Following 48 hours on the BRIN-BD11 cells, the media was 

removed and an acute test performed as described previously. The results of this 

experiment show a significant reduction in glucose stimulated insulin secretion 

after acute stimulation with 1.1 mM glucose (Fig 6A) and 16.7mM glucose + GLP-

1 (Fig 6B) in the groups treated with conditioned media from the wild-type CFTR 

expressing CAPAN-1 cells compared to a non-conditioned media control (Figs 

6A and 6B).  
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Figure 6: Insulin secretory test 
 
Insulin levels in response to 1.1M glucose (A) and 16.7M glucose plus 10µm 
GLP-1 (B). Data is presented as the mean ± SEM. RPMI (10%) is the routine 
BRIN-BD-11 media, DMEM is the media used for the CAPAN-1 (wild-type CFTR) 
cell line and RPMI (15%) is the media from the CF-PAC cell line (F508del). 18s 
mRNA was used as a housekeeping gene. Data is presented as the mean 2^∆Ct 
± SEM (n=6). Two-way ANOVAs with Bonferroni’s multiple comparison tests 
were performed comparing the conditioned media (con DMEM and con RPMI 
(15%)) with the non-conditioned controls with significance accepted at p <0.05* 
or p<0.01 ** 
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The highest expressed inflammatory markers from the conditioned media 
from cell lines transfected with CFTR, F508del and G551D 
 

 
 
Table 7: Highest expressed proteins in the conditioned media from the 
transfected cell lines 
 

The fifteen highest expressed inflammatory markers from the HPAF-II 

inflammatory markers from the HPAF-II cells transfected with CFTR, F508del and 

G551D. Data is presented as the mean NPX value obtained for each protein 

(n=3). 

 

 
 
 
 
 
 
 
 
 
 

CFTR F508del G551D 
Protein Mean NPX Protein Mean NPX Protein Mean NPX 
MMP.1 14.8672 MMP.1 14.0082 MMP.1 14.2059 
CXCL5 13.2040 uPA 13.2741 uPA 12.3479 
uPA 13.0950 CXCL5 13.0638 CXCL5 12.0316 
IL8 12.5140 IL8 11.7671 IL8 10.9232 
CCL20 11.6915 CCL20 11.1237 CCL20 10.7750 
VEGFA 11.5267 CXCL1 10.6057 CXCL1 8.9543 
CXCL1 11.2484 VEGFA 10.3089 X4E.BP1 8.7312 
CXCL11 9.2320 X4E.BP1 8.3879 CXCL11 8.4602 
MMP.10 9.0123 OPG 7.7374 VEGFA 8.4597 
OPG 8.6951 CD40 7.4602 CD40 7.1756 
CXCL10 8.1279 LIF 7.1009 CXCL10 6.9989 
CD40 7.8532 TGF.alpha 7.0306 CASP.8 6.0537 
LIF 7.5893 CXCL11 6.9855 OPG 6.0418 
TGF.alpha 7.2293 MMP.10 6.5544 TGF.alpha 5.9085 
CXCL6 6.6949 CXCL10 6.2235 LIF 5.6246 
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Known protein interactions in the conditioned media from the transfected 
cell lines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Known protein interactions in the conditioned media from the 
transfected cell lines 
 
The fifteen highest expressed proteins consistently present in the conditioned 
media from the transfected cell lines were entered into the STRING database to 
analyse the protein interactions and these are shown in figure 5. 
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Statistical comparison between the proteins detected in the conditioned 
media from the transfected cell lines. 
 

The expression of the proteins obtained from the conditioned media of the HPAF-

II cell lines harbouring the F508del and G551D mutations were compared to the 

media from the HPAF-II cells over expressing CFTR using a 2-way ANOVA. The 

proteins which were significantly different, along with their respective p-values 

are shown in table 8. 
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Protein F508del G551D 
IL8 0.0888 <0.0001 

VEGFA 0.0028 <0.0001 
CDCP1 0.4591 <0.0001 

OPG 0.0222 <0.0001 
IL6 0.0031 0.1239 

CXCL11 <0.0001 0.0765 
TRAIL <0.0001 <0.0001 

IL-20RA 0.0811 0.0015 
CST5 0.0244 0.0003 
IL1-� 0.7891 0.0019 

CXCL1 0.1584 <0.0001 
SCF 0.0407 <0.0001 
IL18 0.8812 0.0052 

MCP4 0.0113 0.3954 
MMP1 0.0441 0.1436 
FGF21 0.0001 0.0076 
PDL1 0.2026 <0.0001 

CXCL5 0.9046 0.0041 
MMP10 <0.0001 <0.0001 
CCL3 <0.0001 0.0081 
Flt3L 0.0035 <0.0001 

CXCL6 0.0019 <0.0001 
CXCL10 <0.0001 0.0059 
4E-BP1 <0.0001 <0.0001 
FGF19 0.9852 <0.0001 

LIF 0.3286 <0.0001 
CASP8 0.0002 <0.0001 
CCL20 0.2304 0.0298 
ST1A1 0.6421 0.0302 

STAMBP <0.0001 <0.0001 
ADA 0.2515 <0.0001 
CSF1 <0.0001 <0.0001 

Significantly 
Up-Regulated 

No Significant 
Change 

Significantly 
Down-

Regulated 
 
Table 8: Statistical comparison of proteins detected in the conditioned 
media from the transfected cell lines 
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Conditioned media from HPAF-II cells causes no change in the expression 
of various b-cell markers 
 
Media from the HPAF-II cells harbouring the different mutations was applied to 

BRIN-BD11 cells for approximately 48 hours in a T25 tissue culture flask. 

Following this incubation, the media was removed and approximately 1 µg of 

mRNA was transcribed to cDNA for analysis via qPCR as shown in figure 8. 

There were no significant changes in any of the makers.  
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Figure 8: Real Time PCR results with mRNA extracted from BRIN-BD11 cells 
after 48 hours incubation in conditioned media from the transfected HPAF-
II cell lines.  
 
(A) b-cell markers, (B) Gap junction markers, (C) Inflammatory markers and (D) 
inflammatory markers. 18s mRNA was used as a housekeeping gene. Data is 
presented as the mean 2^∆∆Ct ± SEM (n=6). One way ANOVAs were performed 
comparing the conditioned media from the HPAF-II cell lines harbouring F508del 
and G551D with the HPAF-II cell line harbouring wild-type CFTR with significance 
accepted at p <0.05*  
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Discussion  

 

The results of this investigation show a number of inflammatory markers which 

are expressed in the media obtained from the CAPAN-1 and CFPAC cell lines 

(tables 2 and 3) and the known protein interactions in these secretomes (figures 

3 and 4). However, culturing BRIN-BD11 cells in the conditioned media from the 

CAPAN-1 cell line (RPMI (15% FBS)) did cause a significant upregulation in the 

expression of E-cadherin (figure 5) in these cell lines and reduced the insulin 

secretory response to glucose (figure 6). Whilst in comparison, the media 

conditioned from the CFPAC cell line (DMEM (10% FBS)) did not influence insulin 

secretion or the expression of b-cell makers involved in insulin secretion (figures 

5 and 6). 

 

The expression of the markers in the CAPAN-1 and CFPAC cell lines were then 

compared and those which are significantly different are shown in table 6.  

 

Monocyte Chemoattractant 1 (MCP-1) is highly expressed in both the CAPAN-1 

and CFPAC media and is significantly up-regulated in the CFPAC media 

compared to the CAPAN1 media. MCP-1 plays a major role in airway hyper-

responsiveness in CF lungs, stimulating the release of histamines through mast 

cell activation (Blease et al, 2000). In addition to its role in lungs, MCP-1 is also 

contributes towards pancreatic fibrosis in the development of pancreatitis by 

recruiting monocytes and macrophages (Zhao et al, 2005). It has also been 

shown that MCP-1 in skeletal muscle is associated with insulin resistance in both 

murine and human models (Patsouris et al, 2014), and insulin resistance is a 

feature seen in CFRD (Hardin et al, 2001). However, MCP-1 expression is not 
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significantly different in the media from the HPAF-II cells expressing F508del or 

G551D compared to the wild-type CFTR control. 

 

HPAF-II cells were transiently transfected with three CFTR plasmids, Wild Type 

CFTR, F508del and G551D and again the media from these cell lines were 

analysed for the presence of inflammatory markers and compared between the 

cells with different CFTR expression. Significantly up-regulated proteins 

compared to the CFTR over expressing cell line in either the F508del or G551D 

cell lines include Interleukin-1 alpha, Interleukin-18, MCP-4, FGF21, 4E-BP1, 

CASP-8, ST1A1, STAMBP and ADA (table 8). However, these markers did not 

influence the insulin secretory ability of BRIN-BD11 cells after culturing with the 

conditioned media (figure 8).  

 

The known protein-protein interactions from the markers highest expressed in the 

conditioned media from all three transfected cell lines were analysed and it was 

shown that CXCL10, (a chemokine secreted in response to IFN gamma) interacts 

with most other proteins present in the media (figure 7). However, the precise 

nature of these interactions should be investigated in future studies.  

 

The CFPAC cell line was first established by Schoumacher and colleagues in 

1990 (Schoumacher et al, 1990)  and is a human ductal adenocarcinoma cell 

line, which had metastasised to the liver from a 26 year-old man with cystic 

fibrosis specifically with the CFTRF508del/F508del mutation (Schoumacher et al, 

1990). The cells express cytokeratin and have microvilli on their outer surface 

(Schoumacher et al, 1990).  CFPAC cells have been shown to stimulate HCO3- 
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and the levels of bicarbonate secretion have been shown to increase along with 

increasing levels of extracellular ATP (Deer et al, 2010) 

 

In addition to  CFPAC cells, we also used the CAPAN-1 cell line was also adopted 

for the present studies which was characterised in 1977 (Cheung et al, 1998) and 

is a ductal adenocarcinoma cell line taken from a 40 year old man with a liver 

metastasis at the head of the pancreas (Deer et al, 2010). It is understood that 

the major difference between the CF-PAC and CAPAN-1 cell line lies in CAPAN-

1 natively expressing wild type CFTR whilst the CF-PAC cell line expresses the 

F508del CFTR mutation (Miszczuk-Jamska et al, 1991) 

 

The HPAF-II cell line is another ductal adenocarcinoma cell line we used in this 

present investigation which was first discovered in 1985 and was taken from a 44 

year old man (Rajasekaran et al, 2004). The CFTR expression in this cell line has 

not yet been fully characterised but in the present investigation, wild-type CFTR 

was overexpressed as well as inducing the F508 and G551D mutations by 

performing a transient transfection.  

 

The Eukaryotic translation initiation factor 4E Binding Protein 1 (4E-BP1) is 

significantly upregulated in the media from the F508del and G551D expressing 

HPAF-II cells compared to the wild-type CFTR control. 4E-BP1 has actually been 

shown to protect against obesity and insulin resistance in murine mouse models 

(Tsai et al, 2016).  

 

Interleukin-6 (IL-6) was highly expressed in the secretomes of the both the 

CAPAN-1 and CFPAC cell lines (figure 2), and was significantly up-regulated in 
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the CFPAC media compared to CAPAN-1 (table 6). Subsequent protein mapping 

analysis found numerous interactions between IL-6 and the other highest up-

regulated markers in the secretomes such as CXCL1, VEGFA, CD40 and CSF-

1 (figures 3 and 4). However, the precise nature of these interactions have not 

been investigated in this current study, but could be an area of interest for future 

investigations.  

 

In a ferret mode of CF, IL-6 secretion from islets was highly upregulated to the 

WT control, which was partly shown to be cause a reduction in insulin secretion 

and peripheral insulin content. (Sun et al, 2017). However, this present study 

reports that the IL-6 present in the conditioned media from the CAPAN-1 or 

CFPAC cells had no notable effects on insulin secretion from cultured b-cells 

following glucose challenge.  Sun et al (2017) also suggested that the 

inflammation observed in the CF pancreas causes an increase in the expression 

of PDX-1  (Sun et al, 2017) which is consistent with present observations in the 

cells treated with conditioned media from the CAPAN-1 and CFPAC cell lines, 

although PDX-1 upregulation was not considered significant.   

 

However, whilst IL-6 was not highly expressed in the secretomes of any of the 

transfected cell lines (figure 2), it was significantly down-regulated in the media 

from the F508del cell line compared to the CFTR over-expressing cell line (table 

8).  

 

The role of inflammatory markers in the CF exocrine pancreas was also 

investigated by Bogdani et al (2017) who reported that inflammatory infiltrates 

245



were observed in CF islets and these resulted in b-cell dysregulation (Bogdani et 

al, 2017). 

 

Data presented here also showed that BRIN-BD11 E-cadherin was significantly 

upregulated in the presence of secretions from the CAPAN-1 cell line. E-cadherin 

is an epithelial cadherin which, within pancreatic islets, is primarily found in 

pancreatic b-cells and plays a role in the maintenance of islet structure (Cirulli, 

2015). 

 

Previous reports suggest that CFTR downregulation can cause a reduction in the 

expression levels of E-cadherin in MCF-7 breast cancer cells (Zhang et al, 2013), 

which suggests that secretions as a result of CFTR expression indirectly cause 

an increase in the expression of E-Cadherin.  E-cadherin upregulation has been 

identified as a therapeutic method of slowing cancer metastasis (Howard et al, 

2008),  and there are several transcription factors which can stimulate E-cadherin 

upregulation including ESE3 (Zhao et al, 2017) and serum starvation which 

activates c-src kinase (Dong et al, 2014), which supports a positive role for CFTR 

in the maintenance of islet architecture. 

 

In addition to the significant increase in the relative expression of E-Cadherin, 

following an acute test using both 1.1 mM and 16.7 mM glucose plus GLP-1, 

there was a significant reduction in the insulin secreted by the BRIN-BD11 cell 

lines after exposure to the conditioned media from the CAPAN-1 cell lines. It is 

possible that this may be explained due to the presence of ATP in the secretome 

from the CAPAN-1 cells. CAPAN-1 cells have been shown to secrete ATP in 

response to mechanical and chemical stress (Hayashi et al, 2016), and it has 
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also been shown that ATP secreted along with insulin acts as a negative regulator 

of insulin secretion as it was shown to inhibit glucose-induced electrical 

oscillations, therefore hyperpolarizing the membrane potential of pancreatic b-

cells (Bauer et al, 2019). However, in this current investigation, ATP levels in the 

secretomes were not measured, so without the relevant data, firm conclusions 

on these findings cannot be made. 
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Limitations of this study and future work 

 

The first limitation of this work is the comparison between the CAPAN-1 and 

CFPAC cell lines. The two cell lines were grown in different cell culture medias 

which may have impacted what was secreted. Natural differences between the 

secretomes of the two cell lines will exist regardless of CFTR expression but there 

are several steps which could be taken in future investigations to validate these 

findings. 

 

To confirm that the results obtained from the secretomes were as a result of the 

CFTR phenotype of the cell lines, CFTR could be stimulated in the CAPAN-1 

cells by adding either cyclic AMP or forskolin. The specificity of CFTR stimulation 

would be confirmed using a patch clamp. In addition to this, CFTR could also be 

inhibited in the CAPAN-1 cells by CFTRinh172 to further validate these findings. 

 

Correcting the F508del mutation in the CFPAC cell line using the drug Orkambi 

would be beneficial to investigate if this causes any change in the secretome from 

the CFPAC cell line. This would confirm that not only can the CFTR defect be 

corrected in these cells, but that the proteins secreted were as a result of 

defective CFTR.   

 

Whist the OLINK Proximity extension assay (PEA) is an established analytical 

method, further experiments would need to be performed to confirm the results 

obtained in this investigation. For example, an ELISA could be used for the 

markers present to confirm the PEA results in addition to qPCR which could be 
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performed on mRNA extracted from the cell lines to measure the levels of the 

detected proteins in the cells themselves. 

 

To further validate the transfections in the HPAF-II cells, a restriction digest could 

be performed to confirm that the plasmid had been taken up by the cells and that 

it was expressing the specific CFTR gene of choice. Furthermore, 

immunostaining could also be carried out to visually assess CFTR status in the 

cells. 

 

The ductal cells were from humans, whilst the pancreatic b-cell line was from rat, 

so it is possible discrepancies in the protein and target receptor could exist. It 

was not possible to obtain a human b-cell immortalised cell line for this 

investigation. The development of a reliable immortalised human b-cells in 

research is only a relatively recent development with the Endoc-bH2 cell line 

(Ravassard et al, 2011) showing promise as a reliable and valid human b-cell 

model (Tsonkova et al, 2018). 

 

However, the BRIN-BD11 cell line has been used successfully by Ulster 

University for a number of years and is well suited to b-cell investigations due to 

its responsiveness to glucose challenge in a step-wise manner, which is similar 

to isolated islets (Hamid et al, 2002) 

 

Due to the nature of the exocrine pancreas in CF, it is reasonable to assume that 

it will have an impact on the endocrine portion in the development of CFRD. The 

‘Bystander Hypothesis’ of CFRD development proposes that mutant CFTR in 
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ductal cells leads to the acidification of pancreatic juices and subsequent 

production of mucins (Yoon, 2017).  

 

To conclude; the data from this current, limited investigation is insufficient to 

confirm the impact of CFTR on exocrine pancreatic secretions on �-cell insulin 

secretory capability, and as such the role of exocrine secretions on endocrine 

function in the development of CFRD still remains an area of considerable 

interest. Further investigations are required before any firm conclusions in this 

area can be made.  
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6.01 Discussion 

The majority of morbidity and mortality associated with cystic fibrosis (CF) results 

from lung disease (Turcios, 2019). Although not normally considered an end-

target for lung disease, diabetes significantly impacts lung function, and recent 

studies indicate that diabetes is a major risk factor for increased breathlessness 

and interstitial lung disease associated with a restrictive phenotype (Kopf et al, 

2018). In the context of CF, the presence of diabetes significantly accelerates 

lung decline and is associated with a six-fold increase in risk of mortality 

compared with CF in the absence of diabetes (Brennan et al, 2004). The clinical 

impact of diabetes treatment on the already burdened CF population is also 

significant (Moran et al, 2010) In recent years, the incidence of CF-related 

diabetes (CFRD) has increased significantly and has been recorded in 

approximately 50% of CF adults (Moran et al, 2010), with CF children also 

displaying glucose abnormalities even in the absence of a formal diagnosis of 

diabetes (Yi et al, 2016; Prentice et al, 2019). 

The principal aim of the work comprising this thesis was to elucidate the role of 

CFTR in islet development and signalling. This led to four specific objectives 

which included examination of the role of (1) short and (2) long-term CFTR 

inhibition in C57B/L mice, (3) assessing islet architecture and the expression of 

gap junctions in several mouse models, and (4) examining the effects of 

secretions from a number of exocrine pancreatic cell lines carrying different 

CFTR mutations on the insulin secretory abilities of mouse pancreatic endocrine 

cells. 
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6.02 Establishing mouse models of CFTR inhibition 

A key goal of this thesis was to establish mouse models of CFTR inhibition. 

Although there are several good transgenic mouse models of CF available 

(several of which have been employed in this thesis), a model of CFTR inhibition 

in otherwise healthy adult mice would allow us to elucidate whether many of the 

characteristics associated with CFRD or commonly observed in the pancreata of 

CF animals and people with CF, resulted from the hyperinflammatory 

environment found in CF, were likely to be developmentally driven, or were a 

direct consequence of defective CFTR. We inhibited CFTR in male C57B/L mice 

using the pharmacological CFTR inhibitor CFTRinh172 (Khan et al, 2019), which 

is a potent inhibitor of the CFTR chloride channel. Its mode of action primarily 

involves reducing the open probability Po of the CFTR channel (Kopeikin et al, 

2010). It has been reported that CFTRinh172 reduces the mean open time and 

increases the mean closed time of the channel (Taddei et al, 2004). The 

relationship between the concentration of inhibitor used and the mean closed 

time is a hyperbolic one, implying that CFTRinh172 does not just block the 

channel alone (Kopeikin et al, 2010). Furthermore, the channel can re-open even 

in the absence of ATP upon removal of the inhibitor. 

 

Given the potential off target effects of the inhibitor (Kelly et al, 2010; Sun et al, 

2017; Melis et al, 2014), we sought to adopt a conservative approach to dosing 

the animals and employed a low-dose once-a-day strategy. The regime was well 

tolerated by the animals with no evidence of toxicity and all animals survived to 

the end of each study. However, to conclusively confirm that the inhibitor was 

specifically acting on CFTR, these experiments could be repeated on CFTR-/- 

mice. 
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Furthermore, we allowed animals an extensive washout period prior to testing 

most of the parameters examined to ensure that any effects observed were 

genuine. The phenotype of our model was validated against tissue from two 

transgenic CF mouse models kindly provided by collaborators, and the known 

literature on the phenotype of the CF pancreas. We established two models of 

CFTR inhibition – a short term 8-day model and a longer term, sub-chronic 21-

day model. This permitted study of the impact of duration of disease on the 

phenotype produced. 

 

 

6.03 Altered islet morphology and composition 

Reductions in islet size are a common observation in the pancreata of CF animals 

and people with CF and alterations in b-cell mass have been reported in children 

as young as four years of age (Bogdani et al, 2017). In the current study, we show 

that islet size, and in particular, b-cell area was quickly impacted after loss of 

functional CFTR in the absence of any notable exocrine damage after 8-days of 

CFTR inhibition which is similar to what is seen in children with CF before a formal 

diagnosis of CFRD (Bogdani et al, 2017). It is worth noting that these reductions 

persisted even after a 7-day washout period in this model. The use of otherwise 

healthy adult mice means it is unlikely that these reductions occur as a result of 

a developmental defect and points towards a direct role for CFTR in the 

maintenance of islet size. The reductions in islet size were also observed in the 

sub-chronic model of CFTR inhibition. However, the degree of reduction was less 

pronounced and significant heterogeneity in islet size was reported in this 

instance, but not in the case of the short-term model of inhibition. Recently, an 
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increase in the number of chromogranin A-positive, but hormone-negative 

endocrine cells has been reported in the pancreata of people with CF (Cory et al, 

2018) who propose that this may be an attempt at endocrine cell regeneration, 

which may in part explain the increase in the number of large islets observed in 

the current study. 

 

A consistent observation through the work reported in this thesis was altered islet 

morphology, with regular evidence of irregularly shaped and elongated islets, 

consistent with findings in the CF ferret (Rotti et al, 2018) and human CF tissue 

(Bogdani et al, 2017). The presence of several key gap junction proteins known 

to control islet architecture was investigated. Consistent reductions in the 

expression of Cx36 and E-cadherin in three mouse models of CF (Short-term 

inhibition, F508del and CFTR KO) are reported for the first time. Given the 

important role of both proteins in the maintenance of islet architecture and in the 

coordination of insulin-secretory responses, reductions in these proteins may 

have two key impacts on endocrine function in the context of CF: (1) altered islet 

morphology, and (2) poor cell-cell communication within the islet. Both outcomes 

would impair glucose-stimulated insulin secretion.  

 

Prior work has suggested that alpha-cell hypersecretion (Edlund et al, 2017) and 

alpha-cell hyperplasia (Rotti et al, 2018) may contribute to the reduction in insulin 

secretion commonly observed in CF. The alpha-cell population is reportedly 

increased in people with CF, both with and without diabetes (Lohr et al. 1989, 

Bogdani et al. 2017, Hart et al. 2018, Hull et al. 2018). The present data 

demonstrates no change in alpha cell population after 8-day CFTR inhibition, 

however by 21 days of inhibition, a significant increase in alpha-cell number was 
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evident in the islets of mice treated with CFTRinh172. Additionally, this was 

accompanied by reductions in Pdx1 and NGN3 expressing b-cells. Although not 

possible to determine if the increase in alpha-cell population results from a 

genuine de-differentiation or trans-differentiation event, it is unlikely that b-cells 

lacking key b-cell maturation transcription factors will function optimally 

 

 

6.04 Defective islet hormone secretion 

Reduced insulin secretion is commonly observed in CF with first-phase insulin 

secretion affected in particular. In addition, an increase in glucagon secretion has 

also been reported (Edlund et al, 2017; Huang et al, 2017). In the current study, 

we observed significant reductions in insulin secretion shortly after loss of 

functional CFTR. Following 8-day CFTR inhibition, insulin content and peripheral 

insulin concentration was significantly reduced in mice treated with CFTRinh172. 

While, glucagon release was unaffected in this short-term model of CFTR 

inhibition, by 21-days post CFTR inhibition, peripheral glucagon concentration 

was significantly increased in CFTR-inhibited mice, which is consistent with the 

increase in alpha-cell number observed in these animals. Overall, these 

observations are consistent with the change in the balance of insulin to glucagon 

release reported in CF animal models and people with CF (Guo et al, 2014; 

Sheikh et al, 2017; Sun et al 2017). 

 

Despite reports to the contrary (Ntimbane et al, 2009; Edlund et al, 2014; Guo et 

al, 2014), we did not find a primary insulin-secretory defect in islets isolated from 

mice treated with CFTRinh172 for 8-days. There are several possible 

explanations for this. Firstly, it is possible that the reduction in peripheral insulin 
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concentrations results purely from reductions in islet size and b-cell mass in CF. 

Alternatively, it is possible that the 7-day washout period used in our study means 

that a primary defect may have been missed. However, of note is the fact that 

islets performed well despite significant reductions in islet size and insulin 

content, and it is further possible that islets are attempting to compensate in the 

CF state. Consistent with this idea is our observation that basal insulin secretion 

was higher in the CFTR inhibited islets than in the corresponding control. 

 

 

6.05 Glucose abnormalities 

There was little evidence of overt diabetes in the CFTR inhibitor models examined 

in this thesis. Despite this, glucose concentrations were significantly elevated in 

both the short-term and sub-chronic models, but the glycaemia did not reach the 

diabetic range. Although both groups were glucose tolerant on testing, of 

significant note was the progression towards insulin resistance following 21-day 

CFTR inhibition. Upon testing, mice appeared insulin sensitive after 8-day 

treatment with CFTRinh172, with no change in HOMA-IR, HOMA-B or QUICKI 

scores. However, all parameters were significantly altered following 21-day 

treatment, and there was clear evidence of insulin resistance, reduced �-cell 

function, and poor insulin sensitivity in the inhibitor treated group. This 

progression is consistent with the findings of Fontes and co-workers (2015) who, 

using the F508del mouse model, showed that young animals were insulin 

sensitive, but that resistance redeveloped with age. A recent retrospective 

observational study found that although insulin secretion was maintained over 

time, glycaemia progressed with age in the CF community, and that insulin 
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sensitivity reduced by as much as 25% over the duration (approximately 9.9 year 

follow-up) of the study (Colomba et al, 2019). 

 

Although there appears a clear link between duration of disease and the 

emergence of insulin resistance, it is worth noting that glucose abnormalities 

have been observed in very young children. Recent work reports frequent cases 

of elevated glucose before the age of six, which is associated with increases in 

pulmonary inflammation and Pseudomonas aeruginosa infection (Prentice et al, 

2019). Where the authors of that study report temporary glucose elevations into 

the diabetic range, recorded in children as young as one year of age. The current 

findings suggest that glucose abnormalities emerge very quickly after the loss of 

functional CFTR. Bogdani and colleagues (2017) suggest that early loss of �-cell 

number in CF infants may lead to glucose intolerance and the development of 

CFRD. 

 

 

6.06 Exocrine-endocrine relationships 

Several reports have proposed that endocrine dysfunction in CF results solely 

from the inflammatory environment in the exocrine pancreas (Sun et al, 2017; 

Hart et al, 2018). Pro-inflammatory cytokines including IL-6 and IL-1b have been 

proposed to drive this process (Hull et al, 2018). Inflammation has been proposed 

to reduce the number of mature b-cell markers which could influence b-cell 

development and therefore the insulin secretory ability of b-cells (Nordmann et 

al, 2017). The present studies sought to characterise the inflammatory profile of 

exocrine pancreatic cells expressing the two most common CFTR mutations – 

F508del and G551D. Using a number of cell lines either endogenously 
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expressing, or in which wildtype CFTR, F508del, or G551D was induced, 

proteomic analysis of the secretome of these cells revealed that distinct 

inflammatory profiles could be observed in ‘CF’ cell lines versus ‘wild-type’ control 

cells. In particular, we observed increases in IL-6, IL-1-a  MCP-4, FGF-21, 4E-

BP1, CASP-8, ST1A1, CXCL5, ADA, PD-L1 and TNFRSF9 in the secretome of 

cell expressing CFTR mutations. However, in the current study, we found little 

impact secretome on endocrine function even after 72-hour exposure. We tested 

the effect of the secretome of each cell line and the expression of mature b�-cell 

markers. Broadly speaking, significant differences were not observed regardless 

of mutation present, suggesting factors beyond the exocrine pancreas may be 

needed to drive exocrine inhibition of normal endocrine function in CF. 

 

 

6.07 Limitations of this thesis and future work 

As three out of four results chapters in this thesis are centred around murine 

models of CF, the limitations of using a murine CF model must naturally be 

addressed. Whilst the mouse models established and used in this thesis were 

validated against similar models used in CF research; using mouse models in CF 

research will ultimately come with some caveats.  

 

The primary, and most obvious limitation of the CF mouse model is the general 

lack of serious lower respiratory tract pathology (McCarron et al, 2018). This is 

caused mainly by the differing role CFTR plays in mice and humans. The Calcium 

Activated Chloride Channels (CACC) such as TMEM16A and SLC26A9 are the 

dominant chloride channels in mice, rather than CFTR (Kunzelmann et al, 2019).  
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As a result of this, the pancreata of CF mouse models only generally display a 

mild pancreatic phenotype (Semaniakou et al, 2018), which was observed in the 

second chapter of this thesis. However, the C57BL/6J CFTR KO model does 

display extensive acinar atrophy, which progresses with age (Durie et al, 2004), 

whilst the KO model used in this thesis was from the FVB/N sub-strain. Whilst 

ductal dilation was observed across all three models which is indicative of CF 

disease (Gibson-Corley et al, 2016), there was no obvious signs of extensive 

pancreatic fibrosis as would have been expected in a human with a severe CF 

phenotype (Gibson-Corley et al, 2016). Whilst the mice studied in this thesis were 

generally young, from 6 weeks old, future work in this area could perform an aging 

study to examine the pancreata from the various models at increasing time points.  

 

The b-ENaC mouse model which over expresses ENaC does show lung 

pathology similar to human CF, and as such is a viable alternative for studying 

CF within murine models (Zhou et al, 2011). ENaC channel, which is negatively 

regulated by CFTR and such is hyperactive in humans with CF (Hobbs et al, 

2013). This exacerbates mucus dehydration, leading to increased incidence of 

lung disease (Livraghi-Butrico et al, 2013). 

 

A limitation associated with mouse models is in the results from the third results 

chapter of this thesis which investigated the expression of Cx36 in murine 

pancreatic islets. Whilst mouse islets express Cx30.2, Cx36, Cx43 and Cx45 

(Farnsworth and Benninger, 2014), humans also express several isoforms of 

Cx31, as well as Cx37 (Sierre-Beinier et al, 2009), so it is feasible to speculate 

that these connexins possibly may play a more prominent role in humans where 

Cx36 is deficient. 
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Whilst the 8 and 21-day studies in this thesis examined the role of islet size and 

b-cell area on islet function, due to time and budgetary restraints, determining the 

b-cell mass was not possible. b-cell mass is generally correlated with its function 

(Chen et al, 2017) and reductions in b-cell mass have been observed in both 

rodent (Fontes et al, 2013) and human models of CF (Bogdani et al, 2017).  

 

The reductions in b-cell mass have been reported in young children with CF 

(Bogdani et al, 2017), so therefore before the onset of CFRD. By investigating 

therapies associated with the preservation of b-cell mass such as GLP-1 

analogues, DPP-4 and GSK3b inhibitors (Jung et al, 2014), it may be possible to 

reduce the impact of b-cell mass deficiencies, so this is an area which should be 

explored in the future 

 

In both the 8 and 21-day studies, the ipGTT test was performed to assess insulin 

response to acute glucose stimulation. Alternatives to this test include the 

hyperglycaemic and hyperinsulinemic clamps. The hyperinsulinemic clamp is 

considered the gold standard in in vivo insulin assessments. In brief, 

hyperinsulinemia is induced and blood glucose measurements are taken 

frequently in order to assess skeletal muscle glucose uptake (Kim, 2009). A future 

investigation could employ this technique in order to better assess insulin 

resistance.  

 

To further compare the findings in both the short and long-term studies, the mice 

could be fed a high calorie diet. This would to replicate the diet of people with CF 

who must eat a high calorie diet to maintain weight as a result of pancreatic 
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insufficiencies (Rhodes et al, 2010), and further validate our models compared to 

the human model. 

 

The 8-day study concluded that CFTR is essential for the maintenance of insulin 

size and content, and a further investigation to prove this could involve the 

CFTRF508del/F508del and treatment with the CFTR corrector Orkambi. Aging the 

mice would allow for determination if insulin secretory defects develop with age, 

whilst Orkambi could be given to assess if CFTR corrector treatment offers 

protection against the endocrine pancreas changes associated with age. 

 

The short-term study also concluded that the effects of short-term CFTR inhibition 

were observed in the absence of overt inflammation or fibrosis due to no notable 

increase in IL-6 levels and an overall lack of fibrosis as noted in the sirius red/ 

fast green staining analysis. However, due to budgetary constraints, these 

experiments were not repeated in the sub-chronic model. It would be beneficial 

for future investigations to also measure inflammation in this model, as IL-6 in 

particular has been shown to be involved in both the stimulation of a-cell 

proliferation and glucagon production (Ellingsgaard et al, 2008) both of which 

were observed in this model. 

 

In the results chapter exploring markers of islet connectivity, there are a number 

of further experiments which could be performed in a future investigation. 

Measuring the expression and function of CFTR in a Cx36 or E-cadherin 

knockout mouse model and comparing it to the wild-type control would be 

beneficial in determining if expression of either of the two proteins is plays a role 

in CFTR expression or function.  
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There is also considerable potential for exploring the role of the DREAM protein 

in CFRD. As discussed in chapter 4, DREAM is highly expressed in the CF 

airways cells (Momtazi et al, 2009), so it is reasonable to assume that this may 

also be the case in the CF endocrine pancreas. DREAM negatively regulates 

insulin gene transcription by its interaction with the insulin gene promoter 

(Daneva et al, 2013), so it is feasible that DREAM may be a contributory factor in 

the development of impaired insulin secretion associated with CFRD. As the 

action of DREAM is inhibited by Ca2+(Zaidi et al, 2004), the reduction in Cx36 

noted across multiple CF mouse models may contribute towards impaired 

calcium signalling, subsequently stimulating DREAM. Further investigations into 

calcium signalling and DREAM in the CF endocrine pancreas could be an area 

for future work, in both murine and other CF animal models. 

 

In addition to this, it was noted that the islets from the different CF mice were 

‘irregularly shaped’, but this was more based on general observations as 

opposed to specifically quantifying how these islets are ‘irregularly shaped’. 

Specifically quantifying the shape of the islets, perhaps by measuring the 

circularity and how this relates to the expression levels of the different signalling 

molecules would give more weight to this observation. This would therefore allow 

the determination that it is the reduction in Cx36 and E-cadherin which is related 

to the alterations in islet architecture observed across all three models  

 

The final results chapter of this thesis investigated the effects of different CFTR 

phenotypes within the exocrine pancreas on the insulin secretory capabilities of 

endocrine pancreatic b-cells. This chapter used an in vitro model whereby 

exocrine cells were grown and the conditioned media collected and cultured on 

268



b-cells in order to investigate the role of exocrine secretions on endocrine 

function.  

 

However, there are some limitations associated with this model. Firstly, the 

protein expression results obtained were assumed to be as a result of the CFTR 

phenotype of the cells, but CFTR itself was not stimulated. Further work should 

repeat this study, but stimulate CFTR using a known CFTR stimulator such as 

forskolin or cyclic AMP to confirm if it is CFTR causing the expression profile 

detected in the secretomes. 

 

The other major limitation of this investigation was the b-cell line used which was 

an immortalised rat b-cell line, whilst the exocrine cell lines were of human origin. 

Ideally, the b-cell line would have been a human one, but due to the availability 

of a reliable human pancreatic b-cell line, this was not possible. Any future 

investigations in this area would need to use a human b-cell line to validate these 

findings.  

 

To further validate the findings in this chapter, several confirmatory experiments 

should be performed. Firstly, the CFTR phenotype should be confirmed by 

performing immunostaining which would allow determination of the location of 

CFTR within the cells. Due to the nature of the mutation, cell lines expressing 

F508del should have minimal CFTR expression on the cell membrane, whilst 

those with the G551D and wild-type CFTR should have membrane expression. 
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Furthermore, PCR should be performed with probes specific to the CFTR 

genotype in order to confirm that not only has the transfection worked, but the 

genotype is what is required from the transfection. Due to the difficulties in 

procuring PCR probes specific to the plasmids used in this thesis, only probes 

specific to wild-type CFTR were used, so any future investigations must perform 

these confirmatory experiments. 

 

The exposure time that the cells were subjected is something which could also 

be explored in future investigations. The BRIN-BD11 cells were exposed to the 

media from the cell lines for approximately twice their doubling time, but future 

experiments could increase this and create longer term cultures in the 

conditioned media to investigate if long term exposure to the secretome from the 

exocrine pancreas has a more significant effect on the insulin secretory ability of 

these cells. 

 

The experimental set-up itself is something which could be investigated going 

forward. A long-term cell co-culture with the exocrine and endocrine cells together 

in a trans well plate in a would allow a more natural demonstration of the 

endocrine-exocrine interactions. Although for this to be a viable long-term 

experiment, the cell lines should be stably transfected as opposed to transiently.   

 

Whilst a considerable portion of this thesis used murine models, it is important 

that these results can be replicated in other models so as to eventually be of 

benefit to humans. Further work into this area should therefore utilise other CF 

models such as the ferret or pig models. These models are well established 
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models of CF and display pancreatic morphology comparable to those seen in 

humans with various stages of disease progression (Yan et al, 2015). 

 

Whilst the results from this thesis support a key role for CFTR in the maintenance 

of islet size, and b-cell function, it is hugely important that these results can 

contribute towards research for future therapies for CFRD. Long-term human 

trials investigating different CF and anti-diabetic therapies before a diagnosis of 

CFRD should be carried out to determine if it is possible to delay the onset, 

reduce the severity, or even prevent CFRD.  

 

 

6.08 Concluding remarks 

The systemic nature of CFTR inhibition employed in the studies comprising this 

thesis and the use of fully transgenic (rather than b-cell inducible) mouse models 

means that it is not possible to conclusively settle the debate between islet-

intrinsic and extrinsic roles for CFTR.  

 

This thesis established a key role for functional CFTR in the maintenance of islet 

structure and function; the effects of which occurred quickly after CFTR inhibition. 

Although in this thesis, it wasn’t investigated if these effects are reversible, these 

results therefore suggest that therapy which restores CFTR function could be 

used therapeutically to restore �-cell area and function in people with CFRD. 

 

Longer-term CFTR inhibition promotes insulin resistance, which wasn’t observed 

in the short-term model. This suggests that it is the duration of CFTR impairment 

which can cause this observation. This may go some way to explain why CFRD 
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isn’t normally diagnosed until early adulthood implying that CFRD develops as a 

result of long-term lack of CFTR function.  

 

A potential mechanism for how lack of functional CFTR affects islet structure and 

insulin secretion was explored in the third results chapter, as for the first time, 

reductions in Cx36 and E-cadherin are reported across multiple CF mouse 

models. Dysregulation of both of these proteins can cause an impairment in 

insulin secretion, and there are reports that the expression of E-cadherin is 

directly regulated by CFTR, whilst it is probable that Cx36 is indirectly regulated 

by dysfunctional CFTR. These findings are relevant to humans as it would be 

beneficial at potentially therapeutically targeting the pathways involved in Cx36 

and E-cadherin dysregulation to restore insulin secretion in CF islets. 

 

The final results chapter investigated potential interactions between the exocrine 

and endocrine pancreas in the presence of different CFTR mutations. Whilst the 

secretomes of the cell lines expressed different levels of inflammatory markers, 

these generally did not impact the insulin secretory ability of the b-cells. Further 

research into this area could utilise other in vitro models of exocrine-endocrine 

interactions in order to better establish a role for exocrine interactions in the 

development of CFRD.  

 

However, the absence of a primary secretory defect in our short-term models of 

CFTR, even in the face of significant reductions in islet size, insulin content and 

peripheral insulin concentration, coupled with an apparent lack of effect of the 

exocrine secretome on endocrine function, suggests that trophic factors beyond 

the pancreas may have a role to play. Key candidates are the incretin hormones 
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which have recently been shown to be deficient postprandially in CF and to 

contribute to hyperglycaemia (Frost et al, 2019; Sun et al, 2019). Overall, the 

observations in this thesis support a direct role for CFTR in the regulation of islet 

size, architecture and glucose homeostasis, each of which may impact on the 

aetiology and pathogenesis of CFRD. 
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Figure 1: Graphical presentation of the results obtained in this thesis. Short-term 
CFTR inhibition leads to islet structural abnormalities via a reduction in E-
cadherin, impaired insulin secretion via a reduction in the expression of Connexin 
36. Sub-chronic CFTR leads to the development of insulin resistance. All of these 
combined causes impaired glucose responsiveness, leading to the development 
of CFRD. The dashed line suggests that whilst CFTR mutations cause an 
upregulation of a number of inflammatory markers in the exocrine pancreas, 
these were not found to impair glucose responsiveness in the development of 
CFRD. 
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6.09  Summary of major findings 

• Short-term (8-day) CFTR inhibition in male C57BL/6 mice causes 

significant reductions in islet area and in particular, the b-cell area. 

Peripheral and pancreatic insulin were also significantly reduced, but 

glucose intolerance and hyperglycaemia were not observed. In addition to 

this, short-term CFTR inhibition was also shown to impact weight gain with 

the percentage body weight gain over the course of the study significantly 

reduced compared to the control. Finally, exocrine pancreatic ductal area 

was increased following CFTR inhibition, consistent with CF disease.  

 

• Long-term (21-day) CFTR inhibition in male C57BL/6 mice promotes 

insulin resistance and a reduction in insulin sensitivity compared to the 

vehicle control. Significant reductions in plasma insulin levels were also 

observed along with a significant increase in plasma glucagon compared 

to the vehicle control. Reductions in islet size were observed again, albeit 

not to the same extent as after 8-days of inhibition. However, 

heterogeneity in islet size was observed in addition to a significant 

increase in the percentage of alpha cells. Also observed were reductions 

in the percentage of b-cells positive for Pdx1 and NGN3, suggesting de-

differentiation may be occurring.  

 

• Markers of islet connectivity were reduced in 3 separate mouse models of 

CF. The expression and abundance of Cx36 was reduced in the model 

subjected to 8-days of CFTR inhibition whilst only the expression was 

reduced in the ΔF508 and CFTR KO models. E-Cadherin expression 
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alone was reduced in the ΔF508 and CFTR KO models. These results 

may go some way to explain altered islet morphology and abnormalities 

observed across the various CF animal models. 

 

• Exocrine pancreatic cell lines with different CFTR mutations show 

differences in the secretion of a number of inflammatory markers 

compared to wild-type controls. However, pancreatic b-cells exposed to 

conditioned media from these cells were generally unaffected in terms of 

glucose-stimulated insulin secretion or their insulin secretory ability, 

suggesting factors beyond the exocrine pancreas may come in to play in 

the development of CFRD.  
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Cystic Fibrosis-Related Diabetes: Pathophysiology and therapeutic challenges 

Short-term CFTR inhibition reduces islet area in C57BL/6 mice. 
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Cystic Fibrosis
Cystic fibrosis (CF) is the most common autosomal recessive 
condition in Caucasian populations with an incidence of 1 in 
2500 live births. Globally, CF is estimated to affect between 
70 000 and 100 000 people.1 The condition is caused by a 
mutation in the cystic fibrosis transmembrane conductance 
regulator (CFTR) gene, which is found on the long arm of 
chromosome 7 and spans 230 kb with 27 coding exons. The 
CFTR gene codes for a cyclic adenosine monophosphate 
(cAMP)–regulated chloride channel of the same name. The 
membrane-bound CFTR glycoprotein was first identified in 
1989 by Riordan et al2 and is a member of the ATP-binding 
cassette membrane transporter gene superfamily – a class of 
transporters that also includes the sulfonylurea receptor. CFTR 
is responsible for the outward movement of Cl– and the linear 
movement of water across cell membranes.3 CFTR also regu-
lates the activity of other membrane proteins, including the 
epithelial sodium channel ENaC, the outwardly rectifying 
chloride channel ORCC, and a Cl /HCO− −

3  exchanger.4
CFTR is a large protein of more than 1400 amino acids 

separated into 2 homologous halves, each containing 6 mem-
brane-spanning segments and a nucleotide-binding domain. 
The 2 halves are linked by a regulatory (R) domain.2 Functional 
imaging studies suggest that the CFTR pore resembles an 
asymmetrical hourglass with a deep wide intracellular vestibule 
and a shallow extracellular vestibule separated by a narrow 
channel.5 Most of the CFTR protein resides in the cytoplasm 

(77%), with 19% in the membrane and only 4% is extracellu-
lar.6 Channel gating is controlled by conformational changes in 
the cytoplasmic domains and requires a 2-step process involv-
ing phosphorylation and binding/hydrolysis of ATP.2 There 
exists a structure-function relationship, whereby the more 
extensive the phosphorylation, the greater the probability of 
channel opening.7

Since the discovery of the CFTR gene in 1989, close to 
2000 different variants have been identified, of which approxi-
mately 440 are disease-causing.8 Furthermore, ~97% of all 
CFTR mutations are caused by a mutation in between 1 and 3 
nucleotides. Among these, missense mutations are the most 
common, accounting for 40% of all reported mutations.9 
CFTR mutations are categorised into 5 groups, depending on 
the amount of protein present at the cell surface membrane and 
the degree of functionality.10 Broadly speaking, class I muta-
tions are associated with more severe phenotypes and class V 
mutations with milder phenotypes.11 The F508del mutation 
accounts for approximately 90% of the prevalence of disease-
causing CFTR mutations in Caucasian populations and is 
characterised by a deletion of phenylalanine at position 508. 
This results in defective folding of the protein and subsequent 
degradation via the ubiquitin proteasome pathway.12 Therefore, 
minimal functional CFTR reaches the cell surface membrane 
and is characteristic of a class II mutation.

Cystic fibrosis is associated with a build-up of thick, viscous 
secretions in epithelial tissues, leading to bacterial colonisation 
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and subsequent fibrosis and destruction of a number of organs, 
including the respiratory, gastrointestinal, hepatobiliary, and 
reproductive systems in particular.13 Lung disease driven by 
recurrent infections and bacterial colonisation is the most com-
mon cause of mortality in CF. CFTR is readily detected in the 
airways,6 and structural changes in the airways of patients with 
CF are present from birth.14 Inflammation occurs rapidly, is 
severe, and is aided by a decrease in surface fluid pH (approxi-
mately 8-fold lower compared with non-CF patients15), which 
leads to impaired host-pathogen defences.15 The CF lung is at 
increased risk of bacterial colonisation from Staphylococcus 
aureus and/or Pseudomonas aeruginosa in particular, leading to 
excessive airway and systemic inflammation and an eventual 
loss of pulmonary function.15 The CF lung disease represents a 
significant clinical challenge and is difficult to manage. 
Although lung disease is the primary cause of mortality, CF is 
a systemic condition with almost all organ systems affected.

Patients with CF are at increased risk of a number of side 
effects, including inadequate weight maintenance,16 in addi-
tion to obstruction of the bowel and musculoskeletal disorders 
which are relatively common in CF, affecting up to 15% of 
patients.17 Cystic fibrosis also results in reproductive problems 
and infertility, with 95% of men infertile due to azoospermia 
caused by complications with the vas deferens.18 In addition, 
patients with CF may also suffer from renal disease, metabolic 
bone disease, cancer, adverse drug reactions, and complications 
associated with lung transplants.18 Emerging evidence suggests 
that CFTR mutation may also impair neurological function.19 
Cystic fibrosis–related diabetes (CFRD) is the most prevalent 
extrapulmonary co-morbidity in CF and is the focus of the 
current report.

Cystic Fibrosis–Related Diabetes
Cystic fibrosis–related diabetes affects approximately 50% of 
CF adults over the age of 30 and results in a significantly wors-
ened prognosis and 6-fold higher mortality rate in comparison 
with CF patients without diabetes.13 Cystic fibrosis–related 
diabetes is associated with lower lung function20 caused in part 
by increased colonisation of the lungs by bacteria such as 
Psuedomonas aeruginosa, S aureus, and Stenotrophomonas malt-
ophilia.21 Patients with CFRD have been shown to have up to 
double the pulmonary exacerbations compared with CF 
patients without diabetes.22 Increased glucose levels induce air-
way surface liquid acidification in CFTR-deficient airway epi-
thlia.23 This results in an increase in lactate production and is 
further exacerbated by P aeruginosa colonisation. Psuedomonas 
aeruginosa has been shown to favour lactate as a growth source 
over traditional growth media,23 meaning the environment in 
the airway epithelia of someone with CFRD is better suited to 
bacterial colonisation.

Cystic fibrosis–related diabetes shares clinical features of 
both type 1 and type 2 diabetes mellitus (T1D and T2D, 
respectively) but is considered a distinct classification of 

diabetes. Consistent with T1D, patients are insulin deficient, 
lean, and adolescents or young adults at the time of diagnosis24; 
however, CFRD is not an autoimmune condition, and modest 
insulin resistance has been reported consistent with a T2D 
phenotype.24 Currently, the American Diabetes Association 
reccommends the 2-hour OGTT (1.75 g/kg body weight) for 
the diagnosis of CFRD. A 2-hour OGTT glucose greater than 
200 mg/dL in a patient with CF leads to a diagnosis of 
CFRD.24 However, routine CFRD screens are not performed 
on patients under the age of 10. The UK Cystic Fibrosis Trust25 
recommends routine OGTT for CF patients over the age of 
12, which should also be performed if there is an unexplained 
deterioration in lung function or unexpected weight loss.

Islet Function and Insulin Secretion in CF
A consistent observation in human tissues and animal models 
is that the CF disease is associated with reductions in islet size 
and beta cell area.26–33 This is often accompanied with glucose 
responsiveness abnormalities and insulin secretory defects.34–38 
Reports dating back to the 1980s showed marked reductions in 
beta cell area in the pancreata of patients with CF irrespective 
of whether diabetes was present or not.27,28 Consistently, 
altered islet morphology and function was reported at birth in 
the CF ferret model, with a notable increase in the number of 
small islets present in this model.29 Reductions in islet mass or 
beta cell area have repeatedly been shown in animal models of 
CF30–32 and in postmortem tissue from children33 and adults 
with CF.26 Bogdani et al33 examined pancreatic tissue from CF 
children under the age of 4 and reported reductions in beta cell 
area of up to 50% compared with age-matched controls. 
Decreases in islet and/or beta cell area, therefore, appear to 
occur early in the development of CF disease. However, much 
debate exists as to the mechanisms leading to islet dysfunction 
in CF. Several studies show CFTR channel activity in cells iso-
lated from mouse34–37 and human islet cells34,35 and report 
insulin and glucagon secretory defects in the absence of func-
tional CFTR.34–38 In contrast, others report minimal or absent 
expression of CFTR in human pancreatic endocrine cells26,39,40 
and suggest that any insulin secretory defect likely results from 
reductions in islet mass, from intra-islet inflammation, or from 
the paracrine influences of exocrine-derived inflammatory 
mediators.26,39 In the CF pig model, an activated inflammatory 
response that appears largely confined to the pancreas of new-
borns and which is associated with exocrine destruction at 
birth has been reported.40,41 Thus, the theories surrounding the 
development of CFRD can largely be grouped into 3 catego-
ries, which are discussed below and summarised in Figure 1.

First, the bystander hypothesis suggests that islets are lost as 
a consequence of fibrotic progression in the pancreas. CFTR is 
highly expressed in pancreatic ductal cells, and pancreatitis 
linked to CFTR mutation is common. Early work by Sharer 
et al42 reported that the risk of developing chronic pancreatitis 
was 2.5 times higher in those heterozygous for CFTR 
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mutations. The suggestion that CFTR plays a role in the 
pathogenesis of pancreatitis is supported by several subsequent 
studies (summarised by Hegyi et al43). Indeed, known risk fac-
tors for the development of pancreatitis, including alcohol and 
smoking, strongly inhibit CFTR function.43 In patients with 
CF, the reduction in chloride and bicarbonate secretion causes 
acidification of the pancreatic juices and increased production 
of mucins, leading to pancreatic ductal obstruction.44 Cystic 
fibrosis exocrine pancreatic insufficiency predominantly affects 
patients with class I-III CFTR mutations.44 Patients who are 
deemed pancreatic insufficient (PI) are unable to break down 
food correctly due to loss of digestive enzymes, and therefore 
require extensive dietary supplementation.44 These processes 
ultimately lead to autodigestion of the pancreatic ducts and 
exocrine pancreatic fibrosis.42,44 The information on the rela-
tionship between exocrine pancreatic status and insulin secre-
tion is varied. A study of 146 patients with CF found insulin 
secretory defects on OGTT even in pancreatic-sufficient indi-
viduals.45 A further report found impairments in functional 
islet mass, early-phase insulin secretion, and incretin responses 
in PI, but not pancreatic-sufficient patients with CF.46 In both 
studies, subjects were glucose tolerant.

The second and third hypotheses on CFRD development 
are based on opposing views on whether CFTR is, or is not, 
expressed in the islet and whether mutations in CFTR there-
fore generate islet intrinsic or extrinsic defects that ultimately 
lead to reductions in insulin secretion. Early work by Boom 
et al47 suggested that low-level CFTR messenger RNA could 
be detected in rat beta cells, with alpha cells showing higher 

abundance of the gene. Subsequent studies have shown CFTR 
expression and channel activity in mouse34–37 and human islet 
cells.34,35 Experimental data from isolated primary beta cells, 
beta cell lines, and transgenic animal models have identified 
potential mechanisms that surround the reduction in insulin 
secretion associated with CFTR deficiency.

Insulin secretion was shown to be reduced in studies using 
isolated beta cells exposed to CFTR inhibitors such as 
3-[(3-triflouromethyl)phenyl]-5-[(4-carboxyphenyl)
methylene]-2-thioxo-4 thiazolidinone (CFTRInh-172) and 
CFTR inhibitor II (GlyH-101),35,37,38 in studies on CFTR-
deficient cell lines,38 and in studies on islets from F508del 
mutant mice.37 In primary human beta cells, insulin granule 
exocytosis in response to the cAMP agonists forskolin and 
glucagon-like peptide 1 (which activate CFTR through the 
protein kinase A pathway) was significantly decreased follow-
ing treatment with CFTRInh-172 and GlyH-101.35 On 
measurement of membrane depolarisations, this effect was 
most prominent in the initial depolarisations, which is in line 
with the decreased first-phase insulin secretion reported in 
patients with CFRD.34 This study also reported a novel role for 
CFTR as a regulator of ANO1. CFTR was shown to act 
upstream of ANO1. In addition to reductions in insulin secre-
tion in response to cAMP activators, 2 independent studies 
have reported reductions in glucose-induced insulin secretion 
in models with CFTR interference.37,39 The CFTR inhibitor 
CFTRInh-172 affected beta cell resting membrane potential 
and Ca2+flux in RINmF5 cells.36 Both CFTRInh-172 and 
GlyH101 are potent inhibitors of CFTR. However, as with all 

Figure 1. Summary of the different hypotheses behind the development of cystic fibrosis–related diabetes (CFRD), from initial cystic fibrosis 

transmembrane conductance regulator (CFTR) mutation to its proposed effects in both the endocrine and exocrine pancreas.
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inhibitors, when used at higher concentrations (ie, above 
5-10 µM), off-target effects on volume-sensitive outwardly 
rectifying Cl− conductance have been observed.48 Most studies 
listed here used concentrations of 10 µM of each inhibitor and 
may have been subject to some off-target effects in addition to 
CFTR inhibition. Silencing of CFTR in the MIN6 beta cell 
line caused a significant reduction in the ATP:ADP ratio, and 
this was associated with reduced glucose-induced insulin secre-
tion.38 These results suggest that the first-phase insulin 
response to glucose observed in patients with CFRD may be 
partly attributable to responses mediated by membrane-bound 
voltage-dependent channels. In the CF pig model, glycaemic 
abnormalities and insulin secretory defects were observed in 
newborn animals that went on to develop spontaneous diabetes 
over time.49 These changes took place despite sparing of islet 
mass, suggesting that early functional deficits within the islets 
may play a role in the development of CFRD in this model.

In addition to insulin secretion, CFTR has been reported to 
regulate glucagon release from the pancreatic alpha cell. 
Glucagon secretion was enhanced in response to glucose and 
forskolin following CFTR inhibition in human islets.35 
However, depolarization-induced glucagon secretion was unaf-
fected. Using a mathematical model of alpha cell electrophysi-
ology, the authors suggest that CFTR predominantly regulates 
alpha cell membrane potential.35 Consistently, enhanced gluca-
gon release was also observed in the islets from F508del mice.37 
Through overexpression studies in the alphaTC1-9 cell line, it 
was suggested that wild-type CFTR acts as a glucose-sensing 
negative regulator of glucagon release and that defects in this 
process may contribute to glucose intolerance.37

Further investigations into an F508del mouse model con-
firm a significant reduction in glucose-induced insulin secre-
tion in islets studied ex vivo. However, in contrast to the 
findings of the above studies, the authors concluded that the 
observed reduction in insulin secretion was directly propor-
tional to the reduction in insulin content and did not occur as 
a result of a CFTR-induced beta cell insulin secretory 
defect.37 Furthermore, this study reports that as the mice 
aged, they developed insulin resistance. More recently, several 
studies have been published that suggest that the environ-
ment beyond the islet plays a significant role in islet dysfunc-
tion in CF. Using an inducible mouse model, Hart et  al26 
report that beta cell–specific deletion of CFTR did not affect 
beta cell function, that CFTR was poorly detected in human 
beta cells, and that isolated islets from CF patients with and 
without CFRD displayed relatively normal insulin and gluca-
gon release upon challenge. This study demonstrated signifi-
cant intra-islet inflammation and a reduction in beta cell area 
of around 65% in CF and suggests that these are the primary 
factors driving the development of CFRD. Work in the CF 
ferret model revealed that insulin content was reduced in CF 
in comparison with wild-type ferrets.30 Furthermore, perifu-
sion studies showed that glucose-stimulated insulin secretion 

was reduced in CF neonates at all phases of secretion. 
However, it was shown that CF islets compensated for reduc-
tions in insulin content by secreting a higher proportion of 
insulin than wild-type animals under low glucose concentra-
tions.30 This observation was attributed to higher expression 
of SLC2A1, increased basal inhibition of the KATP channel, 
and increased basal intracellular calcium concentrations. 
Importantly, this study showed that interleukin 6 (IL-6) 
release from CF islets was higher than that of wild-type islets 
and that administration of recombinant IL-6 to wild-type 
islets resulted in a phenotype that was consistent with that of 
CF islets, including reductions in insulin content and an 
increase in the percentage of insulin release under basal glu-
cose conditions.30 Using single-molecule fluorescent in situ 
hybridization, on isolated ferret and human islets, the authors 
report that CFTR colocalised with KRT7-expressing ductal 
cells, but not with endocrine cells. The authors conclude that 
CFTR affects beta cell function via non-cell autonomous fac-
tors derived from islet-associated exocrine-derived cell types. 
Consistent with this theme, a recent report details increased 
interleukin 1β (IL-1β) concentrations in the islets of CF 
patients with and without diabetes, including young children 
under the age of 10.50 In this study, a reduction in beta cell 
mass was not observed, but an increase in alpha cell area was 
evident in the islets of people with CF independent of the 
presence or absence of diabetes.50

Given the condition of the exocrine pancreas in CF, it 
seems unlikely that this environment will not exert a negative 
effect on the islet. The bystander hypothesis suggests that 
pancreatic islets are lost as a secondary consequence of pan-
creatic fibrosis and is a credible explanation of how diabetes 
might occur in older CF patients with long-standing estab-
lished pancreatic disease. However, loss of beta cell mass (but 
not islet mass) has been reported in children, independent of 
the degree of pancreatic fibrosis,33 suggesting that additional 
factors beyond fibrosis and autodigestion of the pancreas may 
play a role in regulating beta cell mass in CF. Furthermore, 
the conflicting data on the role of pancreatic sufficiency in 
glucose tolerance and insulin secretion, and the recent obser-
vation from a small cohort study that over half of children 
tested have glucose responsiveness abnormalities,51 suggest 
that the bystander hypothesis may not fully explain the onset 
of diabetes in the CF population. The consensus from the 
literature suggests that CFTR is detectable in mouse islets 
and in rodent beta cell lines.34,38,39 However the data from 
human islets and in other CF models including the ferret 
vary. Convincing and robust evidence has been presented on 
each side of the argument,34–37 and further studies are emerg-
ing that seek to shed light on this issue. Nothwithstanding 
this debate, recent studies suggest that exocrine-derived par-
acrine signals are detrimental to islet function in CF. Further 
work on exocrine-endocrine interactions is needed to deter-
mine whether these signals are the sole cause of islet 
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dysfunction in CF or whether they compound already exist-
ing secretory defects within the islet (Table 1).

Implications for the Clinical Management of CFRD
Insulin therapy is the most commonly used treatment for 
CFRD. Clinical trials have demonstrated that patients with 
CF benefitted from treatment with insulin as they showed a 
beneficial reduction in weight loss and an increase in body 
fat.52 Insulin therapy before a formal diagnosis of CFRD (but 
with impaired glucose tolerance) has been shown to improve 
clinical status and lung function.53

Several recent studies have examined insulin and islet hor-
mone concentrations following administration of the CFTR 
corrector ivacaftor. Ivacaftor was designed to counter gating 
mutations such as G551D, found in approximately 5% of 
people with CF. Insulin response was found to be improved in 
a small 5-patient cohort following 1 month of Ivacaftor treat-
ment. Each patient in this study had never been on ivacaftor 
therapy before and had varying levels of glucose tolerance, 
including CFRD with and without fasting hyperglycaemia as 
well as normal and impaired glucose tolerance. Insulin secre-
tion in response to intravenous glucose improved by 51% to 
346% in 4 of the patients and it was restored in 2 patients 
who had no response before the trial. Furthermore, insulin 
response to oral glucose improved by 66% to 178% in all 
patients except one with a diagnosis of CFRD.54 A short 
16-week study on 2 siblings with different glycaemic status 
showed that ivacaftor can improve insulin secretion. Following 
the completion of this study, one patient with indeterminate 
glycaemia reverted to normal glucose tolerance and one 
patient with CFRD reverted to indeterminate glycaemia.55 
An improvement in insulin secretion was also observed fol-
lowing 4 months of Ivacaftor treatment in a 12-person cohort 
who had not previously been on ivacaftor therapy. However, 
incretin concentrations were not altered in this study.56 It 
should be noted that improvements in insulin secretion in 
response to ivacaftor treatment may result from overall 
improvements in metabolic health, rather than a direct impact 

on the insulin secretory machinery, and further study is 
required. Despite the promising data from preliminary trials 
with ivacaftor, most CF patients do not have any copies of an 
ivacaftor-targeting mutation. Thomassen et al57 examined the 
effect of dual therapy with lumacaftor-ivacaftor (marketed as 
Orkambi and targeted towards those homozygous for F508del 
mutation), but reported no improvement in glucose metabo-
lism and insulin secretion after 6 to 8  weeks of treatment. 
However, in a long-term 1-year study, glucose tolerance was 
found to be improved in patients homozygous for the F508del 
mutation.58

Due to the ever-increasing life expectancy in patients with 
CF, CFRD is becoming more prevalent, adding a further bur-
den to patients with CF and creating new challenges for treat-
ment. Different treatment programmes have tried to address 
both restoration of CFTR and insulin levels with varying 
degrees of success. There is increasing evidence that factors 
beyond the endocrine pancreas have a significant role to play in 
the development of CFRD. An ongoing clinical trial is cur-
rently exploring the utility of the dipeptidyl peptidase-4 inhib-
itor sitagliptin for the treatment of CFRD.59 Increasing 
incretin concentrations may well help maintain beta cell mass 
and improve insulin secretion in CF.

It is likely that no single hypothesis is sufficient to explain 
the complexity of islet dysfunction in CF, and there is much 
to be learned about how islets function in the inhospitable 
enviroment of the CF pancreas and how secretory defects 
may be restored or prevented. Evidence from young children 
shows reductions in islet size and glucose abnormalities even 
in the absence of overt exocrine damage. It is possible that 
early intervention with drugs designed to maintain beta cell 
mass and to restore CFTR function may aid in slowing the 
onset of CFRD.
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Table 1. Summary of common changes in the endocrine and exocrine pancreas in models of cystic fibrosis–related diabetes.

OBSERvATION MODEL

Reduction in islet area/mass Human26-28,30,33/Cell/Mouse31/Ferret29,30,32

Reduction in beta cell area/mass Human26-28,30,33/Cell/Mouse31/Ferret29,30,32

Impaired insulin secretion Human34,43,46/Cell36,38/Mouse31,34,36/Ferret29,39

Enhanced glucagon secretion Human35/Cell37/Mouse35,37/Ferret

Impaired glucose tolerance Human/Cell/Mouse36/Ferret29

Inflammation Human26,33,50/Cell38/Mouse/Ferret29,32,39

Exocrine pancreatic destruction/insufficiency Human33/Cell/Mouse/Ferret29,30,32

The reported observations have been suggested to play a role in the overall occurrence of glucose abnormalities in cystic fibrosis as well as the development of diabetes.
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Short-term cftR inhibition reduces 
islet area in C57BL/6 mice
Dawood Khan1, Ryan Kelsey1, Rashmi R. Maheshwari2, Virginia M. Stone3, Annie Hasib4, 
fiona n. Manderson Koivula1, Aoife Watson  1, Stephen Harkin1, nigel irwin4, 
James A. Shaw2, neville H. Mcclenaghan4, Viktória Venglovecz5, Attila Ébert5, 
Malin flodström-tullberg  3, Michael G. White2 & catriona Kelly1

Cystic fibrosis-related diabetes (CFRD) worsens CF lung disease leading to early mortality. Loss of 
beta cell area, even without overt diabetes or pancreatitis is consistently observed. We investigated 
whether short-term CFTR inhibition was sufficient to impact islet morphology and function in otherwise 
healthy mice. CFTR was inhibited in C57BL/6 mice via 8-day intraperitoneal injection of CFTRinh172. 
Animals had a 7-day washout period before measures of hormone concentration or islet function were 
performed. Short-term cftR inhibition increased blood glucose concentrations over the course of 
the study. However, glucose tolerance remained normal without insulin resistance. cftR inhibition 
caused marked reductions in islet size and in beta cell and non-beta cell area within the islet, which 
resulted from loss of islet cell size rather than islet cell number. Significant reductions in plasma insulin 
concentrations and pancreatic insulin content were also observed in cftR-inhibited animals. temporary 
CFTR inhibition had little long-term impact on glucose-stimulated, or GLP-1 potentiated insulin 
secretion. cftR inhibition has a rapid impact on islet area and insulin concentrations. However, islet 
cell number is maintained and insulin secretion is unaffected suggesting that early administration of 
therapies aimed at sustaining beta cell mass may be useful in slowing the onset of cfRD.

Cystic fibrosis (CF) is an autosomal recessive condition caused by mutations in the CF transmembrane conduct-
ance regulator (CFTR) gene, which encodes a cAMP activated chloride channel of the same name. CFTR is an 
apical membrane Cl−/HCO3

− channel, which controls epithelial cell salt and fluid secretion across the plasma 
membrane. Abnormal CFTR leads to dehydrated, acidic secretions, which drive CF pathogenesis1. The vast 
majority of morbidity and mortality in CF results from lung disease where a build up of viscous mucous leads to 
bacterial colonisation of the airways and a decline in lung health. However, CFTR is highly expressed in various 
organs including the airways, pancreas and intestine2.

CF-related diabetes (CFRD) is the largest extra-pulmonary co-morbidity in the CF population and signifi-
cantly accelerates lung decline. In comparison to normoglycaemic individuals, patients with CFRD have worse 
pulmonary function, more frequent and severe pulmonary exacerbations, and a greater prevalence of bacteria in 
the sputum3. CFRD is present in 30–50% of adults with CF, and prevalence is rapidly increasing as CF life expec-
tancy improves4. The pathogenesis of CFRD remains poorly understood and extensive debate exists as to the role 
of CFTR in islet function and insulin secretion. Several investigators report CFTR channel activity in mouse5–8  
and human islets5,7 and show insulin and glucagon secretory defects in the absence of functional CFTR5–9. 
Conversely, others report that CFTR expression is very low or absent in human pancreatic endocrine cells10–12 
and suggest that impairments in insulin secretion likely result from decreased islet mass, intra-islet inflammation 
or exocrine-derived inflammatory mediators10,11.

Notwithstanding, the debate surrounding the location of CFTR within the pancreas, compelling evidence 
from human tissue and CF animal models consistently reports reductions in beta cell area and insulin content. 
Seminal studies in the pancreas of CF patients showed marked reductions in beta cell area irrespective of whether 
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diabetes was present or not13,14. This was confirmed in the CF ferret where altered islet morphology and function 
were reported at birth. In this model, a significant increase in the number of small islets was observed in neo-
nates15. Subsequent studies have repeatedly shown reductions in islet mass or beta cell area in animal models of 
CF16–19 and in post mortem pancreas from patients with CF10,20 including children under the age of 4 years20. In 
the latter study, beta cell area was reduced by as much as 50% in children less than 4 years old when compared 
with age-matched controls and this was shown to be independent of the degree of exocrine pancreatic fibrosis 
or the presence/absence of diabetes20. It is therefore clear that decreased islet and beta cell area occurs early in 
the pathogenesis of CF. In this study we wished to explore just how quickly this happened through the creation 
of a mouse model of short-term CFTR inhibition. To determine if any observed impact of CFTR was dependent 
on, or exacerbated by, hyperglycaemia, mice were exposed to CFTRinh172 alone or in combination with strep-
tozotocin. Streptozotocin-induced hyperglycaemia occurs via beta cell toxicity leading to a near absolute insulin 
requirement. The inhibition of CFTR in otherwise healthy animals allows for the assessment of whether CFTR 
has an essential role to play in the maintenance of islet area, whether loss of islet area could be attributed to devel-
opmental deficiencies, or whether loss of islet area is solely driven by a hyperinflammatory state in the pancreas.

Results
Short-term cftR inhibition impacts weight gain. Body weight change over the duration of the 
study is shown in Fig. 1a and the percentage change in body weight from Day -3 to Day 12 is shown in Fig. 1b. 
Control animals had significant weight gain over the course of the study (p < 0.05, Fig. 1a). Animals treated with 
CFTRinh172 alone showed a non-significant trend to weight gain (Fig. 1a). However, their percentage body 
weight gain from the start to the end of the study was significantly lower (60.3 ± 31.17% reduction; p < 0.01) 
than that of control animals (Fig. 1b). Streptozotocin treatment was associated with significant and comparable 
weight loss in the presence or absence of CFTRinh172 co-administration (Fig. 1a,b). Cumulative food and water 
intake were lower than in control animals during administration of STZ and CFTRinh172 alone or a combination 
(Fig. S2, ESM). Treatment of animals with STZ, CFTRinh172 or a combination of the two did not impact bone 
mineral content, bone mineral density or lean mass (Fig. S2, ESM). However, STZ treatment, alone or in combi-
nation with CFTRinh172 was associated with a reduction (p < 0.01) in fat mass (Fig. S2, ESM).

Figure 1. Body weight and blood glucose concentrations. Mice were treated with vehicle control, 
streptozotocin, CFTRinh172, or a combination of the two and (a) body weight over the duration of the study 
(Days -3, 1, 4, 7, 9 and 12), (b) percentage change in body weight from the beginning to the end of the study 
(Day -3 to Day 12), (c) blood glucose concentrations over the duration of the study (Days -3, 1, 4, 7 and 12), and 
(d) percentage change in blood glucose concentrations from the beginning to the end of the study (Day -3 to 
Day 12) were measured. Data are presented as mean ± SEM (n = 7–8 mice for all experiments). (a,c) *p < 0.05 
compared with values at Day -3 (t test). (b,d) **p < 0.01, ***p < 0.001 compared to control animals (One-way 
ANOVA).
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Short-term cftR inhibition does not induce hyperglycaemia or glucose intolerance. Control 
animals showed no change in blood glucose concentration over the course of the study. Animals treated with 
CFTRinh172 alone were not hyperglycaemic (Fig. 1c) but displayed a modest increase in blood glucose over the 
duration of the study (13.75 ± 7.28% increase between Day-3 and Day 12, p < 0.01, Fig. 1d). STZ treatment was 
associated with significant hyperglycaemia (Fig. 1c). STZ and CFTRinh172 co-administration led to a greater 
increase in glucose in comparison to STZ alone (Fig. 1d).

Glucose tolerance was tested over 90 minutes following i.p. administration of a glucose load on Day 12 of the 
study. Administration of CFTRinh172 alone had no significant impact on glucose tolerance (Fig. 2a,b). Multiple 
low dose streptozotocin alone, or in combination with CFTRinh172, was associated with fasting hyperglycaemia 
and abnormal glucose tolerance test (Fig. 2a,b). There were no significant differences between groups in fasting 
(Fig. 2c) or area under the curve serum (AUC) insulin (Fig. 2d). Consistently, calculation of HOMA-IR (Fig. S3a, 
ESM), HOMA-B (Fig. S3b, ESM), QUICKI (Fig. S3c, ESM) and measurement of phosphorylated IRS-1 in liver 
lysates (Fig. S3d), showed that animals treated with STZ, either alone or in combination with CFTRinh172, dis-
played evidence of insulin resistance and poor insulin sensitivity. Mice treated with CFTRinh172 alone were 
insulin sensitive (Fig. S3, ESM).

Short-term cftR inhibition reduces peripheral and pancreatic insulin concentrations. Plasma 
insulin, glucagon, and GLP-1 concentrations were assessed on the final day of the study following 2 hours fasting. 
In addition, the pancreatic content of each islet hormone was also investigated. Insulin concentrations (Fig. 3a,b) 
were reduced (p < 0.01) and glucagon concentrations (Fig. 3c,d) were elevated (p < 0.05) in STZ-treated animals. 
The current data show that short-term CFTR inhibition resulted in significant reductions in plasma insulin con-
centrations (36.40 ± 9.62% reduction, p < 0.01, Fig. 3a) and pancreatic insulin content (39.42 ± 9.74% reduction, 
p < 0.01, Fig. 3b). CFTR inhibition had little impact on glucagon or GLP-1 concentrations (Fig. 3).

Short-term cftR inhibition reduces islet cell size, not number. Sectioned pancreata were stained 
for insulin and glucagon (Fig. 4a). Islet area, beta cell area (insulin positive area) and non-beta cell area (total 
islet area minus insulin positive area) were calculated. Animals treated with STZ showed a reduction in islet size 
(p < 0.01, Fig. 4b), accompanied by a reduction in beta cell area (p < 0.001, Fig. 4c) and a significant increase in 
non-beta cell area (p < 0.001, Fig. 4d). Short-term CFTR inhibition caused significant reductions in islet area 

Figure 2. Glucose tolerance. Mice were treated with vehicle control, streptozotocin, CFTRinh172, or a 
combination of the two. Intraperitoneal glucose tolerance tests were undertaken on study Day 12 (a) Blood 
glucose concentrations and (c) plasma insulin concentrations were assessed immediately before and 15, 30, 
60 and 90 minutes after intraperitoneal administration of glucose (18 mmol/kg body weight). Respective 
areas under the curve for (b) blood glucose and (d) plasma insulin AUCs are also shown. Data are presented 
as mean ± SEM (n = 5–7 mice for all experiments). ***p < 0.001 compared to control animals (One-way 
ANOVA).
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(69 ± 20% reduction, p < 0.001, Fig. 4b), beta cell area (72 ± 20% reduction, P < 0.001, Fig. 4c) and non-beta 
cell area (56 ± 23% reduction, p < 0.001, Fig. 4d). To address whether the reductions in islet size resulted from 
changes in the number of islet cells or changes in the size of islet cells, insulin or glucagon positive cells were 
counted and expressed as a percentage of total islet cells (total DAPI counts per islet). As shown in Fig. 4e,f, 
the proportion of insulin and glucagon-positive cells per islet did not differ between control animals and those 
treated with CFTRinh172 alone. In contrast, the proportion of beta cells per islet decreased and the proportion 
of alpha cells increased in STZ-treated animals with and without CFTRinh172 co-administration. Finally, we 
assessed the percentage endocrine area (calculated as [endocrine area/exocrine area*100] where endocrine area 
comprised the cumulative area for all islets present in each section of tissue) for all animals (Fig. 4g). The mean 
endocrine area for control animals was 7.7 ± 0.8%. The percentage endocrine area of all other groups was signif-
icantly (p < 0.001) lower than that of control animals. The endocrine area of CFTRinh172-treated animals was 
3.4 ± 0.6% (Fig. 4g).

Short-term cftR inhibition does not alter beta-cell transcription factor expression. The pro-
portion of beta cells expressing the transcription factors Pdx-1 and Nkx6.1 was determined by expressing the 
number of cells co-stained for insulin and either Pdx-1 or Nkx6.1 as a percentage of total insulin positive cells. 
Multiple low-dose STZ, alone or in combination with CFTRinh172 significantly (p < 0.01 to p < 0.001) reduced 
the percentage of Pdx-1 (Fig. 5a,b) and Nkx6.1 (Fig. 6a,b) positive beta cells in C57BL/6 mice. No change in the 
percentage of Pdx-1 (Fig. 5a,b) or Nkx6.1 (Fig. 6a,b) positive beta cells was observed in animals treated with 

Figure 3. Islet hormone concentrations. Peripheral plasma concentrations of (a) insulin (n = 10–15), (c) 
glucagon (n = 6–8), and (e) GLP-1 (n = 5–8) were assessed on Day 12 of the study. Additionally, the pancreatic 
content of (b) insulin (n = 6–8), (d) glucagon (n = 7–8), and (f) GLP-1 (n = 5) were assessed in protein 
extracted from pancreatic tissue. All observations were made in mice fasted for 2 hours. Data are presented 
as mean ± SEM for a given number of mice (n) as indicated above. *p < 0.05, **p < 0.01 and ***p < 0.001 
compared to control animals (One-way ANOVA).
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CFTRinh172 alone. Consistently, the mRNA expression of PDX1 (Fig. 5c) or NKX6-1 (Fig. 6c) in isolated islets 
did not differ between control and CFTR-inhibited animals.

Insulin secretion is not influenced by short-term CFTR inhibition. Islets were isolated from mice 
treated with CFTRinh172 alone or vehicle control and challenged with glucose or the cAMP agonist GLP-1. In all 
instances, elevation of glucose concentration in the presence or absence of GLP-1 evoked significant increases in 
insulin release compared with the corresponding control under basal conditions (Fig. 7a). No significant differ-
ences were observed in glucose-stimulated insulin secretion or GLP-1 potentiated insulin secretion between vehi-
cle controls and animals treated with CFTRinh172 when absolute insulin concentrations were measured (Fig. 7a). 
Additionally, no significant differences were detected in the mRNA expression of several glucose sensing genes 
(SCLC2A2, GCK, ABCC8, KCNJ11) in islets from CFTR-inhibited mice (Fig. S4, ESM). However, when insulin 

Figure 4. Islet size and composition. (a) Representative images of pancreatic islets from mice treated with 
vehicle control, streptozotocin, CFTRinh172, or a combination of the two and stained for insulin (green), 
glucagon (red), and the nuclear stain DAPI (blue). (b) Islet area (µm2), (c) beta cell area [insulin positive area] 
(µm2), (d) non-beta cell area [non-insulin positive area] (µm2), (e) beta cell number as a percentage of total islet 
cells [insulin positive cells/DAPI count] and (f) alpha cell number as a percentage of total islet cells [glucagon 
positive cells/DAPI count]. Data are presented as mean ± SEM (n = 5 mice) and calculated from two sections 
of tissue per animal taken at least 200 µm apart. A minimum of 100 islets were counted from a total of 5 animals 
(at least 20 islets per animal). Each data point on the graphs represents one islet. **p < 0.01 and ***p < 0.001 
compared to controls animals (One-way ANOVA).
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Figure 5. Pdx-1 expression. (a) Representative images of pancreatic islets from mice treated with vehicle 
control, streptozotocin, CFTRinh172, or a combination of the two and stained for insulin (green), Pdx-1 (red), 
and the nuclear stain DAPI (blue). (b) Number of Pdx-1 positive cells as a percentage of beta cells (insulin 
positive cells). Data are presented as mean ± SEM (n = 5 mice). A minimum of 50 islets were counted from a 
total of 5 animals (at least 10 islets per animal). Each data point on the graphs represents one islet. ***p < 0.001 
compared to control animals (One-way ANOVA). (c) Relative PDX1 mRNA expression in the isolated islets of 
control animals and those treated with CFTRinh172 alone. Data are presented as mean ± SEM (n = 8).

Figure 6. Nkx6.1 expression. (a) Representative images of pancreatic islets from mice treated with vehicle 
control, streptozotocin, CFTRinh172, or a combination of the two and stained for insulin (green), glucagon 
(red), Nkx6.1 (grey), and the nuclear stain DAPI (blue). (b) Number of Nkx6.1 positive cells as a percentage of 
beta cells (insulin positive cells). Data are presented as mean ± SEM (n = 5 mice). A minimum of 50 islets were 
counted from a total of 5 animals (at least 10 islets per animal). Each data point on the graphs represents one 
islet. ***p < 0.001 compared to control animals (One-way ANOVA). (c) Relative NKX6-1 mRNA expression in 
the isolated islets of control and CFTR-inhibited mice. Data are presented as mean ± SEM (n = 8).
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secretion was adjusted for pancreatic insulin content, the fraction of insulin released from islets isolated from 
CFTRinh172-treated mice was significantly higher (p < 0.001) than that of vehicle controls under basal (1.1 mM) 
glucose concentrations (Fig. 7b).

Short-term cftR inhibition generates pancreatic and intestinal phenotypes that are consistent  
with cf disease. H&E staining of the pancreas revealed a significant (p < 0.001) reduction in islet size 
(Fig. 8a,b) and an increase (p < 0.01) in ductal area (Fig. 8a,c) in CFTR-inhibited animals consistent with obser-
vations from ΔF508 and CFTR KO mice (Fig. 8). Pancreatic inflammation is consistently reported in CF disease 
and recent work has shown that IL-6 plays a key role in islet dysfunction in CF ferrets11. In the current study, 
short-term CFTR inhibition did not cause an increase in IL-6 concentrations in the pancreas (Fig. S5, ESM) and 
there was little histological evidence of inflammatory cell infiltrate (See Fig. S7, ESM). Finally, intestinal villus 
height was not influenced by short-term CFTR inhibition, consistent with the ΔF508 model (Fig. S8, ESM).

Sirius red/fast green staining was undertaken to determine if there was any evidence of early stage fibrosis in 
the tissues of animals treated with CFTRinh172. Despite occasional evidence of additional collagen deposition 
around the pancreatic ducts and within the basement membrane of the intestine, the overall % area stained for 
Sirius red did not differ between control and CFTR-inhibited animals (Fig. S9, ESM).

Discussion
In the present study we generated a mouse model of short-term (8 day) CFTR inhibition using low-dose treat-
ment with the pharmacological CFTR inhibitor, CFTRinh172, in otherwise healthy mice. CFTRinh172 is a small 
molecule containing 2-thioxo-4-thiazolidinone core that acts to inhibit CFTR Cl− channel function by binding 
to the first nucleotide-binding domain of CFTR and stabilising closed channel state21,22. Following short-term 
administration of this inhibitor, we observed marked and consistent reductions in islet size that were associated 
with reduced pancreatic insulin content and reduced circulating insulin concentrations. Our data show that loss 
of CFTR function, even on a short-term basis is sufficient to mediate reductions in islet size and insulin content.

Previous studies have suggested that beta cell dysfunction and insulin deficiency results in impaired glucose 
tolerance in the majority of CF patients23. Glucose abnormalities are frequently observed in children with CF 
and in very rare cases, have been reported in infants under the age of 224–27. In the current study, CFTR-inhibited 
animals displayed a modest increase in blood glucose concentrations but were not diabetic. The animals also had 
normal glucose tolerance in response to an intraperitoneal glucose challenge. None of the observed effects of 
CFTR inhibition were dependent on, or exacerbated by, hyperglycaemia.

Islet area was reduced by some 70% in the present study, with beta cell and non-beta cell areas similarly 
reduced. Recently, Rotti et al.18 detailed changes in islet composition in CF ferrets of increasing age and phases 
of glycaemic regulation. In the ferret model, newborn animals and those up to the age of 4 months, displayed 
relatively similar distribution of insulin, glucagon and somatostatin positive cells. When the number of insulin, 
or glucagon-positive cells were counted as a percentage of total islet cells in this model of short-term CFTR inhi-
bition, it was evident that the reduction in islet size resulted from smaller islet cells rather than loss of cells. This is 
consistent with recent observations in the ΔF508 mouse19 and raises the attractive possibility that early interven-
tions to prevent reductions in islet mass may assist in the maintenance of normal islet size and function in CF. In 
line with the reductions in islet size, insulin content and peripheral insulin concentrations were also significantly 
reduced. Glucagon and GLP-1 concentrations were spared in this model.

Reductions in insulin secretion in the face of glucose challenge have been reported in several CF ani-
mal15,16,19,28 and cell models5–9, and in patients with CF28–33. Fontes et al.17 report that impairments in insulin 
secretion from the isolated islets of ΔF508 mice result from reductions in insulin content associated with loss of 
beta cell mass. Short-term CFTR inhibition had little impact on glucose-stimulated, or GLP-1 potentiated, insulin 
secretion in the current study even in the absence of any adjustment for insulin content. However, it should be 

Figure 7. Glucose stimulated insulin secretion. Islets were isolated from animals treated with vehicle control 
or CFTRinh172 and exposed to 1.1 mM glucose, or 16.7 mM glucose ± 10 nM GLP-1 for 1 h. (a) Static insulin 
release was measured by ELISA with *p < 0.05, **p < 0.01 and ***p < 0.001 compared to either 1.1 mM or 
16.7 mM glucose as indicated in the Figure (one-way ANOVA). (b) Data was adjusted for pancreatic insulin 
content under basal (1.1 mM) glucose conditions with ***p < 0.001 compared to corresponding control 
animals (t test). Data are presented as mean ± SEM (n = 8–10 for all experiments).
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noted that the inhibitor used here is reversible and therefore the washout period of 7 days may mean that an acute 
secretory defect was missed. However, it is noteworthy that the reductions in islet size and insulin content did 
not impact insulin secretion in response to challenge. Importantly, the fraction of insulin secreted under basal 
conditions was higher in CFTR-inhibited mice than vehicle controls, consistent with recent observations in the 
CF ferret11. This may explain the ability of these islets to function well in the face of GLP-1 challenge despite sig-
nificant reductions in size and insulin content.

Prior use of CFTRinh172 in vivo caused defects in the nasal epithelial ion transport in mice34, and reduced 
efficacy in submucosal gland fluid secretion in pig and human airways35. Nonetheless, we were conscious of the 
use of a pharmacological inhibitor of CFTR, which has the potential to generate off-target effects11,36,37. We have 
taken several steps to minimise this risk including low-dose use of the inhibitor, which has been reported to limit 
the potential for aberrant effects36. The literature suggests that mice will tolerate up to 50 mg/kg per day for 1 
week, or 3 mg/kg CFTRinh172 twice daily for a period of 6 weeks with little evidence of toxicity38. In the current 
study, we used the lower dose and administered the treatment once daily. Animals were also allowed a wash-out 
period of one week before most of the data presented here (including islet hormone concentrations, insulin secre-
tion and morphological analyses) were assessed. Although CFTR-inhibited animals weighed a little less than the 
control group, they otherwise appeared to tolerate the treatment well.

To further validate our model of short-term CFTR inhibition, we sought to characterise the phenotype created 
following CFTR inhibition and to compare this directly with a transgenic CF mouse model (ΔF508)39, a CFTR 
KO model40 and the known literature on CF disease. The pancreatic and intestinal phenotypes of CFTR-inhibited 
mice were largely consistent with CF disease. Islet size was reduced in CFTR-inhibited animals, and the ΔF508 
and CFTR KO animals, consistent with the literature17,19. In addition, ductal dilatation, a hallmark of CF dis-
ease, was evident in all three mouse models studied here. Intestinal villi height is occasionally reduced in CF41. 
However, in both the CFTR-inhibited model and the ΔF508 model, we observed no change in villi height.

Recent work suggested that pancreatic IL-6 concentrations contribute to islet dysfunction in CF ferrets11. 
However, IL-6 concentrations were not elevated in our model of CFTR inhibition and there was little histological 
evidence of inflammatory cell infiltrate within the islets. The absence of inflammation in this model does not 
negate the role of pancreatitis and intra-islet inflammation in the pathogenesis of CFRD. Indeed, it seems implau-
sible that the pancreatic environment in advanced CF disease would not impact islet function. However, these 

Figure 8. Pancreatic morphology. Representative H&E stained sections of the (a) pancreas of CFTRinh172-
treated mice and vehicle controls (both n = 5), transgenic ΔF508 mice and wild-type controls (both n = 3), 
CFTR KO mice (n = 3) and wild-type controls (n = 2). Islets are denoted by dashed white circles with pancreatic 
ducts identified by dashed rectangles. (b) Islet area and (c) pancreatic ductal area have been quantified. 
Values represent mean ± SEM calculated from two sections of tissue per animal taken at least 200 µm apart. 
A minimum of 20 data points (at least 10 per section) were collected for each animal. Each data point on 
the graphs represents one islet/duct. **p < 0.01 and ***p < 0.001 compared to corresponding control/wild 
type animals (t test). Please note that the representative image of the pancreas shown for the ΔF508 mice is a 
composite. The complete image is presented in Fig. S6, ESM.

300

https://doi.org/10.1038/s41598-019-47745-w


Scientific RepoRtS |         (2019) 9:11244  | https://doi.org/10.1038/s41598-019-47745-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

findings show that islets are impacted early after loss of CFTR, and suggest that these changes, even in the absence 
of overt inflammation/proinflammatory cytokine signalling, may contribute to islet dysfunction.

Here we report that short-term CFTR inhibition does not cause clinically significant glucose abnormalities, 
nor is it associated with spontaneous development of diabetes, a long-term defect in the secretory capacity of 
islets, pancreatic inflammation or fibrosis. This is in contrast with much of the published literature discussed 
above. It is likely that the acute duration of CFTR inhibition examined in this study was insufficient to trig-
ger several defects often associated with age. For example, Fontes et al.17 report glucose intolerance in 24-week 
old ΔF508 mice, but not in 12-week old animals. Moreover, we found little evidence of pancreatic inflamma-
tion in CFTR-inhibited animals as has been reported in transgenic animals11 and in adult CF patients10,20 where 
chronic disease has persisted for periods far beyond the acute 8-day duration of CFTR inhibition examined here. 
Consistently, pancreatic inflammation is less commonly observed in CF children20. Furthermore, the washout 
period following CFTR inhibition and the reversible nature of the inhibitor itself may mean that an acute func-
tional secretory defect has been missed.

In conclusion, the present observations provide further evidence that CFTR is essential to the maintenance 
of islet size and insulin content within the pancreas. The current model of global CFTR inhibition does not allow 
for distinction between islet intrinsic versus extrinsic roles of CFTR. However, the data shows that inhibition of 
CFTR has a rapid impact on islet size. Importantly, the use of healthy adult mice in this study excludes the possi-
bility that early loss of islet mass in the absence of functional CFTR is purely a developmental issue. The absence 
of inflammation in our model raises the possibility that additional trophic factors beyond the pancreas may be 
regulating islet mass in this state. The observations that (1) islet cell number is maintained even in the face of a 
reduction in area and that (2) the secretory capacity of islets is sustained despite significant reductions in insulin 
content, suggest that early administration of therapies aimed at sustaining beta cell mass may be useful in slowing 
the onset of CFRD.

Methods
Animal models. Animal studies were conducted in male C57BL/6 mice exposed to a pharmacological 
inhibitor of CFTR, CFTRinh172. Experiments were licensed according to UK Home Office regulations (UK 
Animals Scientific Procedures Act 1986) and associated guidelines (EU Directive 2010/63/EU) and approved by 
the University of Ulster Animal Ethics Review Committee. The pancreatic (and where possible, intestinal) phe-
notypes of CFTR-inhibited mice were compared with those of Cftrtm1EUR mice39, hereafter referred to as ΔF508 
mice, and CFTR KO mice40. Further information on the age, genetic background, and the husbandry and mainte-
nance of the mice is provided in the methods section of the electronic supplementary material (ESM).

In vivo studies. C57BL/6 mice were age-matched and grouped based on their fasted blood glucose and body 
weight. The dosing regimen is described in Fig. S1 (ESM). In brief, animals received once daily intraperitoneal 
(i.p.) injections of vehicle control (DMSO) or CFTRinh172 (3 mg/kg body weight) for 8 consecutive days starting 
on Day -3. To determine if the effects of CFTR inhibition were dependent on, or exacerbated by, hyperglycae-
mia, CFTRinh172 was administered alone or in combination with a low dose streptozotocin (STZ; 50 mg/kg 
body weight) regimen, which began on Day 0 of the study and continued for 5 consecutive days. This resulted 
in the creation of 4 groups of animals: (1) vehicle control; (2) STZ-treated; (3) CFTRinh172-treated; and (4) 
STZ + CFTRinh172-treated. Specific information on the routine measurement of body mass composition, blood 
glucose and glucose tolerance tests are given in Fig. S1 and in the methods section of the ESM.

After a 7-day washout period, mice were killed by Schedule 1 methods and pancreata, intestines and terminal 
blood samples collected. Pancreata were halved longitudinally from head to tail with one half used for histology 
and the other half used for islet isolation or determination of islet hormone content as described below and in 
the ESM.

Determination of islet hormone concentrations. Commercially available ELISAs were used to meas-
ure insulin (Ultra-sensitive murine insulin ELISA, Mercodia), glucagon (Glucagon Quantikine ELISA Kit, R&D 
Systems) and GLP-1 (GLP-1 EIA Kit, Sigma-Aldrich) concentrations according to the manufacturers’ instruc-
tions. Further details on the processing of plasma and pancreatic protein extract for assessment of islet hormone 
concentrations is given in the methods section of the ESM.

islet isolation and determination of insulin secretion. Islets were isolated from vehicle control 
and CFTR-inhibited mice by collagenase digestion, as previously described42. Islets were cultured overnight in 
RMPI supplemented with 10% FBS and 1% Penicillin/Streptomycin at 37 °C and 5% CO2 prior to experimenta-
tion. Batches of ten islets underwent static incubation in basal glucose (1.1 mM D-glucose) for 1 hour, followed 
by exposure to test solution (1.1 mM D-glucose, or 16.7 mm D-glucose ± 10 nM GLP-1) for a further 1 hour. 
Supernatants were collected and the secretion of insulin assessed by ELISA (Ultra-sensitive murine insulin 
ELISA, Mercodia).

expression of islet regulatory genes. The mRNA expression of islet regulatory genes was assessed 
by qPCR. mRNA was extracted from isolated mouse islets42 using a RNeasy Mini Kit following manufactur-
er’s instructions (Qiagen, UK). mRNA (200 ng) was reverse transcribed to cDNA using transcriptor first strand 
cDNA synthesis kit (Roche, Burgess Hill, UK). UK). qPCR was performed on a Lightcycler 480 System (Roche, 
UK) using custom designed probes (Roche). Probe IDs are provided in Table S1 (ESM) and further information 
on cycling conditions and quantification of relative expression are available in the methods section of the ESM.

Immunofluorescent staining of pancreatic tissue. Pancreatic tissues were immediately fixed, pro-
cessed and embedded in paraffin wax using an automated tissue processor (Leica TP1020, Leica Microsystems, 

301

https://doi.org/10.1038/s41598-019-47745-w


Scientific RepoRtS |         (2019) 9:11244  | https://doi.org/10.1038/s41598-019-47745-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Nussloch, Germany), as described previously43. Tissues were stained with appropriate primary (Table S2, ESM) 
and secondary antibodies (Table S3, ESM). Full details on tissue processing and staining are given in the ESM. 
Slides were mounted with anti-fade mounting medium (Vectashield, Vector Laboratories) with DAPI and viewed 
using a Nikon A1 confocal microscope (Nikon UK Limited, Surry, United Kingdom). All staining procedures and 
image analysis were carried out in a blinded manner.

phenotypic characterisation of pancreatic and intestinal tissue. Pancreata and intestines from mice 
treated with CFTRinh172, ΔF508, and CFTR KO mice and corresponding control animals were fixed, processed 
and sectioned as described. Haematoxylin and Eosin staining (H&E) was conducted as previously described44. 
Quantification of collagen deposition was conducted using the sirius red/fast green method. Briefly, 4 μm sections 
were deparaffinised, rehydrated and incubated in 0.1% Fast Green for 5 minutes. Following rinsing in distilled 
water, sections were incubated in 0.5% Sirius Red for 10 minutes before counterstaining with Haematoxylin, 
rinsed in Scott’s Tap Water and mounted with Pertex (CellPath).

image analysis. For measurements of islet size, beta cell area, non-beta cell area and endocrine:exocrine 
area, two sections of tissue separated by at least 200 µm were analysed for each animal. Measurements from a 
minimum of 20 data points (i.e. at least 10 islets per section) were collected per animal from at least 5 different 
mice. Nikon NIS-AR image analysis software (NIS Elements) was used to analyse islet parameters including islet 
area, alpha cell area (glucagon positive area) and beta cell area (insulin positive area), expressed as µm2. Islet 
parameters were determined using the ‘closed polygon’ tool in analysis software. The number of cells per islet 
were manually counted using cell counter in ImageJ software. For assessment of the percentage Pdx-1 and Nkx6.1 
positive cells within the islet, analyses were performed on at least 10 islets per animal from five different mice and 
further validated by qPCR.

Statistical analysis. Statistical analysis was performed using GraphPad PRISM (La Jolla, CA, USA; ver-
sion 7). Data are presented as mean ± SEM for a given number of observations (n) as indicated in the Figures. 
All samples were numbered and blinded, and researchers were unblinded only when analyses were complete. 
Differences between groups were compared using one-way ANOVA or unpaired 2-tailed Student’s t test as appro-
priate. Statistical significance was accepted at p < 0.05.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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