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ABSTRACT 

Type 2 Diabetes (T2D) and Alzheimer’s disease (AD) are chronic diseases 

with many similarities, including shared risk factors and patient demographics. 

Both diseases also demonstrate accumulations of amyloidogenic plaque in 

vital organs that disrupt cellular function and metabolism, eventually leading to 

cell death. Mounting evidence shows that two amyloidogenic peptides in 

particular, AD-associated beta-amyloid (Aβ) and T2D-associated islet amyloid 

polypeptide (IAPP), co-aggregate and co-deposit together in the brain and 

pancreatic islets. The effects of the interaction between these amyloidogenic 

peptides on different cell types within the brain and peripheral tissues are not 

understood. With a focus on tissues relevant to T2D, the thesis aimed to 

determine and compare the effects of Aβ, IAPP, and the combination of both, 

on pancreatic β-cells and skeletal muscle cells. 

Initially, pancreatic islets were analysed from transgenic mice expressing 

human Aβ-Precursor Protein (APP) or human IAPP, and a novel double 

transgenic (DTG) mouse expressing both APP and IAPP. Amyloid plaque 

deposition, insulin function, inflammation, and cell stress markers within the 

islets were analysed by immunofluorescent microscopy. Amyloid plaque was 

only detected in IAPP and DTG mice, with significantly increased amyloid 

detected in islets of DTG mice. Insulin staining was reduced, and levels of 

macrophages were increased in DTG mice compared to other models, and 

these changes correlated with amyloid severity. These results indicated an 

exacerbated pancreatic pathology associated with increased amyloid 

accumulation in mice expressing both IAPP and APP, suggesting that co-

aggregation of Aβ and IAPP have greater impact on islet (and in particular β-

cell) function, compared to either peptide alone.  

To explore this further BRIN-BD11 rat pancreatic β-cells were treated with 

IAPP, Aβ and IAPP-Aβ combinations. IAPP-Aβ combinations significantly 

reduced cell viability and enhanced stress markers compared to IAPP or Aβ 

alone. Although all amyloid treatments reduced insulin secretion, IAPP-Aβ 

aggregates induced the greatest reduction in glucose-stimulated insulin 
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secretion (GSIS). Apart from a reduction in GSIS, Aβ did not alter β-cell viability 

or metabolism. Mitochondrial function was reduced similarly by both IAPP-Aβ 

and IAPP, despite differences in cytotoxicity. These in vivo and in vitro findings 

support the hypothesis that IAPP and Aβ cross-seed in pancreatic islets to 

exacerbate amyloid accumulation and increase cell toxicity. 

Skeletal muscle is an insulin-sensitive tissue that can be impacted by insulin 

resistance / T2D. Few studies have explored the effects of amyloidogenic 

peptides in muscle and none have yet explored the impact of IAPP-Aβ. To 

address this, Human Skeletal Muscle Myoblasts (HSMMs) that had been 

differentiated into mature myotubes were treated with IAPP, Aβ, and IAPP-Aβ 

The IAPP-Aβ combination significantly reduced cell viability and increased cell 

stress in differentiated HSMM cells compared to other amyloid treatments. All 

amyloid treatments reduced glucose uptake regardless of toxicity. IAPP and 

IAPP-Aβ aggregates again reduced mitochondrial function in a similar manner, 

despite differences in overall toxicity. In summary, this thesis has provided 

novel insight into an understudied area on how Aβ and the cross-seeding of 

IAPP-Aβ impact peripheral tissues relevant to T2D. The findings demonstrate 

a greater propensity for IAPP-Aβ to be cytotoxic in these tissues and provided 

insight into underlying mechanisms. Surprisingly, unlike in neuronal cells, Aβ 

did not induce significant cytotoxicity in pancreatic β-cell or muscle cells, 

suggesting that Aβ requires cross-seeding to have a role in T2D pathology. 

These findings could have significant implications for the knowledge, 

treatment, and management of T2D.
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• A table of contents, an index of tables and figures, and a list of 

abbreviations are available for ease of reference. 

• Chapter 1 is a literature review which aims to summarise the current 

literature in the field and the significance of the work. This includes a 

statement of the specific research aims. 

• Chapter 2 is a materials and methods section subdivided into two main 

sections; a section on techniques involving murine tissue samples and 

a section on techniques involving in vitro cell lines. 

• Chapter 3 , Chapter 4 , and Chapter 5 feature the results of the project, 

including a chapter-specific abstract, introduction, aim, materials and 

methods, and discussion. 

• Essentially, these chapters are designed to be read as both the 

results chapters of a traditional thesis and as stand-alone 

manuscripts. 

• Chapter 6 is a final discussion, where the findings of the results chapters 

are compiled, examined, and considered in the context of the current 

literature. 

• Chapter 7 and Chapter 8 are the references and appendices, 

respectively, cited throughout the project where necessary. 

• Enjoying a hot beverage is recommended while reading, unless the time 
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CHAPTER 1  Literature Review 

1.1 Introduction 

Type 2 diabetes mellitus (T2D) is a metabolic disorder characterised by 

chronic hyperglycaemia that (if not managed appropriately) can cause 

irreversible damage to vital organs and tissues [1]. In recent years, there has 

been extensive evidence for an association between T2D and Alzheimer’s 

disease (AD), a neurodegenerative disorder characterised by progressive 

cognitive decline, behavioural changes, and reduced activities of daily living 

and executive function leading to eventual death [2-5]. At first glance, there 

appears to be little connection between these two diseases, but there are many 

clinical, epidemiological, and pathological links between T2D and AD. 

Both T2D and AD are chronic diseases affecting older populations, and both 

can result in the death of the patient [1, 5]. They also share risk factors, 

including genetic susceptibility, obesity, age, sedentary lifestyle, and affect 

shared populations of people [1, 5]. Evidence suggests that a diagnosis of T2D 

increases the risk of developing AD by 65% [2, 3], while patients with AD have 

an increased risk of developing insulin resistance and T2D [4]. In addition to 

epidemiology, there are also common physiological links. T2D and AD both 

have dysfunction in insulin signalling [6-9], chronic inflammation [10-12], 

oxidative stress [10, 13, 14], and the focus of this thesis, plaque accumulation 

composed of amyloidogenic peptides in vital organs [15, 16]. 

‘Amyloidogenic’ is a term given to proteins and polypeptides that have a high 

propensity to misfold and aggregate into abnormal and / or unregulated 

conformations. Currently, a total of 37 pathological human amyloid proteins 

have been documented to play a role in human diseases. A further 4 amyloid 

proteins have been found not to be associated with disease and are functional 

in the human body in their aggregated states [17, 18]. Despite originating in 

different tissues and having dissimilar structures and functions, these proteins 

progressively aggregate from monomeric peptides to oligomeric 

intermediates, and finally into an insoluble fibrillar morphology with a β-sheet 

secondary structure [19, 20]. Insoluble fibrillar amyloidogenic peptides can 
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deposit in vital tissues as amyloidogenic plaque and the intermediate 

aggregates can contribute to a variety of disorders. In T2D and AD, the 

relevant amyloidogenic peptides are islet amyloid polypeptide (IAPP) and β-

amyloid (Aβ) [21, 22].  

IAPP is a small hormone-polypeptide known to aggregate and deposit in the 

pancreatic islets, and has been associated with islet dysfunction in T2D [23]. 

Similarly to the mechanism(s) of pancreatic dysfunction, the peptide Aβ 

accumulates in the brain in patients causing neuronal dysfunction and death 

[16]. Importantly, recent research indicates that IAPP and Aβ may cross-seed 

and co-localise in common tissues, predominantly the brain and pancreatic 

islets [24, 25]. Although the impact of IAPP on T2D is well-established, the role 

of Aβ (individually and in combination with IAPP) has not yet been explored. 

This chapter aims to explore the literature on IAPP and Aβ in the 

pathophysiology of T2D. 

1.2 Type 2 Diabetes Mellitus 

1.2.1 Definition and Risk Factors 

In Australia, an estimated 5.6% of the adult population (approximately 1.3 

million people) have a form of diabetes [26-28]. Globally, approximately 1 in 2 

(46%) of those with diabetes are not diagnosed and, therefore, untreated. 

However, in Australia, only 1 in 4 Australians (25%) with diabetes are 

suspected to be undiagnosed [28]. This discrepancy has been largely 

attributed to differences in quality of health care and income level, since low- 

and middle-income countries account for 87% of global diabetes-related 

deaths, only spending 35% of global diabetes-related health expenditure, and 

are predicted to have a higher increase in the number of cases of diabetes by 

2045 (up to a 143% increase in the predicted cases compared to the global 

average of a 51% increase) [27]. Despite this, according to the Australian 

Institute of Health and Welfare National Mortality Database, 16700 preventable 

deaths were directly attributed to diabetes or a diabetic complication in 2018 

alone [29]. 
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Diabetes is divided into individual subtypes, depending on the particular type 

of insulin action deficiency, including Type 1 Diabetes (T1D), T2D, Gestational 

Diabetes, and other rarer forms with a genetic cause. T1D is predominantly 

characterised by a deficiency in insulin production resulting from an 

autoimmune reaction that destroys insulin-secreting pancreatic β-cells. 

Although T1D occurs more frequently in children, it can occur at any age and 

often occurs suddenly [30]. In comparison, T2D (the most prevalent form of 

the disease, accounting for 85-90% of total diabetic cases [31]) has a more 

gradual onset and occurs more frequently in older adults (mainly > 60 years). 

The predominant risk factor for development of T2D is obesity, typically 

determined by body mass index (BMI), a ratio of body weight to height, 

intended to give an insight into an approximate amount of body fat. Research 

indicates that the risk of T2D has a positive causal association with BMI [32-

34]. Ageing is another important risk factor, as the risk of developing T2D 

increases with age, although recent studies indicate an increase in the 

diagnosis of T2D in young adults and adolescents [35-37]. This is 

predominantly believed to be the result of increased obesity in younger 

populations, as BMI was found to have a direct correlation with the age of onset 

of T2D, such that adults who were more obese at a younger age had a higher 

risk of developing T2D than those who were obese at a later age. [35, 38, 39]. 

Studies also suggest that men are more likely to develop T2D than women, 

probably as a result of a higher accumulation of abdominal visceral fat due to 

male sex hormones (known as “android” obesity) [40]. Consistent with these 

findings, transwomen who have undergone hormone therapy and / or 

orchiectomy are less likely to develop diabetes-associated pathology than cis-

men [41]. 

In addition, genetics and inheritance play an important role in determining who 

will develop T2D. For example, people of Asian, Hispanic, and African descent 

are more at risk than those of Northern European descent in US populations 

[42]. Indigenous populations, such as those in the US and Australia, are also 

more likely to develop T2D than non-indigenous populations [36, 43]. Similarly, 

those with a family history of T2D are more likely to develop it themselves, 

evidenced by 74-100% of people recently diagnosed with T2D in the US and 
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the UK having first- or second-degree family members with T2D [37, 44]. 

However, phenotype-based risk models that use nongenetic variables such as 

age, sex, BMI, and diet, are still more likely to predict a future diagnosis of T2D 

than current genotype-based risk models, indicating that genetics alone is not 

enough to accurately determine the probability of developing T2D [45]. 

1.2.2 Pathophysiology of Type 2 Diabetes 

The hallmark of T2D, chronic hyperglycaemia, results from an inability of 

pancreatic islets to produce enough insulin, ineffective use of the insulin by 

peripheral tissues, or a combination of both [29]. Under heathy physiological 

conditions, an increase in blood glucose triggers β-cells of the pancreatic islets 

to release insulin, which promotes glucose transport into peripheral tissues for 

use in energy production and storage [46, 47]. Elevations in blood glucose 

result in an increased passive entry of glucose into β-cells via Glucose 

Transporter 2 (GLUT2) channels, which is rapidly converted to pyruvate by 

glycolysis for entry into the TCA cycle in mitochondria (Figure 1A) [48]. 

Increased mitochondrial activity results in an enhanced ATP : ADP ratio in the 

β-cell, closing ATP-sensitive K+ channels [49]. Closure of these channels 

causes depolarisation of the cellular membrane, opening voltage-gated 

calcium (Ca2+) channels and resulting in an influx of Ca2+ that triggers insulin 

exocytosis into the blood [48, 49]. 
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Figure 1. Insulin function in healthy individuals. Glucose enters pancreatic β-cells via 

specialised GLUT2 receptors and is broken down into key metabolites to enter the TCA cycle 

inside mitochondria. The subsequent increase in ATP output closes ATP-sensitive K+ 

channels on the cell membrane, resulting in membrane depolarisation and the opening of 

voltage-dependent Ca2+ channels. The influx of intracellular Ca2+ triggers insulin exocytosis 

(A). Insulin is transported in the bloodstream to peripheral tissues (such as myocytes) where 

insulin receptors are located. Binding to insulin receptors activates downstream signalling 

cascades, mediated by activated (phosphorylated) Akt, to translocate GLUT4 receptors to the 

cellular membrane, allowing the passage of glucose into the cell. Retrieved and adapted from 

‘Insulin Production Pathway’ template by author with Biorender.com (2023). 

https://biorender.com/
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In insulin-sensitive peripheral tissues, including the liver, skeletal muscle, and 

adipose tissue, insulin binds to the insulin receptor on the cell membrane [50]. 

This activates downstream signalling cascades mediated by activation of Akt 

via phosphorylation at the residues of threonine 308 (T308) and serine 473 

(S473) [50]. Although the effects of phosphorylated Akt (pAkt) are widespread, 

the resultant effect is the translocation of intracellular glucose transporter 

isoform 4 (GLUT4) channels to the cell membrane to allow the influx of glucose 

for cell respiration and energy production (Figure 1B) [51]. A deficiency in 

insulin production, or a decrease in insulin receptor affinity for insulin, results 

in hyperglycaemia, reduced mitochondrial oxidative phosphorylation, impaired 

fatty acid oxidation, intracellular lipid accumulation, reduced glycogen 

synthesis, increased cytotoxic reactive oxygen species (ROS), and activation 

of inflammatory signalling pathways in peripheral tissues [52-54]. 

Peripheral insulin resistance occurs early in disease progression, often in a 

prediabetic state [1]. The cause of insulin resistance is poorly understood, 

although there are several important risk factors associated with its 

development, including factors similar to T2D such as obesity, age, poor diet, 

genetics, sedentary lifestyle, and hormonal dysregulation [11, 55-57]. In 

addition, chronic systemic inflammation can contribute significantly to the 

development and severity of insulin resistance [10, 11]. Regardless, when 

peripheral tissues develop a resistance to insulin, glucose cannot be properly 

transported and used, resulting in hyperglycaemia. As a result, insulin demand 

increases and T2D eventually develops when the β-cells fail to sufficiently 

compensate for the insulin resistance [58, 59]. 

In healthy individuals, there is a hyperbolic relationship between insulin 

secretion and peripheral insulin sensitivity, where decreases in insulin 

sensitivity result in increases in insulin secretion [7, 60]. However, in insulin-

resistant individuals, pancreatic islets eventually undergo functional 

adaptations to enhance glucose-stimulated insulin secretion (GSIS), such as 

increased β-cell mass, greater amplitudes of action potentials, modified 

exocytotic efficiency, and increased intracellular Ca2+ to compensate [61]. As 

insulin resistance increases and / or worsens, chronic compensatory 

hyperinsulinemia promotes islet dysfunction, including reduced intercellular 
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communication between individual β-cells, reduced density of ATP-sensitive 

K+ channels, and impaired cell cycle progression [62-64]. Furthermore, factors 

external to islet function, such as hyperlipidaemia and inflammatory cytokines, 

contribute to β-cell distress and dysfunction [7, 60]. Eventually, the β-cell mass 

and function declines due to increased β-cell apoptosis under stress [7, 62]. 

Although islet dysfunction and peripheral insulin resistance are the defining 

features of T2D, an additional key pathological feature is the accumulation of 

intra-islet amyloid plaque. Approximately 90% of individuals with T2D show 

pancreatic amyloid deposition on post-mortem examination [21, 65-67]. In 

comparison, up to 15% of non-diabetics show amyloid plaque pathology [66-

69]. Comparing islet plaque composition, 40% of these non-diabetic individuals 

show general amyloidosis [69], while the islet amyloid plaque identified in 

diabetic patients is primarily composed of the hormone peptide IAPP (also 

called IAPP) [65]. IAPP can begin to deposit early in T2D disease 

development, and has been associated with both a progressive decline of β-

cell mass and increased disease severity [70, 71]. 

1.3 Islet Amyloid Polypeptide 

1.3.1 Synthesis, Secretion, and Clearance 

IAPP is a 37 amino acid hormone polypeptide co-secreted with insulin from 

pancreatic islet β-cells (Figure 2) [72]. IAPP is primarily defined in the literature 

by its propensity to misfold and aggregate into cytotoxic oligomeric and fibrillar 

structures that deposit in critical tissues in the body, such as the pancreas [73]. 

However, under healthy non-amyloidogenic conditions, IAPP assists insulin in 

the regulation and management of postprandial glucose levels, where it 

stimulates the satiety response, regulates gastric emptying, and suppresses 

glucagon secretion from the α-cells in the pancreatic islet [59]. Although IAPP 

mRNA is found in many tissues in the body, including the central nervous 

system and gastrointestinal (GI) tract, the vast majority of IAPP synthesis and 

secretion occurs in pancreatic islets [74-76]. 
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Figure 2. Monomeric Structure of human IAPP. IAPP, also called Amylin, is a pancreatic 

peptide hormone comprised of 37 amino acids, with a disulphide bond between resides 2 and 

7 and an amidated C-terminus. Figure adapted from Hayden et al. [77]. 

The IAPP gene is located on chromosome 12 [78]. Human IAPP synthesis 

begins with PreproIAPP, an 89 amino acid coding sequence that is rapidly 

cleaved at the N-terminus to produce the 69 amino acid ProIAPP, the 

precursor protein to IAPP. Subsequently, ProIAPP is processed in the 

endoplasmic reticulum (ER) to form the disulphide bond between cysteine 

residues 2 (Cys2) and 7 (Cys7) before progressing down the secretory 

pathway for further post-translational modifications and cleavage in both 

terminal domains to form mature IAPP [72]. The amidated C-terminus and 

disulphide bond are important structural features necessary for the full 

biological function of IAPP [78]. 

Once fully mature, IAPP is stored in the dense core of β-cell secretory 

granules, surrounded by insulin [79]. Due to the nature of the close relationship 

between IAPP and insulin, they share many transcription and secretory 

regulators, including glucose, amino acids, and free fatty acids (FFA) [80-84]. 

Although IAPP is secreted in a ratio of approximately 1-5 parts of IAPP to 100 

parts of insulin [59, 85, 86], under certain conditions the molar ratio can be 

altered. Studies on concurrent insulin and IAPP secretion have shown that 

increased expression of inflammatory cytokines, such as tumour necrosis 

factor-α (TNFα) and monocyte chemoattractant protein-1, can increase IAPP 

secretion while insulin secretion is unaffected or reduced in isolated islets and 

murine cell lines [87, 88]. In addition, pathological conditions such as elevated 
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glucocorticoid levels, obesity, and T2D can not only induce aberrant IAPP 

secretion relative to insulin secretion but can even upregulate the amount of 

pancreatic IAPP mRNA [89-96]. This selective increase in IAPP is believed to 

be due to Golgi-dependent mechanisms [97]. 

Unsurprisingly, insulin and IAPP also share similar mechanisms of clearance 

from the circulation. Insulin degrading enzyme (IDE) is a metalloprotease that 

is ubiquitously distributed in tissues of the human body, although abundantly 

expressed in the liver, skeletal muscle, and brain, where insulin and IAPP bind 

[98]. As its name suggests, IDE is predominantly responsible for insulin 

degradation, although studies examining IAPP clearance have found that IAPP 

is also a substrate of IDE, where insulin degradation by IDE was altered in the 

presence of IAPP (suggesting competitive binding) [99, 100]. Despite the 

similarities, there are still some differences in their mechanism of clearance 

between insulin and IAPP. Under healthy conditions, 50% of insulin is cleared 

from the circulation via hepatic IDE during its initial passage through the liver 

[101, 102]. After this, a further 25% of the circulating insulin is cleared by the 

kidney via renal proteases and filtration, with excess then degraded by IDE 

(and other nonspecific proteases) in insulin target tissues, including the brain, 

skeletal muscle, liver, and adipose tissue [101, 103, 104]. IDE appears to have 

a 4-fold higher affinity for insulin over IAPP [99], possibly explaining limited 

IAPP clearance via hepatic IDE, particularly under the hyperinsulinaemic 

conditions of pre-T2D insulin resistance [105, 106]. Hence, circulating IAPP is 

cleared primarily via renal peptidases in the kidney [105, 107, 108]. 

At an intracellular level, the mechanisms of IAPP degradation are still debated. 

In tissues that secrete or bind IAPP, cytosolic IDE still appears to play an 

important role in its clearance and degradation [109], although other 

mechanisms are also involved. One such mechanism includes the ubiquitin-

proteasome system, which recognises and degrades superfluous and 

dysfunctional proteins from the cytoplasm and nucleus [110]. To briefly 

summarise this complex process, proteins are flagged for degradation by the 

covalent attachment of ubiquitin molecules to target proteins, and 

subsequently proteolysed by large enzymes known as the proteasome [111]. 

In addition to the ubiquitin-proteasome system, the autophagy-lysosomal 
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pathway is another important potential degradation mechanism for IAPP [109, 

112]. During this process, proteins and other cytoplasmic components are 

engulfed by double-membrane bound vesicles called autophagosomes, which 

then fuse with lysosomes containing degradative enzymes [113]. 

The ubiquitin-proteosome system and autophagy-lysosomal pathway have 

typically been considered independent mechanisms, although evidence is 

emerging for a significant amount of cooperation between the two. For 

example, ubiquitin is a common regulatory molecule in both pathways, as 

autophagy can be mediated by ubiquitin. In addition, both pathways are also 

known to share substrates, including IAPP [114]. However, because IAPP is 

an amyloidogenic peptide, the effectiveness of IAPP clearance may be 

influenced by its aggregation state. Pancreatic islets (where amyloidogenic 

IAPP aggregates and accumulates) contain resident macrophages that assist 

in maintaining islet health and the removal of disease-causing agents [115]. 

However, when the amyloid burden becomes too great, circulating 

macrophages can be recruited to the islet to help remove the aggregated IAPP 

[116]. 

1.3.2 Amyloidogenicity of IAPP 

As an amyloidogenic peptide, IAPP is prone to ‘misfold’ [117]. This is believed 

to be due to interactions between aromatic residues in their structure, 

particularly within the region of residues 20-29 (Figure 2) [117, 118]. In 

amyloidogenic peptides, aromatic residues are notable for their propensity to 

interact with each other primarily through highly hydrophobic reactions (in 

addition to the other hydrophobic residues), resulting in misfolding of IAPP 

[119, 120]. Further evidence for the importance of the 20-29 residue region in 

amyloidogenic misfolding and aggregation of IAPP lies in the comparison 

between human IAPP (hIAPP) and non-amyloidogenic rodent IAPP (rIAPP). A 

total of five of the six substitutions differentiating the structure of hIAPP and 

rIAPP reside within this region, with a notable absence of aromatic and 

hydrophobic residues in rIAPP, suspected of inhibiting its ability to aggregate 

[121]. Moreover, some mammalian species, including some felines, birds, and 

nonhuman primates, retain aromatic residues in this region (despite other 
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sequence differences of up to six substitutions) and similarly form 

amyloidogenic IAPP aggregates [73, 121-123]. 

Misfolded amyloidogenic monomers, such as IAPP, aggregate in 3 distinct 

phases, known as the nucleation phase, the elongation phase, and the 

saturation phase [124, 125]. During the nucleation phase, monomeric 

amyloidogenic peptides undergo a conformational change (‘misfold’) and 

begin to aggregate into oligomeric complexes, where they function as ‘seeds’ 

for the conformational change of surrounding amyloidogenic monomers [125, 

126]. As more peptides are added, oligomers grow in size and complexity [124-

126] (although all oligomers share a common backbone structure [127]). The 

nucleation phase is also called the ‘lag phase’, as it is a process that is 

comparatively slower than the next step, the elongation phase. During the 

elongation phase, the oligomeric complexes reach a critical mass 

(approximately 6 nm in size for IAPP specifically [128]), which triggers a rapid 

elongation process of the oligomeric complexes into protofibrils until they reach 

the saturation phase of mature insoluble fibrils with β-sheet structures [126]. 

The entire IAPP aggregation process from monomers to fibrils can occur in as 

little as 4 h [129, 130]. 

1.4 IAPP aggregates in Type 2 Diabetes 

1.4.1 IAPP-mediated Cytotoxicity 

An association between T2D and IAPP-derived amyloid plaque has been 

identified since the early 1990s, where increased plaque deposition was found 

in pancreatic islets of patients with severe T2D [121]. Aggregated IAPP is 

cytotoxic to β-cells in a dose-dependent manner with distinct apoptotic features 

observed, including membrane blebbing, DNA fragmentation, and increased 

active caspase-3 activity [133, 134, 138]. This cytotoxic effect has been 

observed in various models in vitro, including cultured human islets [134, 139, 

140], cultured rodent islets [141, 142], and β-cell lines [20, 142-144]. 

Overexpression models of human IAPP have similarly shown that IAPP 

causes apoptosis of pancreatic β-cells in vitro [145, 146] and may induce 

spontaneous diabetes-like pathology in rodent models [147-149]. Interestingly, 

despite sharing the pancreatic islets with β-cells, α-cells (responsible for 
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glucagon secretion and important for glucose homeostasis), are less 

susceptible to cytotoxicity under the same culture conditions, although the 

reason for this is currently unknown [150] 

Early research following the discovery of IAPP focused primarily on the 

amyloid plaque composed of insoluble IAPP fibrils, where it was believed to 

accumulate in the extracellular space of β-cells within the pancreatic islet, 

forming a mechanical barrier and altering cellular function significant enough 

to cause apoptosis [131]. However, the theory that plaque / fibrils were directly 

responsible for β-cell dysfunction and death appears to be a misconception. 

Early work mainly relied on transgenic animal models where the aggregate 

species of IAPP were unspecified [131], or synthetic IAPP preparations that 

were not given enough time for complete fibrillisation to occur [132-134]. In 

essence, the early research on IAPP were likely not exclusively using fibrils, 

but an unknown mixture of monomers, oligomeric complexes, and fibrils. More 

recent research, however, has demonstrated that the transient soluble 

oligomers formed in the nucleation / lag phase have a stronger correlation with 

β-cell cytotoxicity, with protofibrils and fibrils becoming progressively less toxic 

and more inert [20, 125, 128, 135-137]. Although more inert than the 

oligomers, fibrils are not completely harmless, as they can deplete proteostatic 

mechanisms, function as reservoirs for oligomer storage / release, and act as 

catalysts for misfolding and aggregation [18]. 

1.4.2 Ionic Dysregulation and Oxidative Stress 

There are several proposed mechanisms by which amyloidogenic IAPP 

oligomers exert their toxicity. Primary among them is the theory of ionic 

dysregulation, where IAPP permeabilises cell membranes by forming 

inappropriate pores and channels [132, 138, 139]. This is believed to occur 

due to the microstructures formed by the aggregating oligomers. Essentially, 

monomeric IAPP forms an α-helical conformation at the N-terminus supported 

by the disulphide bond between Cys2 and Cys7, but as misfolding and 

aggregation occurs, this converts to β-sheet structures, creating oligomers with 

varying conformations during the transition [138-142]. Although both α-helical 

and β-sheet rich structures are capable of forming pores in membranes, β-

sheet rich structures appear to form larger and more disruptive pores [138, 
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139, 143]. Other studies have also suggested a possible detergent-like effect 

of membrane disruption by developing fibrils on the cell surface [144].  

The disruption of the semipermeable membrane creates unregulated ionic 

movement into and out of the cell, leading to dysregulated intracellular ion 

concentrations and disruption of important cellular processes, including 

mitochondrial function [132, 145]. When mitochondrial dysfunction occurs, this 

can result in an accumulation of cytoplasmic ROS [146]. When intracellular 

ROS levels increase, the nuclear factor erythroid 2-related factor 2 (NRF2) 

transcription factor is activated, resulting in increased expression of 

cytoprotective antioxidant enzymes such as superoxide dismutase (SOD) and 

catalase (CAT) [147]. SOD catalyses the conversion of superoxide radicals 

(O2-) into oxygen (O2) and (still cytotoxic) hydrogen peroxide (H2O2), 

whereupon CAT will further neutralise H2O2 into H2O and O2 [148]. 

Furthermore, NRF2 also upregulates the expression of glutathione and its 

associated enzymes, glutathione peroxidase (GPx) and glutathione reductase 

(GR), which form the glutathione redox system [147-149]. GPx oxidises 

glutathione and, in the process, reduces H2O2 to H2O. GR then catalyses the 

reduction of oxidised glutathione back to its original form, allowing the process 

to begin again [148]. Although efficient, if overwhelmed, ROS accumulation of 

ROS can lead to additional mitochondrial dysfunction and oxidative stress, as 

well as activation of inflammatory signalling and intrinsic apoptotic pathways 

[13, 150-152].  

Evidence confirms that IAPP is indeed capable of inducing ionic dysregulation, 

mitochondrial dysfunction, and oxidative stress in β-cells, where it alters 

oxygen consumption, ATP production, and mitochondrial membrane potential 

[150, 153-155]. This effect could be amplified by two significant factors that 

make β-cells prone to an increased risk of oxidative stress; a high endogenous 

ROS production rate and lower expressions of antioxidant enzymes (including 

SOD, CAT, and GPx) compared to other cell types, such as liver cells [149, 

156]. Additionally, IAPP could potentially begin to aggregate intracellularly into 

oligomers prior to secretion, where it may damage mitochondrial membranes 

in a similar manner to the external membrane, exacerbating oxidative stress 

and mitochondrial-mediated stress signals [157].  
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1.4.3 Perturbation of Insulin Secretion 

The IAPP-induced dysregulation of intracellular ion concentrations can also 

affect important β-cell functions, such as insulin secretion. In particular, Ca2+ 

homeostasis is vital for healthy functioning of β-cells, where it is both an 

important trigger for insulin exocytosis, as previously described (1.2; Figure 

1A, page 11), and a crucial component of mitochondrial machinery [158-160]. 

In addition, disruptions to β-cell Ca2+ metabolism could negatively affect 

delicate intracellular signalling mechanisms, such as those involving 

calmodulin or Protein Kinase C (PKC),  both signalling molecules which have 

a multiplicity of functions, including regulation of secretory mechanisms [161-

168]. Therefore, ionic dysregulation of Ca2+ can affect insulin secretion 

specifically in several ways: directly by impairing Ca2+ influx and mitochondrial 

depolarisation, and indirectly by reducing the ATP : ADP ratio to trigger the 

influx of Ca2+ [169-171]. In essence, ionic dysregulation and the resulting 

oxidative stress should theoretically cause significant impairment of GSIS. 

However, when this theory has been tested, the impact of IAPP on GSIS has 

been disputed. 

Although some studies have shown dose-dependent decreases in GSIS after 

exposure to IAPP in rodent islets ex vivo [172-174] and in vitro [150], others 

have not observed significant changes [175, 176]. This discrepancy is 

attributed to the concentration of IAPP since dosages < 5 µM appear to have 

no significant effect on GSIS. Although concentrations of ≥ 5 µM are 

supraphysiological for circulating plasma levels of IAPP (typically 2-20 pM 

depending on prandial state and diabetic condition [177, 178]), estimates of 

IAPP concentration in secretory granules have been up to 4 mM [179] and up 

to 400 µM in the local islet environment immediately after secretion [180]. 

Furthermore, knowing that insulin secretion is typically increased during the 

initial development of T2D to overcome peripheral resistance, it is possible that 

local islet IAPP concentrations are higher in the islets of prediabetic and 

diabetic patients. Thus, intracellular aggregation of IAPP or accumulation of 

IAPP on the external cellular membrane can reach sufficient concentrations to 

impact GSIS in vivo. 
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1.4.4 Inflammation and Alteration of Proteostasis 

Although ionic dysregulation and oxidative stress contribute significantly (if not 

predominantly) to islet dysfunction in the presence of IAPP, additional 

mechanisms of toxicity have also been identified. In particular, inflammation 

can play a significant role in T2D, contributing to the burden of the disease [10, 

181]. Dysfunctions in ionic dysregulation, particularly intracellular Ca2+, could 

inhibit β-cell signalling machinery and further contribute to cellular 

inflammation. For example, Calmodulin and PKC, multifunctional signalling 

molecules mentioned above (1.4.3, page 20), also have roles in the regulation 

of energy metabolism, inflammation, and apoptosis, which could be negatively 

impacted by IAPP-induced ionic dysregulation [161-163, 167, 182, 183]. In 

addition, PKC signalling has been noted to be involved in the upregulation of 

IAPP expression in murine pancreatic islets through pro-inflammatory and fatty 

acid-induced mechanisms [81, 87], further compounding the toxic effect. 

In addition to these mechanisms, oxidative stress and ROS generation are 

known causes of inflammation in pancreatic β-cells [184-186]. As β-cells are 

damaged or distressed, they release endogenous danger signals known as 

danger-associated molecule patterns (DAMPs). DAMPs are recognised by 

macrophages, which secrete pro-inflammatory cytokines in response [187-

189]. These cytokines then bind to receptors on the cell surface to signal pro-

inflammatory pathways, including binding to death receptors to initiate the 

extrinsic pathway of apoptosis, if necessary [190]. Macrophage infiltration of 

pancreatic islets is a feature of T2D, where macrophages are recruited from 

the circulation to assist the resident islet macrophages [116, 191-193]. 

Although acute inflammation is a well-established defence mechanism against 

pathogens or injury, chronic inflammation can be detrimental [194]. 

β-cell exposure to inflammatory cytokines can simultaneously inhibit GSIS and 

increase IAPP expression [87, 95, 96, 195]. Studies have also shown that 

macrophage exposure to IAPP results in increased secretion of pro-

inflammatory cytokines, particularly Interleukin-1β (IL-1β) and TNFα [196-200], 

creating a feedback loop of sustained of inflammation. Different aggregate 

species of IAPP also appear to elicit different responses from macrophages 

via distinct pathways, where early IAPP aggregates lead to increased 
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expression of IL-1β’s precursor, proIL-1β, compared to later more complex 

aggregates, which lead to increased secretion of mature IL-1β [199]. 

Interestingly, IAPP can act as a pro-inflammatory agent itself, as evidence has 

suggested that it can activate Fas-associated membrane death receptors in 

isolated human and murine islets, as well as β-cell lines [201, 202]. 

In addition to inflammation, β-cells are equipped with other stress management 

mechanisms. Two of these internal mechanisms, the ubiquitin-proteasome 

and autophagy-lysosomal-systems, have previously been discussed for their 

role in the clearance of monomeric IAPP (1.3.1, page 13). However, their 

function may be impaired by toxic IAPP aggregates, as evidence shows a 

reduced effectiveness of these systems in the presence of IAPP aggregation 

[109, 110, 203-205], leading to detrimental ER stress [206]. Other mechanisms 

of proteotoxic stress management in β-cells includes recruitment of molecular 

chaperones known as heat shock proteins (HSPs).  

HSPs are ubiquitous in almost all known organisms and are essential in 

healthy cellular function, where they assist in protein formation, stabilisation, 

monitoring, and transport [207]. Additionally, HSPs can assist the autophagy-

lysosomal pathway through chaperone-mediated autophagy and cooperate 

with the ubiquitin-proteasome system in the treatment of proteotoxic stress 

[208, 209]. In the event of a cellular stressor, the expression of HSPs can be 

greatly enhanced to restore / refold damaged proteins and flag those damaged 

beyond repair for degradation, called the ‘heat shock response’ [210]. Although 

named for its discovery during thermal shock experiments, other stressors 

(including injury, oxidative stress, proteotoxicity, inflammation, and heavy 

metal poisoning) can elicit the same response [211-215]. Studies have shown 

that HSPs can help prevent and remove IAPP aggregation [216, 217]. 

However, the role of HSPs in the development of T2D is complex and 

multilayered. 

In older obese individuals (a population highly susceptible to T2D), HSP 

expression and function is reduced [218, 219]. Dysfunctional insulin signalling 

and inflammation, both significant features of T2D, are also correlated with 

reductions in HSP expression [220, 221]. This combination of factors means 
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that cells from patients with T2D likely have limited ability to respond to 

stressors. Furthermore, studies show that HSPs can prevent aggregation and 

progression to fibril formation, but in doing so, can maintain peptides in toxic 

chaperone-oligomer complexes, also creating a more stressful environment 

[222]. 

Often, the same HSP can function differently under different conditions. For 

example, binding immunoglobulin protein (BiP), a constitutively expressed 

HSP in the ER known as the “master regulator” of many ER functions, can also 

have a stress-induced increase in expression in response to an abundance of 

unfolded / misfolded proteins [223, 224]. In vitro studies have identified BiP as 

an HSP capable of binding IAPP and preventing its aggregation [225], with 

elevated expression of BiP found in β-cells of transgenic mice expressing 

human IAPP [226]. However, under pronounced ER stress, BiP translocates 

to the cell surface and acts as a pro-apoptotic receptor for inflammatory 

cytokines [227-229], and can even be secreted from β-cells to function as a 

DAMP [227]. In this role, it can promote hyperglycaemia and peripheral insulin 

resistance [230] Furthermore, BiP, which is also known as Glucose-Regulated 

Protein 78 (GRP78) due to its upregulation during times of glucose starvation, 

could theoretically have increased expression in peripheral tissues of T2D 

patients as insulin resistance could lead to a hypoglycaemic intracellular 

environment [231]. Other key HSPs noted to play complex roles in the β-cell 

response of cells to amyloid toxicity, include HSP72 [216, 217, 232], HSP90 

[233, 234], and HSP60 [235, 236]. For more detailed information on the role of 

these HSPs (and others) in the context of T2D, refer to my published review in 

Appendix A (8.1, page 234) [214]. 

In summary, the accumulation of aggregated IAPP in pancreatic islets results 

in ionic dysregulation, oxidative stress, insulin dysfunction, and inflammation 

of β-cells, as well as activation of clearance mechanisms including the β-cell’s 

heat shock response, ubiquitin-proteasome system, and autophagy-lysosomal 

pathway. As IAPP can also induce dysfunction of clearance mechanisms, the 

β-cell can quickly become overwhelmed by ER stress, ROS, and mitochondrial 

dysfunction [13, 151]. Contributing to this dysfunction, the inflammatory 

environment of T2D can reduce the capacity of the β-cell to respond to 
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stressors and exacerbate insulin dysfunction and cell stress [151, 202, 237]. 

As a result, the β-cell is unable to recover, and apoptotic signalling pathways 

are activated (Figure 3). 

 

Figure 3. Aggregated IAPP interacts with β-cell membranes to reduce β-cell function 
and viability. Islet Amyloid Polypeptide (IAPP) forms pores in pancreatic β-cell membranes, 

affecting ionic homeostasis. Ionic dysregulation results in oxidative stress, reduced glucose-

stimulated insulin secretion (GSIS), and up-regulation of pro-inflammatory signalling. In 

addition, IAPP aggregates cause downregulation in clearance mechanisms. Once the stress 

management mechanisms of the β-cell have been overwhelmed, the cell will initiate apoptotic 

signalling. 

1.4.5 IAPP in Peripheral Insulin Sensitivity 

As reviewed above (1.2.2, page 10), T2D is not singly characterised by 

pancreatic islet dysfunction. In fact, peripheral insulin resistance, in tissues 

such as skeletal muscle, adipose, and the liver, generally occurs early in 

disease progression and is a strong contributor to the development of 

pancreatic β-cell stress. Aside from the pancreas, IAPP can aggregate in many 

different vital tissues including the brain, liver, skeletal muscle, and heart [238-

240]. Considering its co-secretion with insulin, early works on IAPP focused 

heavily on its role in insulin signalling. In these studies, IAPP was found to 

downregulate glucose uptake, glycogen synthesis, and insulin signalling in 

animal models in vivo and ex vivo [23, 241, 242]. In addition, insulin resistant 
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individuals were noted to have an exaggerated IAPP to insulin ratio in the 

presence of hyperglycaemia [243]. 

Unfortunately, the majority of these early studies are not necessarily reliable 

indications of the true effect of IAPP on peripheral insulin signalling. Firstly, 

many used supraphysiological levels of IAPP, and when animal models have 

been infused with physiological levels expected in the blood, there have been 

no known effects on insulin signalling [94, 244]. Secondly, follow-up studies 

have noted that IAPP has a reduced clearance rate compared to insulin, 

making the measurement of IAPP to insulin ratios in hyperglycaemic 

environments possibly misleading [94]. Finally, and very importantly, much 

early research on IAPP did not yet fully understand IAPP binding / aggregation 

kinetics, and therefore it cannot be guaranteed which species was used 

(monomers, oligomers, or fibrils). 

Very few studies have been conducted since the original exploration into IAPP 

in peripheral tissues. Later studies have shown that monomeric IAPP is 

capable of beneficial effects in human adipose tissue and primary adipocytes 

via activation of multiple signalling pathways, including phosphorylation of 

STAT3, Akt and ERK, pathways shared in insulin signalling [245]. 

Furthermore, monomeric IAPP and IAPP analogues like Pramlintide can 

improve leptin signalling and weight loss in obese animal models [246]. In a 

recent study involving a transgenic animal model expressing amyloidogenic 

human IAPP, no significant difference in hepatic insulin resistance was noted 

between transgenic animals and nontransgenic littermates [247]. Due to the 

lack of clarity on the subject, it is abundantly clear that investigation into the 

role of IAPP in peripheral insulin resistance should be revisited. 

1.4.6 Cross-seeding and Co-aggregation with other Proteins 

IAPP is not unique in its ability to misfold and aggregate into insoluble fibrils. 

Approximately 40 different proteins have been identified as amyloidogenic in 

vivo, and amyloidogenic peptides have been associated with up to 50 different 

diseases in humans [17, 248]. Despite dissimilar sequences and structures, all 

amyloidogenic peptides form comparable microstructures of rigid, non-

branching, straight fibrils with a β-sheet secondary structure once fully 
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aggregated [19]. As described above (1.3.2, page 16), amyloid proteins 

aggregate with an initial nucleation phase [249]. The nucleation phase occurs 

slowly, as proteins gradually misfold and begin to aggregate until a sufficient 

size is reached for the elongation phase to begin. However, the nucleation 

stage can be accelerated by preformed amyloid aggregate seeds[249, 250]. 

Amyloid seeds can trigger confirmational changes in stable monomeric and 

properly folded proteins through prion-like activity. Therefore, a misfolded 

IAPP monomer can initiate misfolding and aggregation in surrounding IAPP 

monomers, which themselves can become seeds for further aggregation. 

When this occurs in monomers of the same protein, it is called ‘homologous 

seeding’ [250]. However, many amyloidogenic peptides are also capable of 

‘heterologous seeding’ or ‘cross-seeding’, where a misfolded amyloid protein 

catalyses the aggregation of a different protein.  

Cross-seeding among amyloid proteins appears to be more complex than 

homologous seeding, as not all pairs of amyloid proteins can promote 

aggregation amongst each other [249]. IAPP has been noted for its ability to 

mutually cross-seed many amyloid proteins, including the Prion protein (PrP) 

[251, 252], Parkinson’s disease-associated α-synuclein [253-255], and AD-

associated proteins, Tau [256] and Aβ [257, 258]. Studies show cross-seeding 

by IAPP can potentially increase the rate of aggregation of other peptides 

[259]. Furthermore, research is also beginning to suggest that IAPP may also 

co-aggregate with many of these proteins, as experiments investigating IAPP’s 

cross-seeding action have discovered fibrils composed of both peptides [259]. 

Although related, the terms “cross-seeding” and “co-aggregation” have distinct 

meanings. Co-aggregation refers to the ability for one species of protein to 

aggregate with a different protein into shared heterocomplexes [18, 249]. This 

can occur between an amyloidogenic protein and a non-amyloidogenic protein, 

such as human IAPP with insulin [260], Tau protein [256], and rat IAPP [261, 

262]. However, co-aggregation of two amyloidogenic peptides can potentially 

exacerbate disease burdens. IAPP can co-aggregate with many of the same 

proteins it cross-seeds with, including α-synuclein [253-255], PrP [251, 252], 

and Aβ [24, 25], contributing to the pathology of their associated diseases.  
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The co-aggregation potential of IAPP with both Tau and Aβ, two amyloidogenic 

proteins that are heavily implicated in the pathology of AD, is particularly 

notable. Current research indicates that IAPP not only cross-seeds and co-

aggregates with Aβ and Tau in neuronal cells [24, 256], but potentially in other 

areas of the body, such as within pancreatic islets [25, 251, 263]. Furthermore, 

recent studies also strongly indicate that co-aggregated heterocomplexes of 

IAPP-Aβ have exacerbated cytotoxicity compared to either peptides alone 

[129, 155, 247], which could hasten the disease process in both AD and T2D. 

1.5 β-Amyloid 

1.5.1 Synthesis, Secretion, and Clearance 

In the brain, the Aβ peptide is mainly synthesised and secreted by neuronal 

and neuroglial cells (Figure 4) [264]. Although the function of Aβ is highly 

complex and not well understood, studies have shown that monomeric Aβ is 

neuroprotective, with noted antioxidant and antimicrobial properties [265-267]. 

Aβ can also aid in intracellular cholesterol transport [268], and can function as 

a transcription factor [269]. Like IAPP, Aβ can also aggregate into cytotoxic 

oligomers and insoluble fibrils in vital tissues. Accumulated Aβ aggregates are 

the primary component of amyloid plaque in the brains of AD patients [270, 

271]. 
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Figure 4. Monomeric structure of human Aβ42. Aβ is a neuropeptide composed of 38-43 

amino acids, with Aβ40 and Aβ42 being the most common. Aβ42, shown here, is thought to 

be the more toxic and amyloidogenic species of Aβ. Molecular interactions occur between 

resides 19 and 38 (blue dashed line), and 35 and 42 (red dashed line). The turn conformation 

is stabilised by a salt bridge between 23 and 28 (green dashed line), as well as hydrophobic 

interactions of surrounding residues. Figure adapted from Scheidt et al. [272]. 

Aβ is derived from a larger integral membrane protein of up to 770 amino acids, 

aptly named Aβ Precursor Protein (APP), with APP695 being the most 

common isoform expressed in the human brain [273]. APP is initially 

synthesised in the ER before transportation via the Golgi apparatus and trans-

Golgi network to the cell membrane [274]. APP has several biological functions 

of its own, with known roles in neurite outgrowth, synaptogenesis, transcription 

regulation, axonal transport, and receptor-mediated cell signalling [275]. In 

tissues, the highest expression of APP is found in nervous tissue, particularly 

the brain, although APP expression is also observed in endocrine tissues and 

the digestive system, including accessory digestive organs such as the liver 

and pancreas [264, 276]. APP is also highly expressed in platelet cells, which 
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are believed to be a major source of circulating APP in the periphery [277, 

278].  

To form mature Aβ, APP undergoes significant post-translational 

modifications, including proteolytic processing, glycosylation, and 

phosphorylation [279]. During proteolytic processing, APP can be 

competitively cleaved within the N-Terminus by either α-secretase or β-

secretase before successive processing by γ-secretase within its C-Terminus 

[280, 281]. If APP is initially cleaved by α-secretase, Aβ is not generated and 

as such, this process is referred to as the ‘non-amyloidogenic’ processing 

pathway. For amyloidogenic Aβ to be formed, APP must undergo the initial 

cleavage of N-Terminus by β-secretase prior to γ-secretase processing [280, 

281]. The regulation of these pathways and factors that determine initial 

enzyme cleavage remained to be fully understood. Factors such as substrate 

binding and lipid membrane composition, as well as protein, inflammatory, and 

/ or hormonal modulators all have potential roles in determining the initial 

cleavage enzyme [282-287]. 

The γ-secretase cleavage of APP can generate Aβ peptides of varying lengths, 

those identified include between 38 and 43 amino acids long. The most 

abundant Aβ peptides in the CNS and periphery are the Aβ40 and Aβ42 amino 

acid forms. The Aβ42 is a highly amyloidogenic isoform and the primary form 

found in cerebral plaque deposits [288]. Aβ40 is the most abundantly 

expressed isoform in the brain under normal physiological conditions and, 

compared to Aβ42, aggregates more slowly and is less neurotoxic [289]. In the 

development of AD, the ratio of Aβ42 to Aβ40 appears to be crucial, as Aβ40 

has been reported to slow the rapid aggregation of Aβ42 [290, 291]. As such, 

any increase in the ratio of Aβ42 to Aβ40 is likely to result in a more rapid 

formation of cytotoxic oligomers and insoluble fibrillar plaques which hamper 

impacting on the intracellular clearance mechanisms [288, 289]. 

The clearance of Aβ is remarkably similar to IAPP. The clearance mechanisms 

include enzymatic (e.g. IDE, neprilysin), and cellular degradation pathways 

including the ubiquitin-proteasome system, and the autophagy-lysosomal 

pathway [292]. Furthermore, in the central nervous system, microglia (the 
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resident brain macrophages) clear Aβ aggregates by phagocytosis, similar to 

IAPP by macrophages in the pancreatic islet [292, 293]. In the periphery, the 

liver and kidneys clear the bulk of Aβ from the circulation in as little as 15 min 

[294, 295]. However, there are still some minor differences. The majority of Aβ 

production occurs in the brain, so systemic clearance of Aβ first requires 

transport across the blood-brain barrier (BBB) from the cerebrospinal fluid 

(CSF) to the blood plasma. This process is mediated by low-density lipoprotein 

receptor-related protein 1 (LRP-1), a multiligand receptor commonly involved 

in endocytosis [296, 297]. Any decrease in the expression or effectiveness of 

LRP-1 in the BBB can result in Aβ accumulation within the brain [296]. In a 

vicious cycle, the function of LRP-1 itself is impeded by excessive 

accumulation of amyloidogenic Aβ, particularly Aβ42, but also by ageing and 

certain genetic AD variants [296].  

Another important mediator of Aβ efflux from the brain is apolipoprotein E 

(ApoE), a cholesterol transporter and distributer [297]. Currently, the 

multifaceted role of ApoE in AD is well documented but not yet fully 

understood. Although early research suggested direct ApoE-Aβ binding 

interactions, more recent studies have shown that ApoE lipoproteins may 

compete with Aβ for the same clearance pathways through LRP-1 in an 

isoform-dependent manner [297, 298]. Specifically, the ApoE4 isoform inhibits 

Aβ clearance from the brain and periphery and promotes the accumulation of 

neuronal Aβ [296, 297, 299-301]. In addition, a related protein, ApoJ (the most 

expressed apolipoprotein in the brain), has important roles in cellular debris 

removal and apoptosis as a molecular chaperone related to HSPs [302, 303]. 

Studies have shown that ApoJ is present in amyloid plaque deposits in the 

brain and that its expression level is increased in patients with AD, likely as 

part of a protective response [296]. ApoJ binds to Aβ, preventing neurotoxicity 

and fibril formation, and promotes transport of Aβ across the BBB via LRP-2 

receptors (a ‘relative’ of LRP-1 in the same superfamily of receptors, also 

known to decrease with age) [304].  
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1.5.2 Amyloidogenicity of Aβ 

Despite very little structural similarity between Aβ and IAPP, Aβ is similarly 

amyloidogenic and capable of misfolding and aggregating into insoluble fibrils 

with a β-sheet secondary structure [305]. Aβ also undergoes similar stages of 

nucleation, elongation, and saturation to IAPP. However, this process takes 

considerably longer for Aβ than for IAPP, often taking more than 72 h to reach 

the saturation stage in vitro [129, 130]. Interestingly, some studies have shown 

Aβ aggregates can form different oligomeric species, some species eventually 

forming fibrils, while others remain as large nonfibrillar oligomers [306]. 

In contrast to IAPP, Aβ lacks aromatic residues in its structure. However, Aβ 

does have hydrophobic residues that make up a C-terminal hydrophobic 

region. Interactions between these residues are believed to be significant 

enough to initiate the aggregation of monomeric Aβ, particularly in the Aβ42 

[307-309]. The specific residues that are responsible for misfolding / 

aggregation are still highly debated and poorly understood, although early 

work indicated residues 17-20 and 30-35 were critical for aggregation [310]. 

However, much of this work examined fragments of Aβ, which may have 

missed interactions between residues at opposite ends of the structure. For 

example, the increased aggregation of Aβ42 compared to Aβ40 is suspected 

to be related to interactions between Ala42 and Arg5 [311]. More recently, 3 

histidine residues have been repeatedly implicated in Aβ aggregation: His6, 

His13, and His14 [312, 313], with His14 critical for neurotoxicity [314]. To 

support this evidence, one of three substitutions distinguishing human β-

amyloid from non-amyloidogenic rat amyloid is a replacement of His13 with 

arginine [315].  

1.6 Aβ aggregates in Alzheimer’s Disease 

1.6.1 The Alzheimer’s Brain 

Alzheimer’s disease (AD) is the most common form of dementia, a spectrum 

of progressive neurodegenerative disorder characterised by a gradual decline 

in cognition, memory loss, and executive functioning; reduced activities of daily 

living and eventual death [5, 316]. In 2022, the Australian Burden of Disease 
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study conducted by the Australian Institute of Health and Welfare determined 

that AD and other dementias are the second leading cause of disease burden 

in Australia. This disease burden has increased between 2011 and 2022, rising 

from the fourth leading cause [317]. Due to the growth and ageing of the 

Australian population, the incidence of AD is expected to more than double by 

2058. Although age is the main risk factor for dementias, obesity, physical 

inactivity, chronic stress, hypertension, and hyperglycaemia are also important 

risk factors often shared with T2D [5, 316, 317]. 

Accounting for approximately 60-70% of total dementia cases, AD is a 

neurodegenerative disease characterised by brain atrophy, particularly in the 

hippocampus and cerebral cortex. [318]. Upon postmortem investigation, brain 

samples from AD patients have neurofibrillary tangles composed of 

hyperphosphorylated Tau protein [319-321] and accumulation of extracellular 

amyloid plaque, similar to that seen in the pancreatic islets of patients with 

T2D. In the 1980s, brain plaque deposits were purified by liquid 

chromatography and were found to be composed primarily Aβ peptides [271]. 

Since then, further research indicates AD brains exhibit higher levels of the 

more aggregation prone Aβ42 compared to controls [322]. 

1.6.2 Aβ-mediated Cytotoxicity 

Numerous studies have demonstrated the cytotoxic effects of Aβ on neuronal 

cells, both in vivo and in vitro [14, 22, 129, 323, 324]. In parallel to the findings 

of IAPP, the extracellular plaque composed of insoluble fibrils appears to be 

less toxic in comparison to the soluble oligomeric species of Aβ. Although 

neuritic plaques can contribute to an inflammatory environment within the 

brain, no clear association has been identified between plaque deposits and 

cognitive decline [318]. Healthy individuals have been found to have amyloid 

deposits, while some AD patients have minimal plaque deposition [324, 325]. 

Amyloid plaques are regarded as an important hallmark of progression to 

Alzheimer’s disease, as it accumulates up to 2-3 decades prior to the onset of 

dementia symptoms [326]. The early loss of synapses is thought to be as a 

result of accumulation of soluble Aβ aggregates rather than insoluble fibrils 

[135, 136, 325]. Subsequent microglia and astrocyte activation and 
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accumulation of hyperphosphorylated Tau, drive the process of 

neurodegeneration and neuronal loss. 

Soluble Aβ aggregates induce apoptosis and expression of cellular stress 

markers in a variety of ex vivo and in vitro models, including neuronal cell lines, 

and primary rodent neurons and neuroglia [14, 129, 327-329]. Similarly, rodent 

models that express human Aβ exhibit advanced plaque deposition, 

neurodegeneration, and cognitive decline in an age-related manner [247, 330, 

331]. Many pathways of toxicity have been identified, most of which are shared 

with IAPP, including ionic dysregulation, inflammation, mitochondrial 

dysfunction, and induction of oxidative stress. 

1.6.3 Ionic Dysregulation and Oxidative Stress 

Aβ can act directly on neuronal cell membranes, promoting ionic dysregulation 

and oxidative stress [306, 332, 333]. Similar to IAPP, Aβ aggregates are 

capable of direct insertion into the cell membrane to form aberrant channels, 

increasing cell membrane permeability [333]. Additionally, Aβ aggregates can 

interact with and disrupt regular functions of intramembranous lipids to exert 

further cytotoxicity [332, 334]. For example, Aβ can bind strongly to 

gangliosides on the surface of neurons and inhibit their function, affecting long-

term potentiation, a process involving persistent strengthening of neuronal 

synapses to promote synaptic plasticity and improve memory and learning 

[335]. Moreover, Aβ aggregates accelerate membrane lipid peroxidation 

through ROS production, resulting in decreased membrane fluidity and 

integrity. This effect is amplified by aggregates of higher molecular weight 

compared to lower molecular weight [336]. 

Aβ aggregates can also affect ionic movement by interacting with cell surface 

receptors. Neuronal glutamate receptors for n-methyl-d-aspartate (NMDA) and 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) play critical 

roles in synaptic plasticity [14]. Aβ can bind to these glutamate receptors and 

alter ion channel activity, causing ionic dysregulation [337-339]. In addition, Aβ 

aggregates also act as a ligand for the Receptor for Advanced Glycation End 

products (RAGE). RAGEs are involved in clearance of AGEs and mediate Aβ 

influx into the brain. RAGE expression is increased in AD brains, which could 
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mean increased Aβ influx [338]. Increased influx of Aβ by RAGE combined 

with reduced efflux from the brain through LRP-1, increases Aβ concentration 

in brain to promote aggregation. Additionally, Aβ-RAGE interactions can 

induce and enhance oxidative stress and apoptosis [338]. Furthermore, Aβ 

binds with high affinity to α7-Nicotinic Acetylcholine Receptor (α7nAChR), 

where it raises intracellular Ca2+ levels [340]. 

Ionic dysregulation, particularly increased intracellular Ca2+, is a known cause 

of mitochondrial dysfunction in neurons [341]. As described above (1.4.2; page 

18) disruption of mitochondrial Ca2+ homeostasis can be detrimental, resulting 

in increased ROS production, reduced ATP generation, and apoptosis through 

intrinsic mechanisms [155, 306]. In addition, Aβ aggregates have a high affinity 

for haem iron molecules, likely due to histidine residues in their structure [342]. 

The formation of Aβ-haem complexes reduces the pool of haem in the cell, 

which is vital to maintain complex IV of the electron transport chain [342-344]. 

Aβ-haem complex formation decreases expression and activity of complex IV 

in human neuroblastoma cells in vitro, upregulating oxidant production. 

Additionally, the Aβ-haem complex can function as a peroxidase, further 

contributing to oxidative stress [342]. Neuronal cells are highly susceptible to 

oxidative stress due to a high lipid content, a high energetic requirement, and 

lower antioxidant defence mechanisms [10]. 

1.6.4 Inflammation and Alteration of Proteostasis 

Aβ-induced oxidative stress can be both a cause and consequence of 

neuroinflammation. Important contributors are microglial cells, the resident 

macrophage cells of the central nervous system, which play a critical albeit 

complex role in AD pathogenesis. On the one hand, microglia have important 

functions in the innate immune response and clearance of Aβ aggregates from 

the brain. Pattern recognition receptors known as scavenger receptors (SRs) 

on the surface of microglia can detect and bind with Aβ, activating the microglia 

to clear Aβ aggregates [345]. On the other hand, once activated, microglia can 

contribute to AD pathology by up-regulation of pro-inflammatory signalling 

[194, 346, 347]. The inflammatory mediators IL-2, IL-6, IL-1β, and TNF-α are 

increased in AD post-mortem brain samples, CSF, and blood plasma subjects 

similarly to T2D [347, 348]. Aβ can even function as a DAMP to directly 
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stimulate pro-inflammatory signalling of microglia in a manner similar to IAPP-

in macrophages [349].  

Disruption of microglial function is associated with AD pathogenesis. In a 

transgenic AD mouse model, the microglia of older mice had reduced Aβ 

uptake, a two to five times decrease in the SRs expression and a two to three 

times increase in pro-inflammatory cytokines. Paradoxically, this appears to be 

due to the pro-inflammatory microenvironment, as IL-1β and TNF-α also 

decreased Aβ uptake through a reduction in SR expression of SRs in cultured 

N9 murine microglia in the same study [350]. Furthermore, in addition to 

reducing Aβ clearance, pro-inflammatory mediators can enhance 

amyloidogenic Aβ production and promote its aggregation and deposition 

[283, 346, 351, 352]. In essence, a vicious cycle of inflammation forms as Aβ 

accumulation, activated microglia, and pro-inflammatory cytokines 

simultaneously augment neuroinflammation and Aβ aggregation. 

As in pancreatic β-cells, neuronal cells initially respond to Aβ accumulation by 

upregulating intracellular clearance mechanisms such as the ubiquitin-

proteosome and autophagy-lysosomal systems. While these mechanisms can 

compensate for each other to some extent if problems arise in either [114, 

353], the efficiency of both mechanisms is simultaneously reduced in response 

to aging and oxidative stress, both common features of AD brains [114, 354, 

355]. Further exacerbating the pathology, impairment in autophagy can 

increase γ-secretase activity and expression of Presenilin 1 (PS1), a core 

protein component of the γ-secretase known to regulate APP processing [356]. 

This alteration can significantly accelerate Aβ production, as observed in 

HEK293 cells in vitro [357]. When autophagy and ubiquitin-mediated 

mechanisms are diminished, HSPs are upregulated to maintain cellular 

homeostasis [358, 359]. These proteins are thought to have a protective role 

against Aβ in neuronal cells. In particular, HSP90 and HSP70 (with their co-

chaperone HSP40) have important cytoprotective roles, including inhibition of 

Aβ aggregation, remodelling of Aβ oligomers, and up-regulation of Aβ 

clearance [214, 360, 361]. Other HSPs have less clear roles, such as HSP60, 

a mitochondrial chaperone [362]. Although HSP60 overexpression is 

protective of Aβ-induced mitochondrial dysfunction [363], HSP60 has also 
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been implicated in the localisation of APP and Aβ directly in mitochondria in 

C17.2 murine neuronal stem cells [236].  

While the heat shock response is characterised as a universal cell stress 

response, studies of cultured primary rodent neurons and Y79 human 

neuroblastoma cells reveal a potential tissue-specific response. In neurons, 

particularly in the hippocampus, a dampened heat shock response has been 

detected compared to neuroglia and other cells, even within the same animals 

[364-366]. Furthermore, human and other animal neurons also have a higher 

threshold for activation of the heat shock response than neuroglia [366]. This 

effect appears to be caused by disruptions in the signalling of the transcription 

factor Heat Shock Factor 1 (HSF1) in neurons, such as its reduced expression, 

function, or activity [366-369]. While there is some ability of supporting glial 

cells to transfer their HSPs to neurons to supplement their protection [370-

372], the lack of a robust heat shock response may confer an innate 

vulnerability to neurons during times of cellular stress. An extensive discussion 

of the role of HSPs in AD and T2D is available in our published review [214] 

(Appendix A; 8.1, page 234).  

Overall and when put in the larger context of oxidative stress, pro-inflammatory 

signalling, and impaired clearance mechanisms, Aβ accumulation is 

detrimental to neuronal cells and remarkably analogous to the effect of IAPP 

on pancreatic β-cells (Figure 3).  

1.6.5 Tau Pathophysiology 

Another major AD hallmark, the accumulation of hyperphosphorylated Tau 

protein to form neurofibrillary tangles, together with Aβ, plays an important role 

in driving the loss of neurons [373, 374]. The Tau protein is a microtubule-

associated protein important for maintaining the structure and stability of 

microtubules in neuronal axons [375, 376]. Tau is also involved in microtubule-

mediated axonal transport and intracellular signal transduction [376-378]. 

Phosphorylation of Tau proteins at specific sites modulates its activity, but 

dysregulation of this mechanism can result in hyperphosphorylation of Tau 

[270, 379]. This abnormal hyperphosphorylation can cause Tau to bind to other 

Tau proteins rather than microtubules, forming aggregates of paired helical 
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filaments and neurofibrillary tangles [380]. Eventually, tangles and aggregates 

lead to the destabilisation of microtubules and a loss of neuronal integrity 

(Figure 5). 

 

Figure 5. Tau aggregation in AD brains leads to disruption of microtubules and 
neurofibrillary tangles. Hyperphosphorylation of the microtubule-associated Tau protein 

results in aggregation of Tau, disrupting the microtubule network within neuronal axons. This 

aggregation eventually becomes neurofibrillary tangles, altering neuronal structure and 

function, leading to cell death. In addition, hyperphosphorylated Tau can dissociate from 

microtubules and accumulate into soluble Tau oligomers, capable of exacerbating cellular 

stress, amyloid aggregation, and neurofibrillary tangle formation. Retrieved and adapted from 

‘Pathology of Alzheimer’s Disease 2” by author from the Biorender.com (2023). 

Tau and Aβ share some characteristics. Before the formation of insoluble 

tangles, Tau aggregates can form soluble oligomers, which are thought to be 

more cytotoxic than insoluble Tau deposits, similarly to amyloids [379, 380]. 

Oligomers of Tau and Aβ are increased in the brain and CSF of AD patients 

compared to healthy controls (although, unlike amyloids, Tau aggregation is 

entirely hyperphosphorylation-dependent) [379, 380]. Interestingly, Aβ and 

Tau are capable of cross-seeding and co-aggregation in a similar manner to 

Aβ and IAPP [381, 382]. Furthermore, IAPP is also capable of cross-seeding 

Tau to form heterocomplexes [256]. Tau is also widely present in pancreatic 

islets, where ablation can severely impact β-cell function, GSIS, glucose 

tolerance, suggesting an important role for Tauopathy in T2D [383]. 

https://biorender.com/
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1.7 Aβ aggregates in Type 2 Diabetes 

1.7.1 Aβ in the Diabetic Pancreas  

As early as 1996, aggregated Aβ has been found in pancreatic islets of 

transgenic AD mouse models [384]. A study by Miklossy et al. [25] examined 

postmortem pancreatic tissue from diabetic patients. The authors reported the 

presence of aggregated Aβ together with IAPP aggregates in pancreatic islet 

plaque. Furthermore, the same study also found increased Tau expression 

and hyperphosphorylation associated with plaque deposit, which also stained 

positively for ubiquitin and ApoE [25]. It remains to be determined how Aβ is 

deposited in pancreatic islets, although it has been suggested that Aβ 

undergoes efflux from the brain and then uptake from the periphery. This 

notion is based on studies that indicate transgenic mouse models that express 

APP in the brain exclusively do not accumulate pancreatic plaque unless 

human IAPP is also present [296, 385, 386]. Another scenario includes the 

generation and secretion of Aβ from islet cells. Pancreatic β-cells express the 

genes for APP and the necessary processing enzymes to produce mature Aβ 

within the islet itself (the only islet cells that do so) [25, 387, 388]. Furthermore, 

a recent study noted that transient increases in plasma Aβ are synchronous 

with increase in plasma insulin and decreased Aβ immunostaining within β-

cells, suggesting potential co-secretion of Aβ with insulin (and therefore IAPP) 

[389].  

The role of APP and Aβ in the islet are still unknown, although evidence 

indicate a role in GSIS and glucose homeostasis. A study of transgenic APP / 

PS1 mice found that APP in pancreatic islets exhibited autocrine / paracrine 

function and increases insulin secretion from β-cells [385]. This function of 

APP is further supported by an obese mouse model that identified the APP 

gene as an important regulator of insulin secretion through a network-based 

modelling analysis of genes associated with T2D [390]. Potentially, aggregates 

of Aβ have a negative impact on insulin secretion through corruption of this 

pathway. Recent research indicates that in islets of older mice, Aβ decreases 

insulin secretion, implying not only that Aβ may exert a different effect than 

APP, but that it may be an age-dependent effect relevant to T2D [389, 390]. 
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However, Aβ does not exist in pancreatic islets in isolation. Several studies 

have identified an accelerated aggregation of Aβ in the presence of IAPP (and 

vice versa) due to cross-seeding [259, 391-393]. Although the information on 

the topic is extremely limited, a few animal studies have begun to explore how 

IAPP-Aβ combinations impact disease progression and severity of both AD 

and T2D. In transgenic fruit flies (Drosophila Melanogaster) expressing both 

human IAPP and Aβ, lifespan was reduced compared to transgenic flies that 

expressed only IAPP or Aβ [392]. Moreover, a paper by Wijesekara et al. [247] 

has provided one of the most in-depth analyses to date of Aβ and IAPP in a 

shared disease model. A cross-bred double transgenic mouse model 

expressing human APP and IAPP showed significant exacerbations in AD and 

T2D disease burdens, including amyloid plaque loading in the brain and 

pancreas, peripheral and central insulin insensitivity, and neurodegeneration. 

Data relevant to this thesis from this publication are available as Appendix B 

(8.2, page 235) for reference. 

Insight into how IAPP-Aβ together exacerbate AD and T2D disease processes 

at a cellular level is lacking. In a study by collaborators Bharadwaj et al. [129], 

IAPP-Aβ co-oligomerisation resulted in large amorphous aggregates distinct 

from those of Aβ and IAPP. Key findings from this study have been included 

in Appendix C (8.3, page 236). Bharadwaj et al. further state that these IAPP-

Aβ co-aggregates have enhanced cytotoxicity, where they reduced cell viability 

3-4 times compared to Aβ or IAPP alone. However, this toxicity profile was 

only examined in neuronal cell lines with reference to AD, and not in pancreatic 

tissue where Aβ and IAPP also co-localise in vivo. More research is needed to 

investigate the impact of Aβ and Aβ-IAPP aggregates on vital insulin-secreting 

pancreatic β-cells to fully elucidate the pathology of T2D. 

1.7.2 Aβ in Central and Peripheral Insulin Resistance 

Insulin resistance plays an important role in the pathology of AD. Compared to 

peripheral insulin signalling which primarily mediates glucose uptake, insulin 

receptor activation in the CNS promotes synaptic plasticity, neuronal growth 

and repair, and memory formation [394]. Dysregulation of this pathway through 

the induction and exacerbation of CNS insulin resistance provides another 

potential link between AD and T2D. A study involving cultured primary cortical 
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neurons of rats demonstrated that Aβ can bind to insulin receptors and 

downregulate both their function and expression [395]. Aβ oligomers are also 

suspected to bind to synaptic membranes, altering their conformation and 

further disrupting insulin binding / signalling [396]. AD-related 

hyperphosphorylation of Tau and loss of Tau function can also negatively 

impact insulin signalling in the CNS, exacerbating this effect [397, 398]. 

Furthermore, the neuroinflammatory environment within the AD brain can 

further downregulate insulin signalling, potentially leading to severe central 

insulin resistance [399]. 

However, as noted above, Aβ does not exist only in the CNS. Similar to IAPP, 

Aβ is able to aggregate in many of the insulin-sensitive peripheral tissues, 

including the liver, skeletal muscle, and heart [400]. Aβ is known to aggregate 

in skeletal muscle cells in a disease known as inclusion body myositis (IBM) 

[401, 402]. As a result of an inflammatory immune reaction that causes 

damage to proteostatic mechanisms and the ER, protein aggregates, such as 

Aβ, can accumulate in skeletal muscle cells, triggering further oxidative and 

ER stress [403, 404]. This process leads to reduced cell viability and function 

[403, 404]. However, outside of this specific disease, there is little evidence to 

suggest plaque accumulation occurs comparable to the degree found in the 

pancreas or brain in insulin-sensitive tissues of patients with T2D and / or AD. 

Although these tissues lack significant amyloid aggregation, amyloidogenic 

peptides can still impact the viability and function of cells. Several distinct 

transgenic mouse models of Aβ overexpression have shown an increased 

glucose intolerance, metabolic dysfunction, and peripheral insulin resistance 

compared to controls in the presence of a high-fat diet [247, 405-409]. 

Although this can be the result of disruption to the hypothalamic regulation of 

insulin signalling (or even inflammation), there is evidence that Aβ could 

disrupt insulin signalling directly in peripheral tissues. As Aβ can bind to insulin 

receptors in the CNS, it can also potentially do this in peripheral tissues, down 

regulating insulin signalling [410, 411]. In hepatocytes from an APP / PS1 

transgenic mouse model, Aβ can also disrupt insulin signalling both in vivo and 

in vitro by up-regulation of suppressor of cytokine signalling 1 (SOCS1) 
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through activation of the Janus kinase 2 (JAK2) / signal transducer and 

activator of transcription 3 (STAT3) pathway [412, 413].  

Few studies have examined a dual T2D / AD phenotype in relation to metabolic 

dysfunction and peripheral insulin resistance. A study of APP / PS1 mice 

crossed with the db / + transgenic model of obesity and T2D with a mutation 

in the leptin receptor gene, reported exacerbated insulin resistance and 

glucose intolerance compared to db / + mice only [6]. These results are 

consistent with other studies such as transgenic APP / PS1 mice of AD 

crossbred with a diabetic mice model overexpressing IGF-2 [414], a transgenic 

APP model combined with both a mouse model of obesity, and with a mouse 

strain bred for its glucose intolerance [415, 416]. These studies observed 

worse metabolic deficits in diabetic mice models in the presence of human 

APP and Aβ. However, investigation of human IAPP is notably absent from 

these studies. 

With little agreement on the role of aggregated IAPP in insulin sensitivity alone, 

the effect of IAPP-Aβ heterocomplexes in peripheral tissues is even less well 

known. Wijesekara et al. [247] demonstrated that although transgenic human 

APP mice exhibited reduced insulin sensitivity, a double transgenic model 

expressing both human APP and human IAPP displayed both insulin 

resistance and hyperglycaemia, indicating an exacerbated  diabetic disease 

burden (Appendix C; 8.3, page 236). In this model, disruption of glucose 

homeostasis and high levels of plasma Aβ were observed before Aβ plaque 

deposits were identified in the brain, suggesting that metabolic disruption 

occurred early in the pathology. Whether this is the result of extrinsic 

mechanisms, such as hypothalamic regulatory disruption, chronic 

inflammation, or more intrinsic mechanisms such as IAPP-Aβ aggregates 

disruption of cells in peripheral tissues remains to be determined. As both 

diseases heavily feature insulin resistance, understanding the role of systemic 

IAPP-Aβ aggregates in insulin signalling is important to understanding the 

pathogenic mechanisms of both AD and T2D 
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1.8 Conclusion 

In summary, studies have shown co-localisation of IAPP and Aβ in common 

tissues, including the brain, pancreas, and insulin-sensitive peripheral tissues. 

Emerging research further suggests that co-aggregation of these 

amyloidogenic peptides could enhance their cytotoxicity. As such, evidence 

supports the hypothesis proposed in this thesis that either IAPP and / or Aβ 

can potentially promote β-cell dysfunction and peripheral insulin resistance. To 

date, the cellular mechanisms remain to be fully determined. In addition, the 

combined effect of these proteins have not been widely explored. This will be 

investigated through the following research aims. 

1.9 Research Aims 

1.9.1 To assess pancreatic islet amyloid load, insulin, inflammation, 

and cellular stress in a novel transgenic mouse model expressing both 

human IAPP and Aβ 

 

1.9.2 To investigate the impact of Aβ, alone and in combination with 

IAPP, on insulin secretion, viability, and metabolism of pancreatic β-

cells in vitro 

 

1.9.3 To investigate the impact of Aβ, alone and in combination IAPP, 

on insulin sensitivity, cellular viability, and metabolism on insulin-

sensitive peripheral tissues in vitro 
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CHAPTER 2  Materials and Methods 

2.1 Ex Vivo Murine Studies 

2.1.1 Murine Models 

A double transgenic (DTG) murine model exhibiting both pancreatic and 

cerebral amyloid was developed by the laboratory of Prof. Paul Fraser, Medical 

Biophysics, University of Toronto by cross-breeding a transgenic mouse model 

overexpressing human APP with another transgenic mouse model 

overexpressing human IAPP  [247]. The transgenic APP mice featured both 

the Swedish and Indiana human APP695 mutations resulting in increased 

levels of amyloidogenic human Aβ in the central nervous system, while the 

transgenic IAPP mice featured increased levels of human IAPP in pancreatic 

tissue. As a result, the crossbred DTG mice retained both of these features. 

Nontransgenic littermates (NT) were used as controls to be compared with 

DTG, APP and IAPP mice  (Table 1). As female mice presented a less severe 

phenotype, male mice were selected and placed on a 45% high-fat diet from 3 

weeks of age to exacerbate symptoms further, then sacrificed at 16 or 24 

weeks for analysis. Paraffin-embedded 5 µm sections of murine pancreatic 

tissue were prepared by the Fraser laboratory and three consecutive tissue 

sections were mounted per microscopic slide prior to being sent to Curtin 

University for examination [247].  

Table 1. Comparison of transgenic, double transgenic, and nontransgenic murine models 

used in ex vivo examination of pancreatic tissue sections 

Murine 
Model 

Genetic / 
Transgenic 
Background 

Gene Promoter / 
Expression 

Pattern 
Model Features 

Number of 
Animals 

per group 
16W 24W 

NT 50% FVB 

25% C57BL / 6 

25% CH3 

N/A N/A 7 7 

APP TgCRND8:  

APP KM670 / 

671NL [Swedish]  

Hamster Prion 

Protein (PrP) gene 

promoter 

Model features 

increased levels of Aβ 

production, AD-like 

5 5 
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APP V717F  

[Indiana] 

 

Protein expression 

localised to central 

nervous system 

neurons and (to a 

much lesser extent) 

astrocytes [417] 

amyloid plaque 

deposition, Tau 

hyperphosphorylation, 

and cognitive 

impairment [417] 

IAPP FVB / N-Tg  

[Ins2-IAPP] 

RHFSoel / J 

Rat Insulin II gene 

promoter 

 

Protein expression 

localised to 

pancreatic tissue 

[418] 

 

The model features 

T2D-like islet amyloid 

deposition and 

impaired insulin 

secretion [418] 

6 8 

DTG APP x IAPP 

As above 

As above Exhibits features of 

both APP and IAPP 

transgenic models, 

including 

overexpression of 

human APP and IAPP 

[247] 

9 7 

2.1.2 De-Paraffinisation and Rehydration 

The paraffin-embedded pancreatic tissue sections were deparaffinised by 

heating at 65 °C in a fan-forced oven for 20 min, then washed three times in 

100% Xylene for 5 min. The sections were then washed twice in 100%, 70%, 

50%, then 30% ethanol for 5 min each, respectively, before gentle washing in 

running RO water for 5 min to rehydrate the tissues. From this point on, the 

tissue sections were not allowed to dry. 

2.1.3 Antigen Retrieval 

Antigen retrieval, when required according to the experimental design, was 

carried out by immersing slides in sodium citrate buffer (10 mM sodium citrate, 

0.05% TWEEN® 20, pH 6.0) in a microwave-safe slide rack and container. 

Using a 1100-watt microwave at 50% power, the slides were heated for 30 min 

(3 min rotations) at 95 °C, being careful to avoid tissue dissociation from the 
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slide caused by the solution boiling. The slides were cooled at room 

temperature for 10 min and then washed in RO water for 5 min. 

2.1.4 Thioflavin S Staining 

Thioflavin S (ThioS) staining, when required according to the experimental 

design, was performed after antigen retrieval and prior to immunofluorescent 

staining. The slides were immersed in 1% w / v filtered ThioS (Sigma Aldrich) 

for 10 min at room temperature, protected from light. After incubation, slides 

were required to be kept continually protected from light and were washed 

twice in 80% ethanol for 3 min, once in 90% ethanol for 3 min, and three times 

in RO water for 1 min. 

2.1.5 Immunofluorescent Staining 

The slides were washed in Tris-buffered saline (TBS) for 5 min with gentle 

agitation on a plate rocker. A hydrophobic barrier pen was used to surround 

the tissues and confine the reagents to each specific tissue section on each 

slide. Once applied, a blocking solution of 10% normal goat serum (NGS) in 

TBS with 0.05% TWEEN® 20 (TBS-T; Sigma Aldrich) was added to each 

section and incubated in a humid chamber for 60 min at room temperature. 

The slides were drained of blocking solution and primary antibodies diluted in 

1% NGS in TBS-T were added (Table 2). The slides were then incubated at 4 

°C overnight in a humid chamber. Optimal antibody dilutions were obtained by 

optimisation of antibody dilution factors on spare sections prior to use on test 

samples. 

Table 2. Primary antibodies used in immunofluorescent staining of murine pancreatic tissue 

sections 

Antigen Epitope 
Isotype 

(IgG) 
Dilution Supplier Cat No. 

Insulin Information 

Unavailable 

Guinea 

Pig 

1:500 Abcam Ab7842 

Iba1 Information 

Unavailable 

Rabbit 1:250 Abcam Ab178846 

Tau ~Asp430 Rabbit 1:250 Cell Signaling 46687 

Phospho-
Tau 

Ser202 & 

Thr205 

Mouse 1:200 Thermofisher MN1020 
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Cleaved 
Caspase-3 

~Asp175 Rabbit 1:250 Cell Signaling 9664 

Following primary antibody incubation, slides were washed three times in TBS-

T for 5 min with gentle agitation on a plate rocker. Fluorophore-conjugated 

secondary antibodies in 1% NGS in TBS-T were incubated at room 

temperature for 60 min in a humid chamber, protected from light (Table 3). 

After incubation, if ThioS staining had not been done earlier, slides were now 

required to remain continuously protected from light and were washed three 

times in TBS-T for 5 min with gentle agitation on a plate rocker. 

Table 3. Fluorophore-conjugated secondary antibodies used in immunofluorescent staining of 

murine pancreatic tissue sections 

Antigen Fluorophore Isotype Dilution Supplier 
Cat 
No. 

Guinea Pig IgG AF647 Goat IgG 1:500 Abcam Ab6908 

Rabbit IgG AF594 Goat IgG 1:250 Cell Signaling 8889 

Mouse IgG AF647 Goat IgG 1:250 Cell Signaling 4410 

2.1.6 Hoescht Stain 

0.02 µg / µL of Hoescht solution in TBS was added to each slide and left to 

incubate at room temperature in a humid container. After incubation, the slides 

were washed for 15 min in TBS with gentle agitation on a plate rocker. 

2.1.7 Mounting slides 

A single drop (approximately 10 µL) of ProLongTM Diamond Antifade Mountant 

(Invitrogen) was added to each section of a slide and a 22 x 40 mm coverslip 

was placed per slide. The slides were then allowed to dry overnight, protected 

from light. 

2.1.8 Microscopic Imaging  

Microscopic imaging was performed on a Nikon A1 confocal microscope and 

viewed on NIS Elements Viewer Software Version 4.11.0. A minimum of five 

islets were chosen at random per tissue section and imaged. All images were 

taken at 20x magnification. Care was then taken to ensure that the same islets 

and regions of interest were captured over the serial sections on the same 
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microscopy slide. Laser power and detection settings were optimised for each 

antibody according to manufacturer recommendations. 

2.1.9 Image Quantification and Data Analysis 

Images were analysed using ImageJ software. The islets were identified and 

the isolated by threshold gating, and appropriate background corrections were 

applied to each antibody. Each individual islet was then quantified into intensity 

and / or the percentage of islet area of antibody staining. The intensity of 

antibody staining was measured using the mean grey value, where each pixel 

within the gated islet area is given as a continuous value on a grey scale 

between 0 (black; absence of staining) and 255 (white; complete saturation of 

staining). The grey value of all pixels (with a given value of between 1-255) 

was then averaged to give a mean grey value per islet. The percentage of islet 

area stained positively by antibodies was measured by each pixel within the 

gated islet area being given a binary categorical value depending on the 

presence or absence of staining. The area of all pixels positive for antibody 

staining was then given a percentage value of the total gated islet area 

occupied. 

Statistical analysis was performed using GraphPad Prism version 8 software. 

Data underwent normality testing and, if found to be normally distributed, one-

way ANOVA with Tukey multiple comparisons Post-Hoc testing were 

performed to compare means between groups, while two-way ANOVA tests 

with Sidak’s multiple comparisons Post-Hoc testing were used to determine 

changes between groups at 16 and 24 w. If data was not normally distributed, 

nonparametric Kruskal-Wallis test with Dunn’s Post-Hoc tests were instead 

used to compare the mean rankings of each group. All graphed data is 

expressed as Mean ± Standard Deviation (SD). The statistical significance limit 

was set at 0.05 or less (p< 0.05).  
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2.2   In Vitro Cell Line Studies 

2.2.1 Preparation of Amyloid Peptides 

The preparation of amyloidogenic peptides into oligomeric species followed 

well-established protocols [129, 419, 420]. Synthetic powdered preparations 

of human IAPP (Abbiotec) and the 42-residue isoform of Aβ (Keck Institute) 

were solubilised in Hexafluoro-2-propanol (HFIP) at a final concentration of 1 

mM. After 30 min of incubation at room temperature, the solution was vortexed 

for 1 min and then separated into 100 µL aliquots in individual 1.5 mL 

microtubes. The HFIP in each tube was evaporated under a gentle and steady 

stream of oxygen-free nitrogen (N2) gas, leaving a dried film of IAPP or Aβ 

peptides. The films were stored at -20 °C until required, but no longer than 3 

months. 

To resuspend the dried protein film, 20 µL of dimethyl sulfoxide (DMSO) was 

added, carefully scraping the sides of the microtube. The microtubes were 

vortexed for 1 min, pulse centrifuged, then sonicated for 10 min at room 

temperature, with successive 10 sec cycles and 5 sec breaks between cycles 

in Biorupter® Plus Sonication Device (Diagenode). After sonication, 980 µL of 

Ham’s F-12 medium without FBS and without Phenol Red (Gibco) was added 

to give a final concentration of 100 µM per microtube. Following resuspension 

in in F-12, amyloidogenic peptides were incubated at 4 °C for 24 h to allow 

oligomerisation. The oligomeric amyloidogenic stock solution was stored at 4 

°C and used within 7 days. 

2.2.2 Cell Culture 
2.2.2.1 BRIN-BD11 cells 

BRIN-BD11 (CellBank Australia) is a hybrid β-cell line created by electrofusion 

of primary rat islets with RINm5F, a rat insulinoma cell line [421]. Cells were 

cultured primarily in T75 flasks in RPMI 1640 medium (Sigma Aldrich) 

supplemented with 11.1 mmol / L glucose, 2 mmol / L L-glutamine, 10% v / v 

foetal bovine serum (FBS), and 1% v / v penicillin streptomycin. The cells were 

maintained at 37 °C with 5% CO2 and subcultured at approximately 70-80% 

confluence. Before treatment, BRIN-BD11 cells were seeded at optimised cell 
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densities in subculture plates (96-, 24- or 6-well plates) as required by 

experimental conditions and left to adhere overnight. 

2.2.2.2 HSMM cells 

Human Skeletal Muscle Myoblasts (HSMM; Lonza) are primary human 

undifferentiated mononucleated myoblasts isolated from the quadriceps or 

psoas muscles of healthy adult donors [422, 423]. According to the 

manufacturer’s recommendations, HSMM cells were cultured at 37 °C and 5% 

CO2 in SkBMTM-2 basal medium (Lonza) supplemented with 10% v / v FBS, 

50 µg / mL of bovine fetuin, 10 ng / ml human recombinant epidermal growth 

factor, 1 ng / ml human recombinant fibroblast growth factor, and 0.4 µg / mL 

of dexamethasone (SkGMTM-2 Skeletal Muscle Myoblasts SingleQuotsTM 

supplements, Lonza). Cells were subcultured at approximately 50-60% 

confluence to prevent spontaneous differentiation, and growth medium was 

changed every 2-3 days. 

2.2.2.3 Differentiation of HSMM cells 

HSMM cells were seeded in Growth Medium in subculture plates required by 

experimental conditions (96-, 24- or 6-well plates) and left to adhere overnight. 

The supernatant was discarded and replaced with a fusion medium of 1:1 

Dulbecco modified Eagles Medium (DMEM) and Ham’s F12 nutrient mixture 

(Sigma Aldrich) supplemented with 2% horse serum. Cells were cultured in 

this medium for 5 days, ensuring that the differentiation medium was changed 

at least every 2-3 days. After 5 days, the cells were prepared for treatment. 

2.2.2.4 Cell Counting and Subculturing 

Once the necessary confluency of cells (variable depending on cell type) had 

been reached, the cells were ready to be counted and / or subcultured into cell 

culture flasks or plates as needed. The following reagent measurements were 

optimised for the T75 subculture flask but can be scaled for other flask sizes. 

First, the conditioned media was discarded from the cell culture flask and the 

cells were briefly washed with 10 mL of phosphate-buffered saline (PBS; 

depending on the size of the flask). The PBS was then discarded, and cells 

were incubated with 5 mL of 0.25% trypsin for 5 min at 37 °C with 5% CO2 to 

detach cells from the flask. After incubation, trypsin was neutralised with an 
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equal volume (5 ml) of appropriate fresh growth medium containing 10% FBS. 

The flask contents were collected in a 15 mL test tube, and cells were pelleted 

by centrifugation for 5 min (500 x g for BRIN-BD11 cells, 200 x g for HSMM 

cells). The supernatant was again discarded, and the cell pellet was 

resuspended in ~3 mL of appropriate fresh growth medium. A 50 µL sample of 

cell suspension was added to 50 µL of 0.4% Trypan Blue (Thermofisher) 

solution to stain cells and a Neubauer haemocytometer was used to calculate 

the cell density per millilitre. cells were seeded into a fresh flask at an 

appropriate seeding density in fresh growth media. 

2.2.3 Methylthiazol Tetrazolium (MTT) Assay 

The MTT assay is a colourimetric assay used as a measurement of cell 

viability, as only live cells reduce the soluble MTT to insoluble formazan 

crystals. After treatment, 5 mg / ml of MTT solution was added to the 

supernatant within the wells in a 1 : 10 ratio (e.g., 10 µL of MTT to 100 µL 

supernatant). The plate was left to incubate for 4 h at 37 °C and 5% CO2, 

protected from light. The MTT / supernatant solution was eluted from the wells, 

and 100 µL of DMSO was added per well to solubilise formazan crystals. The 

plate was then gently shaken on an orbital plate shaker for 1 min and 

absorbance was read at 570 nm on a PerkinElmer EnsightTM multimode plate 

reader. Results were expressed as relative fold change from control. 

2.2.4 Cell Cycle Analysis (Flow Cytometry) 

After treatment, cells were harvested using 0.25% trypsin and collected into 15 

mL test tubes. Cells were pelleted by centrifugation at 500 x g and room 

temperature, resuspended in PBS to wash and then were pelleted again. The 

PBS was decanted, and the cells were gently resuspended in 1 mL of -20 °C 

70% ethanol to permeabilise the cell membrane and fix the cells. Cells were 

then stored at -20 °C overnight. After overnight incubation, cells were pelleted 

via centrifugation by 500 x g and room temperature, then cells were washed a 

total of three times in PBS. Cells were resuspended in 200 µL of PBS 

containing 10 µg / mL RNAse and 40 µg / mL Propidium Iodide (PI) a red-

fluorescent DNA stain that cannot penetrate the semipermeable cell 

membrane, then incubated for 30 min at room temperature, protected from 
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light. A BD LSRFortessa flow cytometer (BD Biosciences) was used to 

determine and analyse the stained cells. PI staining was detected in the FL2 

channel of the flow cytometer.  

Cell debris and aggregate cell populations were excluded via gating and single 

cell populations were shown on a histogram displaying event count versus PI 

fluorescence (using a minimum of 10000 events). Using this histogram, the 

phases of cell cycle can be determined as PI staining creates a fluorescence 

signal proportionate to the amount of DNA present. Cells entering into the 

process of mitosis (G2 / M) contain twice the amount of DNA than resting cells 

or cells preparing for DNA duplication (G0 / G1). Cells in the transitional process 

of DNA duplication (S Phase) and necrotic or apoptotic cellular fragments 

(Sub-G1) can also be detected. The phases of the cell cycle were detected and 

analysed using FloJo v10 software. 

2.2.5 Bicinchoninic Acid (BCA) Protein Assay 

The BCA Assay was performed using the PierceTM BCA Assay Kit 

(Thermofisher) according to manufacturer’s protocol. Briefly, BCA reagents 

were mixed according to the manufacturer’s instructions (50 parts A to 1 part 

B), and 200 µL of the mixture was added to 25 µL of cell lysate sample per 

well in a 96-well plate. The plate was then incubated at 37 °C for 30 min before 

absorbance was recorded at 560 nm on a PerkinElmer EnsightTM multimode 

plate reader. The results were compared to a standard curve of known 

concentrations of bovine serum albumin (BSA; 0-2000 µg) prepared on the 

same plate to determine the protein concentration in µg / mL. 

2.2.6 Glucose Stimulated Insulin Secretion (GSIS) 

As directed by previously established laboratory protocols [424] post-treatment 

supernatant was removed, and the wells were washed with PBS. Warm (37 

°C) Kreb’s Ringer bicarbonate buffer (KRBB: 115 mM of NaCl 4.7 mM of KCl, 

1.28 mM of CaCl2.2H2O, 1.2 mM of KH2PO4, 1.2 mM of MgSO4.7H2O, 10 mM 

of NaHCO3, 10 mM of HEPES, 0.5% BSA; pH 7.4) supplemented with 1.1 mM 

glucose was added to each well and the cells were left to acclimate for 40 min 

at 37 °C with 5% CO2. After acclimation, the supernatant was removed and 

fresh warm KRBB was added to each well supplemented with 1.1 mM glucose, 
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for basal stimulation, or 16.7 mM glucose and 10 mM Alanine, for maximum 

stimulation. The plates were incubated for 20 min at 37 °C with 5% CO2 before 

collecting the supernatant and stored at -80 °C for future testing. RIPA cell lysis 

buffer was added to each well before incubation at 4 °C for 30 min. Cell lysates 

were stored at -20 °C and a BCA Assay (2.2.5, page 51) was used to determine 

protein quantification for normalisation. 

2.2.7 Insulin ELISA 

Insulin quantification was determined via Ultrasensitive Rat Insulin ELISA kit 

(Mercodia) according to the manufacturer’s protocols. Briefly, 25 µL of Insulin 

Calibrators were added to 96-well coated ELISA plates with samples 

generated from Glucose Stimulated Insulin Secretion (2.2.6, page 51). 100 µL 

of enzyme conjugate solutions per well were added, and the plate was 

incubated on an orbital plate shaker at room temperature for 2 h. After 

incubation, the plate was washed 6 times with 350 µL of wash buffer, then 200 

µL of Substrate TMB was added to each well and the plate was incubated for 

15 min at room temperature protected from light. 50 µL of Stop Solution per 

well was added and the plate was briefly placed on an orbital plate shaker to 

ensure adequate mixing. The absorbance was read at 450 nm on a 

PerkinElmer EnsightTM multimode plate reader. Insulin quantification was 

performed using known concentrations of insulin calibrators and normalised 

via protein quantification BCA Assay (2.2.5, page 51). Results were expressed 

as insulin concentration in µg / L / µg of protein, or as a relative fold change 

from control. 

2.2.8 Western Blot Analysis 
2.2.8.1 Sample Preparation 

After treatment, cells were washed with cold Hank’s balanced salt solution 

(HBSS; Gibco). 100 µL of RIPA buffer with cOmpleteTM ULTRA protease 

inhibitor cocktail (Roche) was added to wells, and wells were scraped to 

enhance lysing of cells and protein output. Lysate solution was collected into 

0.5 mL microtubes, vortexed for 1 min, then incubated at 4 °C for 1 h. Post-

incubation, the samples were vortexed again for 1 min then sonicated for 3 min 

at 4 °C, with successive 15 sec cycles and 5 sec breaks between cycles in 
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Biorupter® Plus Sonication Device (Diagenode). Samples were vortexed for 1 

min and centrifuged at 10000 x g, then the supernatant was aspirated and 

transferred to a fresh 0.5 mL microtube. Concentration of proteins in samples 

was determined by BCA Assay (2.2.5, page 51). Samples were stored at -20 

°C. 

2.2.8.2 Sodium Dodecyl Sulphate – Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) 

Samples were prepared for SDS-PAGE by adding NuPAGETM LDS Sample 

Buffer and NuPAGETM Sample Reducing Agent (Invitrogen) to at least 15 µg 

of protein per sample as per manufacturer instructions. Sample mixture was 

vortexed for 1 min, then heated to 70 °C for 10 min. Samples were separated 

by electrophoresis in either a pre-cast BoltTM 4 – 12% Bis-Tris Plus Gel or using 

10% hand-cast gels made via the SureCast Gel Handcast System (Invitrogen). 

Electrophoresis was performed using a Mini Gel Tank in NuPageTM MOPS 

SDS Running Buffer (Invitrogen) at a constant voltage of 80 V for 90 min. 

2.2.8.3 Protein Transfer 

After electrophoresis, the acrylamide gels were transferred to a nitrocellulose 

membrane via a wet transfer method. Briefly, the nitrocellulose membrane and 

acrylamide gel were enclosed in filter paper and fibre/sponge padding, then 

loaded into cartridges and into a Tetra Blotting Module (Bio-Rad). Cartridges 

were submerged in Transfer Buffer (25 mM Tris, 192 mM Glycine, 10% 

Methanol) alongside a frozen cooling block. Transfer was performed at 4 °C 

for 105 min at a constant amperage of 250 mA or overnight at a constant 

voltage of 20 V. After transfer completion, Ponceau S Solution (Sigma-Aldrich) 

was applied to membranes to verify successful protein transfer, then rinsed 

from the membrane using warm TBS. 

2.2.8.4 Immunoblotting 

Following Ponceau S staining and removal, membranes were incubated in 

blocking solution of 3% BSA or 5% skim milk in TBS-T for 1 h at room 

temperature. Following blocking, membranes were incubated with primary 

antibodies in 1% BSA or 1% skim milk in TBS-T overnight at 4 °C (Table 4). 
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Table 4. Primary antibodies used in immunoblotting of in vitro cell lines 

Target Epitope 
Isotype 

(IgG) 
Dilution Supplier Cat No. 

α/β-Tubulin ~Tyr36 Rabbit 1:1000 Cell Signaling 2128 

Cleaved 
Caspase-3 

~Asp175 
Rabbit 1:1000 Cell Signaling 9664 

Akt – Total ~C-

Terminus 

Rabbit 1:1000 Cell Signaling 9272 

Akt – 
Phospho 
(S473) 

~Ser473 

Rabbit 1:1000 Cell Signaling 9271 

Akt – 
Phospho 
(T308) 

~Thr308 

Rabbit 1:1000 Cell Signaling 4056 

ATF4 ~C-

Terminus 

Rabbit 1:1000 Cell Signaling 11815 

β-Actin ~N-

Terminus 

Rabbit 1:1000 Cell Signaling 4970 

BCL-XL Information 

Unavailable 

Rabbit 1:1000 Abcam Ab32370 

BiP ~Arg26 Rabbit 1:1000 Cell Signaling 3183 

CHOP Information 

Unavailable 

Mouse 1:1000 Cell Signaling 2895 

COXIV ~Lys29 Rabbit 1:300 Cell Signaling 4850 

GAPDH ~Lys260 Rabbit 1:1000 Cell Signaling 5174 

HSP60 ~Trp68 Rabbit 1:1000 Cell Signaling 12165 

iNOS Ser1118 - 

Gly1129 

Rabbit 1:1000 Abcam Ab136918 

Sirt1 Information 

Unavailable 

Mouse  1:1000 Cell Signaling 8469 

SUR1 Information 

Unavailable 

Rabbit 1:1000 Abcam Ab32844 

Membranes were then washed three times in TBS-T for 5 min each, then 

incubated with HRP-linked secondary antibodies in 1% BSA or 1% skim milk 

in TBS-T for 1 h at room temperature (Table 5). After incubation, membranes 

were washed three times in TBS-T for 5 min each then incubated for 5 min in 

ClarityTM Western Enhanced Chemiluminescent (ECL) Substrate (Bio-Rad) at 

room temperature, protected from light. 
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Table 5. HRP-linked secondary antibodies used in immunoblotting of in vitro cell lines 

Target Isotype Dilution Supplier Cat No. 

Rabbit IgG  Goat 1:2000 Dako P0448 

Mouse IgG Goat 1:2000 Dako P0447 

2.2.8.5 Imaging and Quantification of Protein Banding 

Membranes were transferred to a ChemiDocTM MP Imaging System (Bio-Rad) 

and imaged using the Chemi Hi Resolution application protocol in ImageLab® 

Software (Bio-Rad). Using the same software, lanes and bands were identified 

and densitometry analysis of protein banding was used to quantify changes in 

protein expression. Target protein expression was normalised by 

housekeeping protein expression and expressed as relative expression for 

comparison between groups. 

2.2.9 PI Staining (Flow Cytometry) 

PI staining of cells (without prior membrane permeabilisation as was 

performed in Cell Cycle Analysis (2.2.4, page 50) is a more direct measure of 

cell death as only membrane-compromised (typically late-stage apoptotic 

cells) are detected. After treatment, both the supernatant and cells were 

collected in 14 mL test tubes to include all living and dead cells. The cells were 

pelleted via centrifugation at 500 x g and room temperature, then resuspended 

in Phosphate-Buffered Saline (PBS) to wash and were pelleted again. The 

PBS was decanted, and the cells were resuspended and incubated in fresh 

PBS with 40 µg / mL PI (Thermofisher) for 5 min, protected from light. Cells 

were vortexed for 1 min, transferred to 5 mL flow cytometer tubes then briefly 

kept on ice. A BD LSRFortessa Flow Cytometer (BD Biosciences) was used 

to determine and analyse the stained cells. Using a minimum of 10000 events, 

cell debris and aggregate cell populations were excluded via gating and single 

cell populations were shown on a histogram displaying event count versus PI 

fluorescence. Using FloJo v10 Software, PI positive cells were identified and 

expressed as percentage of total events. 
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2.2.10 CM-H2DCFDA Intracellular Oxidative Stress Indicator (Flow 
Cytometry) 

On the day of the assay, the CM-H2DCFDA probe was prepared to a stock 

concentration of 250 µM in DMSO. After treatment, cells were washed with 

PBS, then incubated for 30 min with 1 µM of the ROS Probe CM-H2DCFDA in 

Phenol Red-free serum-free DMEM at 37 °C with 5% CO2, protected from light. 

Continually protected from light, the cells were washed again with PBS, then 

harvested using 0.25% trypsin. The cells were pelleted via centrifugation, then 

resuspended in 1 mL of fresh PBS. All samples were vortexed for 1 min, 

transferred to 5 mL flow cytometer tubes then briefly kept on ice. A BD 

LSRFortessa Flow Cytometer (BD Biosciences) was used to analyse the 

stained cells. Using a minimum of 10000 events, cell debris, aggregate cell 

populations and PI positive cells (PI Staining; 2.2.9, page 55) were excluded 

via gating and single cell populations were shown on a histogram displaying 

event count versus CM-HF2DCFDA fluorescence. Using FloJo v10 Software, 

the intensity of CM-HF2DCFDA staining was identified as the geometric mean. 

2.2.11 Seahorse XFe96 Mitochondrial Stress Test 
2.2.11.1 Reagents and Preparation 

The Agilent Seahorse XFe96 flux analyser was operated according to the 

manufacturer’s mitochondrial stress testing protocols. Testing reagent final 

concentrations were successfully optimised for each cell line in order to meet 

the required manufacturer’s criteria [232, 425]. Oligomycin, Carbonyl cyanide 

4-trifluoromethoxyphenylhydrazone (FCCP), Antimycin A and Rotenone were 

purchased from Sigma Aldrich and solubilised in DMSO in 5 mM stock 

concentrations (Figure 6). Cells were seeded in specialised Seahorse XFe96 

cell culture plates and left to adhere overnight before undergoing treatment. 

During this time, the XFe96 sensor plate was hydrated using calibrant solution 

supplied by Agilent and left to incubate for 24 h at 37 °C in a non-CO2 

incubator.  
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Figure 6. Electron transport chain targets of key mitochondrial modulators (sourced 
from Rogers, Burroughs [425]). Seahorse XFe96 mitochondrial stress testing employs the 

use of acute injections of mitochondrial modulators to alter mitochondrial coupling 

mechanisms, as well as function of ATP-Synthase and respiratory complexes I and III, to 

determine changes in mitochondrial function and cellular respiration after exposure to test 

compounds such as amyloidogenic peptides. 

2.2.11.2 Day of the Assay 

After treatment, the supernatant was discarded from the cell plate and 

replaced with buffer-free serum-free DMEM (Sigma Aldrich) supplemented 

with 1 mmol / L of sodium pyruvate and 2.5 mmol / L of glucose (pH 7.4). The 

plate was incubated for 1 h at 37 °C in a non-CO2 incubator to allow the cells 

to acclimate to the new environment. As this occurred, the reagent injections 

were loaded into the sensor plate (Table 6), which was then inserted into the 

flux analyser to calibrate. Post-calibration, the cells had acclimated to the 

media change and the cell plate was inserted into the flux analyser. After basal 

measurements were conducted, the wells were injected with 25 µL of the 

buffer-free serum-free DMEM containing optimised concentrations of 

Oligomycin, FCCP, then a combined injection of Antimycin A and Rotenone. 

The injections were delivered at 21 min intervals with alternating mix / measure 

cycles every 3.5 min to detect Oxygen Consumption Rate (OCR). After assay 

completion, the BCA Assay (2.2.5, page 51) was used to quantify protein for 

normalisation. 
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Table 6. Final concentrations of mitochondrial stress testing reagents per cell line 

Cell line 

Injection 1: 
Oligomycin 

(µM) 

Injection 2: 
FCCP 
(µM) 

Injection 3: 
Antimycin A 

(µM) 

Injection 3: 
Rotenone 

(µM) 
BRIN-BD11 2  0.3 1 1 

HSMM 2 1 1 1 

2.2.11.3 Calculations and Outcomes 

Oligomycin, as an inhibitor of ATP synthase [426], was used to estimate OCR 

coupled to ATP synthesis. FCCP, as a mitochondrial uncoupler [427], was 

used to measure maximal OCR. A combination of Antimycin A and Rotenone 

inhibits the flow of the electron transport chain (ETC) at complexes III and I 

respectively [428, 429], allowing measurement of non-mitochondrial 

respiration (Figure 6). Using current modelling, extracellular acidification and 

oxygen consumption can be detected and used to calculate the ATP 

generation, where each mol of oxygen can yield up to a 2.79 mol of ATP [430]. 

The basal measurements and calculations are then used to calculate further 

parameters such as proton leak, spare respiratory capacity and coupling 

efficiency percentage (Table 7, Figure 7). Results were expressed as OCR in 

pmol / min / µg of protein and fold change from control. 

Table 7. Calculation of mitochondrial parameters from mitochondrial stress testing 

measurements after injections of mitochondrial modulators 

Parameter Calculation 

Non-Mitochondrial Respiration Minimum OCR after Antimycin A / Rotenone 

Basal Respiration 
(Final OCR before Oligomycin) – (Non-Mitochondrial 

Respiration) 

Proton Leak 
(Minimum OCR after Oligomycin) – (Non-Mitochondrial 

Respiration) 

Maximal Respiration 
(Maximum OCR after FCCP) – (Non-Mitochondrial 

Respiration) 

ATP Production (Basal Respiration) – (Proton Leak) 

Spare Respiratory Capacity 
(Maximal Respiration) – [ (ATP Production) + (Non-

Mitochondrial Respiration) ] 
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Coupling Efficiency (ATP Production) / (Basal Respiration) * 100 

 

Figure 7. Example of Seahorse XFe96 Flux Analyser Mitochondrial Stress Output. 
Changes in oxygen consumption rate over time after exposure to mito-active drugs can be 

used to calculate important mitochondrial parameters, such as the basal oxygen consumption 

rate (Basal OCR), spare respiratory capacity (Spare Resp Cap), ATP production rate (ATP), 

proton leak, maximum oxygen consumption rate (Maximal OCR), and non-mitochondrial 

oxygen consumption rate (Non-mito OCR). 

2.2.12 Seahorse XFe96 Glycolytic Rate Assay 
2.2.12.1 Reagents and Preparation 

The Agilent Seahorse XFe96 flux analyser was operated according to the 

manufacturer’s glycolytic rate testing protocols. Testing reagent final 

concentrations were successfully optimised for each cell line in order to meet 

the required manufacturer’s criteria [431, 432]. 2-Deoxy-glucose (2-DG; 

Sigma) was prepared in DMEM to a stock concentration of 1 M (Figure 8). 

Antimycin A and Rotenone reagents where preparation was conducted 

identically to the Mitochondrial Stress Test (2.2.11, page 56), as was cell and 

sensor plate preparation.  
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Figure 8. Targets of glycolytic rate modulators (sourced from Agilent Technologies, Inc 
[433]). Seahorse XFe96 glycolytic rate assay employs the use of mitochondrial modulators 

Antimycin A and Rotenone to inhibit oxidative phosphorylation and promote compensatory 

glycolytic activity. The addition of the glycolytic inhibitor 2-DG confirms the specificity of the 

pathway to stop glycolytic acidification. 

2.2.12.2 Day of the Assay 

After treatment, the supernatant was discarded and replaced with Phenol Red-

free serum-free DMEM (Sigma Aldrich) supplemented with 1 mmol / L of 

sodium pyruvate, 2.5 mmol / L glucose, and 5 mmol / L of 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES; Gibco) (pH 7.4). The plate was 

incubated for 1 h at 37 °C in a non-CO2 incubator to allow the cells to acclimate 

to the new environment. The reagent injections were loaded into the sensor 

plate (Table 8), including injections of 5 mmol / L HCl in key blank wells to 

determine the Buffering Capacity of the medium, and the cartridge was 

inserted into the flux analyser to calibrate. 

Post-calibration, the cell plate was also inserted into the flux analyser. After 

basal measurements were conducted, the wells were injected with 25 µL the 

Phenol Red-free serum-free DMEM containing either optimised concentrations 
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of 2-DG then a combined injection of Antimycin A and Rotenone, or HCl only 

(in specific cell-free wells). The injections were delivered at 21 min intervals 

with alternating mix / measure cycles every 3.5 min to detect Proton Efflux 

Rate (PER). After assay completion, the BCA Assay (2.2.5, page 51) was used 

to quantify protein for normalisation. 

Table 8. Final concentrations of glycolytic rate testing reagents per cell line 

2.2.12.3 Calculations and Outcomes 

The change in pH detected after the HCl injections allowed the Buffering 

capacity of the media to be accurately detected. Antimycin A and Rotenone 

disable the ETC, resulting in a rise in compensatory glycolysis [428, 429]. The 

following injection of 2-DG competitively binds glucose hexokinase, inhibiting 

glycolysis [434] (Figure 8). Mitochondrial acidification is determined via the 

buffering capacity of the assay media and the CO2 contribution factor (pre-

calculated by Seahorse XFe96 Flux Analyser) to isolate the PER attributed 

solely to glycolysis. From these calculations, including buffering capacity and 

basal measurements, key parameters of glycolytic rate were determined and 

expressed as both PER in pmol / min / µg of protein, and as fold change from 

control (Table 9; Figure 9). 

Table 9. Calculation of glycolytic parameters from glycolytic rate assay measurements after 

injections of mitochondrial modulators 

Parameter Calculation 

Mitochondrial Acidification 

Pre-calculated from buffering capacity of assay media 

and CO2 contribution factor of mitochondrial oxygen 

consumption rate 

Post 2-DG Acidification Minimum PER after 2-DG 

Basal Glycolytic Rate 
(Final OCR before Antimycin A / Rotenone) – [ 

(Mitochondrial Acidification) + (Post 2-DG Acidification) ] 

Cell line 
Injection 1: 

Antimycin A (µM) 
Injection 1: 

Rotenone (µM) 
Injection 2: 2-DG  

(mM) 

BRIN-BD11 1 1 100 

HSMM 1 1 100 
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Compensatory  

Glycolysis 

(Maximum PER after Antimycin A / Rotenone) – (Post 2-

DG Acidification)  

 

 

Figure 9. Example of Seahorse Xfe96 Flux Analyser Glycolytic Rate Output. Changes in 

pH, measured as proton efflux rate, over time after exposure to mito-active drugs can be used 

to calculate important mitochondrial parameters relevant to glycolytic activity, such as the 

basal glycolytic rate (Basal Glyco) and compensatory glycolysis (Comp Glyco) [432]. 

2.2.13 Real Time Polymerase Chain Reaction (RT-PCR) 
2.2.13.1 RNA Extraction 

Real time polymerase chain reaction (RT-PCR) was performed to determine 

changes in gene expression. First, RNA was extracted using TRIzol® Reagent 

(Life Technologies) according to the manufacturer’s protocol. RNA samples 

were suspended in UltraPureTM DNase / RNase-free water (Life technologies) 

and RNA concentration (ng / µL) and purity was determined using NanoDrop 

Microvolume Spectrophotometer (Thermofisher). RNA samples with 

absorbance ratios of >1.8 A260 / A280 and 2.0 - 2.2 A260 / A230 were considered 

without significant contamination. 
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2.2.13.2 cDNA Synthesis 

Synthesis of cDNA from RNA was performed using QuantiTect Reverse 

Transcription Kit (Qiagen). Genomic DNA was removed by adding gDNA 

Wipeout Buffer to RNA samples and incubating at 42 °C for 3 min, then placing 

immediately on ice. Reverse-Transcription Master Mix (consisting of 

Quantiscript Reverse Transcriptase, Reverse-Transcription Buffer, and Primer 

Mix) was added, and samples were incubated at 42 °C for 15 min, then 95 °C 

for 3 min to inactivate Reverse Transcriptase. 

2.2.13.3 RT-PCR 

Using a customised SYBR® Green-optimised RT2 Profiler PCR Array (Qiagen) 

with RT2 qPCR primer assays (Qiagen; Table 10), a RT-PCR was performed 

in a 384-well plate format using the ViiATM 7 Real-Time PCR System (Applied 

Biosystems). Using a fast qPCR program, the incubation cycling parameters 

included an initial activation step of 95 °C for 2 min, followed by 40 cycles of 

95 °C for 3 sec and final primer-specific steps of 60 °C for 1 min. Data analysis 

was based on comparative Ct (∆∆Ct) method normalised by housekeeping 

genes. 

Table 10. Primers used in RT-PCR 

Name Symbol NCBI 
Gene ID 

Supplier Cat No. 

Myogenin MYOG 4656 Qiagen PPH07162C 

Myosin Heavy 
Chain 2  

MHC2 4620 Qiagen PPH23817B 

Troponin Type 
3 

TNNT3 7140 Qiagen PPH09881A 

β-2 
Microglobulin 

β2M 567 Qiagen PPH01094E 

 

2.2.14 Glucose Uptake (Flow Cytometry) 

2–(N–[7–Nitrobenz–2–oxa–1,3–diazol–4–yl] Amino)–2–Deoxyglucose (2– 

NBDG), a fluorescent analogue of glucose, was used to indicate glucose 

uptake into HSMM cells. As per previously established laboratory protocols 
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[435], post-treatment cells were washed with PBS then challenged for 20 min 

with or without 100 nM of Insulin and 100 µM of 2-NBDG at 37 °C with 5% 

CO2, protected from light. The cells were washed again with PBS, then 

harvested using 0.25% trypsin. The cells were pelleted via centrifugation, then 

resuspended in 1 mL of fresh PBS. All samples were vortexed for 1 min, 

transferred to 5 mL flow cytometer tubes then briefly kept on ice. A BD 

LSRFortessa Flow Cytometer (BD Biosciences) was used to analyse the 

stained cells. Using a minimum of 10000 events, cell debris, aggregate cell 

populations and PI positive cells (PI Staining; 2.2.9, page 55) were excluded 

via gating and single cell populations were shown on a histogram displaying 

event count versus 2-NBDG fluorescence. Using FloJo v10 Software, the 

intensity of 2-NBDG staining was identified as the geometric mean. 

2.2.15 Data Analysis 

All experiments were performed a minimum of three times in duplicate. 

Statistical analysis was performed using GraphPad Prism Version 8 software. 

Data underwent normality testing and if found to be normally distributed, one-

way ANOVA with Tukey multiple comparisons Post-Hoc testing were 

performed to compare means between groups. If found to not be normally 

distributed, the equivalent nonparametric Kruskal-Wallis test with Dunn’s Post-

Hoc testing was used to compare the mean rankings of each group instead. 

Two-way ANOVA was with Sidak’s multiple comparisons Post-Hoc testing was 

used to determine changes between groups over time. All graphed data is 

expressed as mean ± standard error of the mean (SEM). Statistical 

significance limit was set at 0.05 or less (p ≤ 0.05). 
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CHAPTER 3  Exacerbation of Pancreatic Islet 

Pathology in a Mouse Model Expressing Both Human 

APP and IAPP 

3.1 Abstract 

Type 2 diabetes (T2D) and Alzheimer’s disease (AD) are related chronic 

metabolic diseases that feature aggregated amyloid peptides in vital tissues, 

such as the brain in AD and the pancreas in T2D. Aggregation of 

amyloidogenic peptides is associated with cellular dysfunction and death. 

Recent studies suggest that AD-associated beta-amyloid (Aβ) and the T2D-

associated islet amyloid polypeptide IAPP may co-localise not only in the brain, 

but also in insulin-producing pancreatic islets. The consequences of the 

combination of IAPP and Aβ in pancreatic islets are yet to be fully determined. 

The purpose of the study described in this chapter was to investigate the effect 

of human IAPP and Aβ on pancreatic islets in a novel double transgenic (DTG) 

mouse model expressing human APP and human IAPP. Pancreatic tissue 

from high-fat-fed 16- or 24-week-old mice was analysed using immunostaining 

and fluorescent microscopy to detect changes in amyloid aggregation, islet 

morphology, islet function, and inflammation. Amyloid aggregation only 

occurred in IAPP and DTG mice, with exacerbated amyloid accumulation in 

DTG mice. The severity of amyloid aggregation was strongly correlated with 

reductions in islet insulin and increases in islet inflammation. Furthermore, 

DTG mice had small but significant increases in islet size and apoptotic 

markers. Tau loading decreased in all groups over time with exposure to the 

high-fat diet. These findings provide support in vivo that the combination of 

human IAPP and Aβ exacerbates amyloid accumulation and cellular 

dysfunction in islets. 
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3.2 Introduction 

T2D and AD share many common pathological features, including oxidative 

stress, chronic inflammation, insulin signalling dysfunction, and amyloid plaque 

deposition [9, 155, 173]. Furthermore, patients with T2D have an increased 

risk of developing AD, while patients with AD have an increased risk of 

developing insulin resistance in peripheral tissues, a hallmark of T2D [2-4]. 

With an increasingly ageing population and global cases of T2D and AD 

expected to increase in the coming years, it is important to investigate the 

pathological relationship between these two seemingly unrelated diseases [1, 

5]. 

A potential link involves the aggregation and accumulation of toxic 

amyloidogenic peptides (IAPP and Aβ) into plaque in vital organs. IAPP is 

known to co-secrete with insulin from pancreatic β-cells and cross the BBB to 

co-deposit with local deposits of Aβ [24, 436]. Likewise, Aβ has been found to 

co-deposit with IAPP in pancreatic islets [25]. Although there is evidence of co-

deposition / interaction of IAPP with Aβ, few studies have investigated the 

consequences of such events. An in vitro study has reported that IAPP-Aβ 

heterocomplexes enhance neurotoxicity [129]. In vivo studies have been 

hampered by the lack of appropriate animal models, as unlike human IAPP 

and Aβ, rodent IAPP and Aβ are non-amyloidogenic and do not aggregate 

[437]. To overcome these challenges, Wijesekara et al. [247] developed a 

double transgenic mouse model (DTG) to express both human Aβ and IAPP. 

To generate this model, a transgenic human APP mouse model featuring 

increased Aβ expression in the brain [417] was crossbred with another 

transgenic mouse model featuring overexpression of human IAPP from 

pancreatic tissue [418], producing DTG offspring with both characteristics, as 

detailed in Chapter 2 (2.1.1, page 43), Table 1, and Wijesekara et al [247]. 

Initial characterisation revealed exacerbated pathological features of human 

T2D and AD [247]. The DTG mice (fed a high-fat diet from 3 weeks of age) 

were diabetic, with marked hyperglycaemia, peripheral insulin resistance, and 

exacerbated pancreatic amyloid. The DTG mice also showed reduced brain 

insulin signalling, neurodegeneration, and elevated cerebral amyloid and Tau 
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pathology. In addition, Wijesekara et al. presented some evidence of 

accumulation of pTau, in the islets of DTG mice. However, while highly 

expressed in pancreatic islets, the role of Tau in islet function is unclear [438, 

439]. 

This thesis aims to provide mechanistic insight into the consequences of Aβ-

IAPP interactions with a particular focus on β-cell function. The current chapter 

begins to address this overall aim ex vivo by using pancreatic tissue from the 

same DTG mice developed by our collaborator Professor Paul Fraser and 

described in Wijesekara et al. [247] and Appendix B (8.2, page 235), as well 

as tissue from the single transgenic human APP and IAPP mice, and 

nontransgenic littermates. This thesis expands upon the analysis of islet size, 

amyloid severity, islet insulin, and tau pathology performed by Wijesekara and 

team by examining these factors among all groups, and at both 16 and 24 

weeks of age. In addition, new analyses were added to investigate markers of 

cell stress and inflammation to provide further insight into potential 

mechanisms underlying the exacerbated islet pathology associated with IAPP 

and Aβ accumulation. 

3.3 Aim 

To assess morphology, insulin content, amyloid accumulation, and cellular 

stress in pancreatic islets from transgenic mice expressing both human IAPP 

and APP (DTG) and compare with those observed in mice expressing only 

APP, IAPP, or nontransgenic littermates. 

3.4 Materials and Methods 

3.4.1 Pancreatic Tissue Samples 

Paraffin-embedded pancreatic tissue samples of 16- or 24-week-old DTG, 

APP, IAPP, and nontransgenic (NT) mice were obtained from Prof. Paul Fraser 

and colleagues at the University of Toronto. Samples had been prepared by 

mounting three 5 µM thick, consecutively sliced sections of pancreatic tissue 

per microscopic slide, with four slides provided per animal. Mice were fed a 

high-fat diet from 3 weeks of age, then sacrificed at either 16 or 24 weeks 
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(Murine Models; 2.1.1, page 43). Findings on relevant parameters related to 

β-cell function and peripheral insulin sensitivity are described in Wijesekara et 

al. [247] and Appendix B (8.2, page 235). 

3.4.2 Experimental Design 

Tissue slides underwent De-Paraffinisation and Rehydration (2.1.2, page 44) 

and Antigen Retrieval (2.1.3, page 44) before Immunofluorescent Staining 

(2.1.5, page 45) for specific markers of β-cell morphology function and stress 

to determine changes between groups. An anti-insulin antibody was used to 

identify islets and insulin content. ThioS staining was used to identify amyloid 

aggregation. Anti-ionized calcium binding adapter molecule 1 (IBA1) antibody 

was used to identify the presence of macrophages. Despite IBA1’s more 

common use as a marker of activated microglia in the brain, multiple studies 

have validated its use as a “pan-macrophage” marker in many peripheral 

tissues across multiple species, including specifically in pancreatic islets [440-

447]. Anti-cleaved caspase-3 (Active Cas3) antibody was used as a marker of 

cell apoptosis. Anti-Tau antibody was used to detect Tau loading in pancreatic 

islets, while Anti-pTau (AT8) antibody detecting phosphorylation at the Ser202 

and Thr205 residues was used to detect Tau pathology. This pTau antibody 

was selected as phosphorylation of Tau at the Ser202 and Thr205 residues is 

correlated with Aβ-induced pathology and the progression of AD [448, 449]. 

Primary and secondary (isotype) antibody controls were performed a minimum 

of three times each to confirm specific staining of pancreatic tissue. 

As consecutive sections allowed for comparative investigation of the same 

islets in multiple sections, the first section of each slide was probed with anti-

insulin antibody and ThioS to allow identification of islets and amyloid loading, 

followed by immunofluorescent antibodies in the second and third sections 

(Table 11). The experimental design per microscopic slide was as follows: 

Table 11. Experimental Design of Immunofluorescent Markers 

Slide Number Section 1 Section 2 Section 3 
1 Insulin / ThioS Active Cas-3 IBA1 

2 Insulin / ThioS Tau pTau 
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3.4.3 Imaging, Quantification and Statistical Analysis 

Microscopic Imaging (2.1.8, page 46) was performed using a Nikon A1 

confocal microscope, with a minimum of five islets per section randomly 

selected for investigation. Image J software was used for Image Quantification 

and Data Analysis (2.1.9, page 47). Each individual islet was isolated by gating 

and then quantified and the islet area (micron2), the percentage of islet area 

stained, the intensity of the staining (mean grey value), and the integrated 

density (intensity * total area of staining) were identified. These results were 

graphed as individual islets per group and as the average per animal within 

each group. The results are displayed as mean ± standard deviation and 

GraphPad Prism software was used for statistical analysis. If data was 

normally distributed, one-way ANOVA with Tukey multiple comparisons Post-

Hoc testing were performed to compare means between groups. If data was 

not normally distributed, equivalent nonparametric (e.g. Kruskal-Wallis test 

with Dunn’s Post-Hoc) tests were instead. Two-way ANOVA tests with Sidak’s 

multiple comparisons Post-Hoc testing were used to determine changes 

between groups at 16 and 24 weeks. Significance was determined as P > 0.05. 

3.5 Results 

3.5.1 Reduced islet insulin and increased islet size in pancreatic 
islets of DTG mice 

Initial investigations aimed to determine changes in the morphology and 

functioning of islets in the mouse models. Insulin levels and islet size were 

assessed in pancreatic tissue of NT, APP, IAPP, and DTG mice by 

immunostaining with anti-insulin antibody. On observation, the islets appeared 

larger and exhibited less intensity of insulin staining in IAPP and DTG mice 

compared to NT and APP mice (Figure 10A). The islets of the IAPP mice 

appeared enlarged at 24 weeks, while in DTG mice, enlarged islets were 

observed at both 16 and 24 weeks. 

For quantitative analysis, the ‘islet size’ (mean islet area in microns2) was 

measured. Despite observed trends, a two-way ANOVA revealed no 

significant changes in mean islet size between groups or between time points 

(Figure 10B). The mean intensity of insulin staining in DTG mice was 
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significantly reduced compared to NT mice at both 16 (p = 0.0009) and 24 

weeks (p = 0.0375), with no significant changes between time points (Figure 

10C). The ‘insulin coverage’ (percentage of the islet area stained for insulin) 

was significantly reduced in DTG mice compared with APP mice at 16 weeks 

(p = 0.0109; Figure 10D) and NT at both 16 weeks (p = 0.0001) and 24 weeks 

(p = 0.0051). There were no further alterations in mean insulin coverage 

between 16 and 24 weeks.  
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Figure 10. Crossbred double transgenic APP x IAPP mice have reduced islet insulin 
compared to single transgenic APP, IAPP, and nontransgenic littermates. Paraffin 

sections were generated from pancreatic tissue of 16- and 24-week-old mice and stained with 

anti-insulin antibody. (A) Representative islet images of insulin staining (anti-insulin antibody; 

white) and cell nuclei (Hoescht stain; blue) at 20X magnification, with scale bar set at 100 µm. 
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Quantitation of other parameters representative of insulin staining and islet health were 

performed and represented as mixed bar / scattergrams, including the mean islet size 

(microns2; B), mean fluorescent intensity of insulin staining (mean grey value; C) and mean 

percentage (%) of islet area stained with insulin (‘insulin coverage’; D) per animal. Each 

coloured data point represents an individual animal. All data represented as mean ± SD. N = 

4-9 animals per group. NT = nontransgenic, APP = human APP transgenic, IAPP = human 

IAPP transgenic, DTG= human APP x IAPP double transgenic. Statistical analysis via two-

way ANOVA with Tukey to determine variation between groups (*), and Sidak’s multiple 

comparisons testing to determine variation between 16 and 24 weeks (#). # / *p value=≤0.05, 
## / **p value=≤0.01, ### / ***p value=≤0.001, #### / ****p value=≤0.0001.  

During analysis, a large intra-animal variation of islet size and insulin loading 

was observed. To determine whether trends in islet size / insulin between 

groups were masked when calculated as mean per animal due to this variation, 

the results were also quantified as the total islets per group (Figure 11). 

Subsequently, islet size was significantly increased in DTG islets compared to 

NT islets at 24 weeks (p = 0.026; Figure 11A). The intensity of insulin staining 

in DTG islets was significantly reduced compared to all other groups at both 

16 weeks (p < 0.0001 vs NT, 0.088 vs APP, and 0.0004 vs IAPP) and 24 weeks 

(p < 0.0001 vs NT, 0.0001 vs APP, and 0.0276 vs IAPP; Figure 11B). IAPP 

islets also had a significant reduction in insulin intensity compared to NT islets 

at 24 weeks (p = 0.0010). 

Similarly, DTG islets showed a significant reduction in insulin coverage 

compared to all other groups at both 16 weeks (p < 0.0001 vs NT, p 0.0003 vs 

APP, 0.0104 vs IAPP) and 24 weeks (p < 0.0001 vs all; Figure 11B). 

Additionally, the IAPP islets also had a significant reduction in insulin coverage 

compared to the NT islets at both 16 weeks (p = 0.0060) and 24 weeks (p < 

0.0001). However, there was no significant change in insulin coverage within 

any group between the 16- or 24-week time points. Overall, this data indicates 

that compared to the other mouse models, DTG mice / islets had reductions in 

islet insulin content and a trend toward an increase in islet size. 
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Figure 11. Individual islets of double transgenic APP x IAPP mice have exacerbated 
islet insulin dysfunction compared to islets of transgenic IAPP littermates. A re-

examination of insulin staining parameters of 16- and 24-week-old mice, including islet size 

(microns; A), fluorescent intensity of insulin staining (mean grey value; B), and insulin 

coverage (%; C), was performed and represented as mix bar / scattergrams. Each data point 

represents an individual islet and each colour represents an individual animal within the group. 

N = 4-9 animals per group. NT = nontransgenic, APP = human APP transgenic, IAPP = human 

IAPP transgenic, DTG= human APP x IAPP double transgenic. Statistical analysis via two-

way ANOVA with Tukey multiple comparisons testing to determine variation between groups 

(*), and Sidak’s multiple comparisons testing to determine variation between 16 and 24 weeks 

(#), except for Islet Size (A) which was not normally distributed and nonparametric Kruskal-
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Wallis test with Dunn’s Post-Hoc was used instead . # / *p value = ≤0.05, ## / **p value = ≤0.01, 
### / ***p value = ≤0.001, #### / ****p value = ≤0.0001. 

3.5.2 Extensive amyloid aggregation in pancreatic islets of DTG 
mice 

To determine whether reductions in insulin content were related to amyloid 

burden, the sections were stained with Thioflavin S (ThioS). Only IAPP and 

DTG mice showed any observable presence of amyloid aggregation (Figure 

12A). As such, an unpaired T-Test determined that DTG mice had a 

significantly increased mean amyloid burden (the mean percentage of islet 

area stained with ThioS) compared to IAPP mice at 16 weeks (p = 0.0252; 

Figure 12B). Furthermore, a two-way ANOVA revealed a strong but not 

significant trend toward an increase in amyloid burden over time between 16 

and 24 weeks in DTG mice (p = 0.0521). As with islet insulin, a large amount 

of intra-animal variation between islets was observed, so the total islets per 

group were also analysed (Figure 12C). The DTG islets had a significantly 

increased amyloid burden compared to the IAPP islets at 16 weeks (p < 

0.0001) and 24 weeks (p = 0.0043), with a significant increase between the 

two time points (p = 0.011;), indicating increased severity over time.  
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Figure 12. Amyloid burden is exacerbated in double transgenic APP x IAPP mice 
compared to single transgenic IAPP littermates. Paraffin sections generated from 

pancreatic tissue of 16- and 24-week-old mice were stained with Thioflavin S (ThioS) 

compound to detect the presence of amyloid proteins in pancreatic islets. (A) Representative 

islet images of amyloid aggregation (ThioS; green) and cell nuclei (Hoescht stain; blue) at 20X 

magnification, including magnified images of amyloid aggregation in the same IAPP and DTG 

islets including insulin staining (white). Scale bar is set at 100 µm in all images. The percentage 

area of islets stained positively with ThioS, called “amyloid burden”, in islets was quantified 
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and represented as mixed bar / scattergrams, showing the mean amyloid burden per animal 

(B), where each coloured data point represents an individual animal. Data was also plotted as 

the amyloid burden of total islets per group (C), where each data point represents an individual 

islet and is colour-coded to match individual animals of graph B. All data represented as mean 

± SD. N = 4-9 animals per group, NT = nontransgenic, APP =human APP transgenic, IAPP = 

human IAPP transgenic, DTG= human APP x IAPP double transgenic. Statistical analysis via 

nonparametric Mann Whitney U test due to non-normal distribution (*) to determine variation 

between groups, and two-way ANOVA with Sidak’s multiple comparisons testing to determine 

changes between 16 and 24 weeks (#). To determine what distinguishes the DTG mice that 

do develop amyloid (+) and those that do not (-), additional DTG phenotype data including 

weight (D) and fasting blood glucose (FBG; E) was stratified by amyloid status and 

investigated at 16 and 24 weeks. Data was quantified and represented as mixed bar / 

scattergrams, where each coloured data point represents an individual animals. Statistical 

analysis was performed via two-way ANOVA with Tukey multiple comparisons test to 

determine variation between groups (*), and Sidak’s multiple comparisons testing to determine 

variation between 16 and 24 weeks (#). # / *p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p 

value = ≤0.001, #### / ****p value = ≤0.0001. 

As noted in Figure 12, approximately half of the mice in the IAPP and DTG 

groups showed the presence of amyloid deposition. To assist in the 

determination of why some animals developed islet amyloid and other animals 

of the same transgene group did not, data pertaining to the severity of the 

diabetic phenotype was investigated, including differences in weight and 

fasting blood glucose (FBG) between amyloid positive (+) and amyloid 

negative (-) DTG mice at 16 and 24 weeks (Figure 12D-E). At 24 weeks, DTG 

mice that developed plaque had significantly increased weight (p=0.0001) and 

FBG (p=0.0282) compared to those that did not, indicating a relationship 

between a worsened T2D phenotype and amyloid deposition. Weight of DTG 

mice with amyloid deposition was also significantly increased over time 

between 16 and 24 weeks (p=0.0015). Furthermore, the specific animals / 

islets that developed amyloid aggregation were the same animals with greater 

variations in islet insulin and size (Figure 11), indicating an association 

between amyloid accumulation and islet dysfunction. On investigation, islet 

size had a moderate positive correlation with amyloid burden as determined 

by Pearson’s correlation co-efficient (Figure 13A). Despite this trend, there 

were no significant differences at either time point in the size of the IAPP or 

DTG islets that developed amyloid aggregation (IAPP+ / DTG+) compared to 
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the islets of the same group that did not develop amyloid aggregation (IAPP- / 

DTG-; Figure 13B).  

Insulin intensity was also correlated with amyloid burden, with a moderate 

negative relationship between the two variables (Figure 13C). Reflecting this 

relationship, DTG+ islets had a significant reduction in insulin intensity 

compared to IAPP+ and DTG- islets at both 16 weeks (p = 0.0224 vs DTG-, 

and 0.0121 vs IAPP+) and 24 weeks (p < 0.0001 vs DTG-, and 0.0008 vs 

IAPP+; Figure 13D). Insulin coverage had a similar moderate negative 

relationship with amyloid burden (Figure 13E), where insulin coverage of 24-

week-old DTG+ islets was significantly reduced compared to DTG- islets (p < 

0.0001; Figure 13F). In essence, amyloid aggregation in DTG islets was 

associated with a significant decrease in islet insulin and a trend toward an 

increase in islet size. 
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Figure 13. Changes in islet insulin correlated with amyloid burden in islets of double 
transgenic APP x IAPP mice. Linear regression and correlation analysis of the relationship 

between amyloid burden vs islet size (A), insulin intensity (C), and insulin coverage (E) in 

individual islets. Statistical analysis via linear regression and Pearson’s correlation test. 

Correlation explored further via analysis of islet insulin and morphology of IAPP and DTG islets 

with (+) or without (-) amyloid accumulation at 16 and 24 weeks, including islet size (B), insulin 

intensity (D) and insulin coverage (F). All data represented as mean ± SD. N = 4-9 animals 

per group. NT = nontransgenic, APP = human APP transgenic, IAPP = human IAPP 

transgenic, DTG= human APP x IAPP double transgenic. Statistical analysis via two-way 

ANOVA with Tukey to determine variation between groups (*), and Sidak’s multiple 

comparisons testing to determine variation between 16 and 24 weeks (#). # / *p value = ≤0.05, 
## / **p value = ≤0.01, ### / ***p value = ≤0.001, #### / ****p value = ≤0.0001. 
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3.5.3 Increased presence of macrophages in islets correlated with 
increased amyloid burden in DTG mice 

To determine whether amyloid accumulation and decreased islet insulin were 

associated with islet inflammation, the presence of macrophages was 

investigated by immunostaining with anti-IBA1 antibody (Figure 14A). The 

mean percentage of islet area stained for IBA1, termed ‘macrophage 

presence’, was quantified. According to a two-way ANOVA, there was no 

significant change in the mean macrophage presence in any group at 16 

weeks (Figure 14B). At 24 weeks, both IAPP and DTG mice had a significant 

increase in mean macrophage presence compared to NT mice (p = 0.0385 vs 

IAPP, and 0.0242 vs DTG). When plotting the total islets per group, DTG islets 

had a significant increase in macrophage presence compared to NT and APP 

islets at both 16 and 24 weeks (p value=< 0.0001 for all; Figure 14C). At 24 

weeks, IAPP islets also had a significant increase compared to NT and APP 

islets (p = 0.0009 and 0.0019 respectively). There was no significant change 

in macrophage presence between time points. 
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Figure 14. Increased presence of macrophages in islets of single transgenic IAPP and 
double transgenic APP x IAPP mice. Paraffin sections generated from pancreatic tissue of 

16- and 24-week-old mice were stained with anti-IBA1 antibody to detect the presence of 

macrophages in pancreatic islets. (A) Representative islet images of macrophage presence 

(IBA1; red) and cell nuclei (Hoescht stain; blue) at 20X magnification, with scale bar set at 100 

µm. The percentage area of islets stained positively with IBA1, called IBA1 coverage (%), in 

islets was quantified and represented as mixed bar / scattergrams, showing the mean IBA1 

coverage per animal (B), where each coloured data point represents an individual animal. Data 

was also plotted as IBA1 coverage of total islets (%) per group (C), where each data point 

represents an individual islet and is colour-coded to match individual animals of graph B. All 

data represented as mean ± SD. N = 3-8 animals per group. NT = nontransgenic, APP = 
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human APP transgenic, IAPP = human IAPP transgenic, DTG= human APP x IAPP double 

transgenic. Statistical analysis via two-way ANOVA with Tukey to determine variation between 

groups (*), and Sidak’s multiple comparisons testing to determine variation between 16 and 

24 weeks (#). # / *p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p value = ≤0.001, #### / ****p 

value = ≤0.0001. 

Co-staining of ThioS and IBA1 showed a distinct overlap and apparent 

interactions between macrophages and amyloid (Figure 15A). Upon 

investigation, the presence of macrophages was highly correlated with amyloid 

burden at 16 and 24 weeks according to Pearson’s correlation coefficient 

(Figure 15B), indicating a strong positive relationship of macrophages and 

amyloid aggregation in islets. Furthermore, DTG+ islets had a significantly 

increased macrophage presence compared to DTG- islets at both 16 weeks 

(p = 0.0065) and 24 weeks (p < 0.0001; Figure 15C). This data together 

indicated that the increased aggregation of amyloid in DTG islets was 

associated with in an increased level of macrophages in the same islets.  
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Figure 15. Increased macrophage presence in islets of transgenic IAPP and crossbred 
double transgenic APP x IAPP mice is highly correlated with increased pancreatic 
amyloid deposition. Paraffin sections generated from pancreatic tissue of 16- and 24-week-

old mice were co-stained with anti-IBA1 antibody and ThioS compound to simultaneously 

detect the presence of macrophages in pancreatic islets and amyloid aggregation in islets, 

respectively. (A) A representative islet image of macrophage presence (IBA1; red), amyloid 

burden (ThioS; green), and cell nuclei (Hoescht stain; blue) at 20X magnification. Linear 

regression and correlation analysis of the relationship between amyloid burden and IBA1 

coverage (B), where each data point represents an individual islet. Statistical analysis via 

linear regression and Pearson’s correlation test. Correlation was explored further via analysis 

of macrophage presence in IAPP and DTG islets with (+) or without (-) amyloid accumulation 
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at 16 and 24 weeks (C). All data represented as mean ± SD. N = 3-8 animals per group. NT = 

nontransgenic, APP = human APP transgenic, IAPP = human IAPP transgenic, DTG= human 

APP x IAPP double transgenic. Statistical analysis via two-way ANOVA with Tukey to 

determine variation between groups (*), and Sidak’s multiple comparisons testing to determine 

variation between 16 and 24 weeks (#). # / *p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p 

value = ≤0.001, #### / ****p value = ≤0.0001. 

3.5.4 Reductions in Tau in all groups at 16 and 24 weeks of age. 

Tau pathology in the presence of amyloid aggregation in neurodegeneration is 

well documented. However, despite being expressed in islets [25, 383], its role 

in islet dysfunction is unclear. To assess the impact of exacerbated amyloid 

pathology on Tau expression in islets, pancreatic sections underwent 

immunofluorescent investigation for total Tau and pTau. Initial observations of 

Tau protein in the pancreatic samples showed extensive, uniform expression 

in islets of 16-week-old mice, but surprisingly, in 24-week-old mice, Tau 

expression was reduced and irregular expression in all groups (Figure 16A). 

The mean Tau coverage (mean percentage of islet area stained for Tau) was 

quantified, and according to a two-way ANOVA, no significant changes were 

identified in mean Tau coverage between groups at 16 or 24 weeks (Figure 

16B). However, the mean Tau coverage of APP mice was reduced between 

16 and 24 weeks (p = 0.0453). 

The Tau coverage of individual APP islets was significantly increased 

compared to NT and DTG islets at 16 weeks (p = 0.0022 and 0.0295 

respectively), but not 24 weeks (Figure 16C). In addition, Tau coverage of 

islets was decreased over time in all groups between 16 and 24 weeks (p = 

0.0243 vs NT, < 0.0001 vs APP, 0.0002 vs IAPP; and 0.0004 vs DTG). 

Moreover, it was observed that at 16 weeks, islets exhibited higher deviation 

from mean and a greater range in Tau coverage than 24-week-old islets 

(Figure 16B and C). Tau coverage was not correlated with severity of plaque 

burden at either time point, with no difference between IAPP and DTG islets 

with or without amyloid aggregation (Figure 17A and B). 
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Figure 16. Tau load is reduced in islets of nontransgenic, transgenic APP, transgenic 
IAPP, and double transgenic APP x IAPP mice between 16 and 24 weeks. Paraffin 

sections were generated from pancreatic tissue of 16-and 24-week-old mice and stained with 

anti-Tau antibody to detect Tau protein in pancreatic islets. (A) Representative islet images of 

Tau staining (anti-Tau antibody; red) and cell nuclei (Hoescht stain; blue) at 20X magnification. 

The percentage area of islets stained positively with Tau, called Tau Coverage (%), in islets 

was quantified and represented as mixed bar / scattergrams, showing the mean Tau Coverage 

per animal (B), where each coloured data point represents an individual animal. Data was also 

plotted as Tau Coverage of total islets per group (C), where each data point represents an 
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individual islet and colour-coded to match individual animals of graph B. All data represented 

as mean ± SD. N = 3-7 animals per group. NT = nontransgenic, APP = human APP transgenic, 

IAPP = human IAPP transgenic, DTG= human APP x IAPP double transgenic. Statistical 

analysis via two-way ANOVA with Tukey to determine variation between groups (*), and 

Sidak’s multiple comparisons testing to determine variation between 16 and 24 weeks (#). # / 

*p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p value = ≤0.001, #### / ****p value = ≤0.0001. 

 

Figure 17. Tau coverage is not correlated with amyloid burden in islets of transgenic 
IAPP and double transgenic APP x IAPP mice. Linear regression and correlation analysis 

of the relationship between amyloid burden and Tau Coverage (%) (A), where each data point 

represents an individual islet. Statistical analysis via linear regression and Pearson’s 

correlation test. Correlation explored further via analysis of Tau Coverage (%) in IAPP and 

DTG islets with (+) or without (-) amyloid accumulation at 16 and 24 weeks (B). All data 

represented as mean ± SD. N = 3-8 animals per group. NT = nontransgenic, APP = human 

APP transgenic, IAPP = human IAPP transgenic, DTG= human APP x IAPP double 

transgenic. Statistical analysis via two-way ANOVA with Tukey to determine variation between 

groups (*), and Sidak’s multiple comparisons testing to determine variation between 16 and 

24 weeks (#). # / *p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p value = ≤0.001, #### / ****p 

value = ≤0.0001. 

In summary, Tau loading decreased over time in all groups and was not 

impacted by amyloid aggregation. In addition, immunofluorescent investigation 

of pTau in pancreatic islets was also attempted, however (despite isotype and 

antibody control testing confirming specific staining) intra-islet pTau staining 
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was weak and present in a minimal number of islets (Appendix D; 8.4, page 

237)  

3.5.5 Markers of apoptosis are increased in DTG mice, but not 
correlated with amyloid burden 

To examine if the inflammation, amyloid aggregation, and alterations in islet 

morphology resulted in β-cell distress, a marker of apoptosis, Active Cas3, was 

investigated (Figure 18A). The ‘Active Cas3 coverage’ (percentage of islet 

area stained for Active Cas3) was initially quantified as the mean per animal 

(Figure 18B). According to a two-way ANOVA, there was no significant 

difference in mean Active Cas3 coverage per animal between any of the 

groups or across the time points. However, a trend toward an increase in IAPP 

mice compared to APP mice at 16 weeks (p = 0.0593) was observed. When 

plotted as total islets per group (Figure 18C), IAPP islets had a significant 

increase in Active Cas3 coverage compared to APP mice at 16 weeks (p < 

0.0001). DTG islets had an increased Active Cas3 coverage compared to APP 

mice at both 16 weeks and 24 weeks (p < 0.0001 and 0.0300 respectively). 
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Figure 18. Increased activated caspase-3 in islets of crossbred double transgenic APP 
x IAPP mice. Paraffin sections were generated from pancreatic tissue of 16- and 24-week-old 

mice and stained with anti-Cleaved caspase-3 (Active Cas3) antibody to detect apoptosis in 

pancreatic islets. (A) Representative islet images of apoptosis (anti-Active Cas3 antibody; red) 

and cell nuclei (Hoescht stain; blue) at 20X magnification, with scale bar set at 100 µm. The 

percentage area of islets stained positively with Active Cas3, called Active Cas3 Coverage 

(%), in islets was quantified and represented as mixed bar / scattergrams, showing the mean 

Active Cas3 Coverage (%) per animal (B), where each coloured data point represents an 

individual animal. Data was also plotted as Tau Coverage (%) of total islets per group (C), 

where each data point represents an individual islet and colour-coded to match individual 

animals of graph B. All data represented as mean ± SD. N = 3-8 animals per group. NT = 
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nontransgenic, APP = human APP transgenic, IAPP = human IAPP transgenic, DTG= human 

APP x IAPP double transgenic. Statistical analysis via two-way ANOVA with Tukey to 

determine variation between groups (*), and Sidak’s multiple comparisons testing to determine 

variation between 16 and 24 weeks (#). # / *p value = ≤0.05, ## / **p value = ≤0.01, ### / ***p 

value = ≤0.001, #### / ****p value = ≤0.0001. 

Despite the significant change between some groups, Spearman’s rank 

correlation test identified that Active Cas3 coverage in islets showed no 

significant relationship with amyloid burden (Figure 19A). Furthermore, there 

were no significant differences in Active Cas3 coverage between IAPP and 

DTG islets with or without the presence of amyloid aggregation (Figure 19B). 

In summary, the percentage of Active Cas3 are increased in DTG islets 

compared to APP islets, though it is not correlated with the severity of amyloid 

aggregation. Rather, this appears to be because APP mice had a slightly 

reduced Active Cas3 expression compared to other groups, though the 

difference was not significant. 

 

Figure 19. Active caspase-3 is not correlated with amyloid burden is islets of transgenic 
IAPP and crossbred double transgenic APP x IAPP mice. Linear regression and correlation 

analysis of the relationship between amyloid burden and Active Cas3 Coverage (A), where 

each data point represents an individual islet. Statistical analysis via linear regression and 

Pearson’s correlation test. Correlation explored further via analysis of Active Cas3 Coverage 

(%) in IAPP and DTG islets with (+) or without (-) amyloid accumulation at 16 and 24 weeks 
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(B). All data represented as mean ± SD. Statistical analysis via two-way ANOVA with Tukey 

to determine variation between groups (*), and Sidak’s multiple comparisons testing to 

determine variation between 16 and 24 weeks (#). 

3.6 Discussion 

Several animal models have been used to investigate the association between 

T2D and AD but have lacked relevant pathological characteristics. AD mouse 

models often employ the use of human APP transgenes as a solution, although 

common mouse models of diabetes (for example, using streptozotocin 

injections to destroy pancreatic β-cells) often lack amyloidogenic IAPP and 

peripheral insulin resistance, distinguishing characteristics of T2D [6, 416, 

450]. The mouse model developed by Wijesekara et al. [247] (Appendix B; 8.2, 

page 235) employs the use of human APP and IAPP transgenes in a DTG 

model and therefore represents a more appropriate model for studying the 

interaction and consequences of pathologies (particularly amyloid pathology) 

that link T2D with AD. This chapter extends the initial characterisation of 

pancreatic islet pathology in the DTG model reported by Wijesekara et al., but 

also provides the first evidence of inflammation and cell death processes that 

contribute to islet dysfunction in this model. 

ThioS staining demonstrated amyloid aggregation in IAPP and DTG mice, 

where DTG mice had increased amyloid burden compared to IAPP (Figure 

12). This was in agreement with previous findings by Wijesekara et al. [247], 

who found an increase in amyloid severity in 16-week-old DTG mice compared 

to IAPP mice (Appendix B; 8.2, page 235). Extending the scope of the previous 

analysis, 24-week-old mice were also examined, though there was no 

significant increase in amyloid burden between IAPP and DTG mice at this 

time point, likely owing to the large standard deviation between DTG mice. 

Further extending the previous study by Wijesekara and team to analyse 

plaque burden in the individual islets of each group, this study showed that the 

amyloid burden was increased in both 16 and 24-week-old DTG islets, and this 

increase was exacerbated over time between 16 and 24 weeks.  

Interestingly, not all DTG mice showed amyloid staining (hence, the 

stratification of the data into amyloid positive and amyloid negative mice / 
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islets). This was also observed for other parameters measured in this study, 

although all animals were confirmed to have the same genotype. Therefore, 

this variation may be due to variation in the expression of the transgene 

between mice in the same group. Alternatively, the variation may also reflect 

the individual response of each mouse to the high-fat diet, particularly in the 

development of insulin resistance. According to Wijesekara et al. [247], insulin 

resistance in DTG mice was highly variable, which implies that some DTG mice 

developed more severe insulin resistance than others in the same group 

despite the shared genotype, likely contributing to an exacerbated total 

disease burden. In support of this notion, 24-week-old DTG mice with a higher 

amyloid burden also demonstrated a higher bodyweight and fasting blood 

glucose (Figure 12C-D). 

Major indicators of islet dysfunction often involve alterations in islet insulin 

content and increases in islet size [451]. Prior analysis by Wijesekara et al. 

[247] examined islet size in 16-week-old IAPP and DTG mice only, where they 

found an increase in islet size compared to IAPP mice. To investigate in more 

depth, insulin staining was performed in all transgene groups, and at both 16 

and 24 weeks. In this thesis, insulin staining revealed an increase in average 

islet size in DTG mice compared to NT littermates, but not other transgene 

groups. Reasons for this discrepancy may be related to the selection of data 

for analysis. Wijesekara and team selected fewer mice (3 – 4) per genotype 

but examined a higher number of islets per mouse (15+). By comparison, we 

analysed a higher number of mice per genotype (5 – 9), but fewer islets per 

mouse (5+). As there was significant inter- and intra-animal variation, this could 

result in the differences between analyses. 

To determine if changes in islet size were correlated with amyloid burden, 

sections were co-stained with the amyloid stain ThioS. However, increases in 

islet size were only weakly correlated with amyloid burden; and no statistically 

significant differences in size between islets of DTG mice with (DTG+) or 

without (DTG-) amyloid aggregation. Evidence suggests that islet size may 

increase to adapt to / overcome peripheral insulin resistance [451], a 

phenomenon previously documented in the DTG model, as shown in Appendix 

B (8.2, page 235). Overall, this suggests the small change in islet size is 
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potentially more closely correlated with a more advanced state of T2D as a 

whole than amyloid burden alone. Further research that considers peripheral 

insulin resistance and its relationship to islet size in this model may be 

warranted. 

Previous analysis of insulin staining by Wijesekara et al. [247] found a reduced 

‘β-cell area’ in islets (insulin intensity normalised by total islet area) of DTG 

mice. However, this was only investigated at 16 weeks, and only in IAPP vs 

DTG mice (Appendix B; 8.2, page 235). The analysis of insulin staining was 

extended in the current study to incorporate all groups at both 16- and 24-week 

time points. This revealed significant reductions in the intensity and coverage 

of islet insulin of IAPP and DTG mice at both 16 and 24 weeks (Figure 10; 

Figure 11). Reduced islet insulin was already present at 16 weeks and did not 

worsen over time, indicating that alterations in islet insulin began early in the 

progression of the disease. Furthermore, the relationship between islet insulin 

and amyloid burden was examined, revealing that amyloid accumulation was 

significantly correlated with decreases in islet insulin (Figure 13). 

Reduced islet insulin in the presence of amyloidogenic peptides is well 

documented, with IAPP aggregation associated with the loss of β-cells in 

pancreatic islets of patients with T2D [121, 134]. Recent evidence showing the 

co-localisation of IAPP and Aβ in human pancreatic tissue has yet to determine 

the effect of this combined exposure compared to IAPP alone [25, 247]. As the 

combination of IAPP and APP in islets of these mice shows exacerbated 

insulin dysfunction compared to those from IAPP mice only. These results are 

consistent with Bharadwaj et al.’s [129] finding of increased cytotoxicity of 

combination IAPP-Aβ in neuronal cells (Appendix C; 8.3, page 236). Taken 

together, this data validates the hypothesis that the combination of both 

amyloidogenic peptides potentiates cytotoxicity compared to either alone. 

Currently, limited evidence is available on the effect of Aβ alone in pancreatic 

islets. However, studies indicate that regardless of origin, structure, or function, 

aggregated amyloid peptides such as IAPP and Aβ share common 

mechanisms of cytotoxicity [2]. These mechanisms involve the formation of 

abberant pores in cellular membranes, ionic dysregulation, oxidative stress, 
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and mitochondrial dysfunction [13, 22, 150, 155]. Despite the evidence for 

aggregation and toxicity of human Aβ, the APP mice did not develop amyloid 

aggregation or alterations in islet insulin. This finding suggests Aβ may require 

the presence of IAPP to aggregate in pancreatic islets of DTG mice. Evidence 

suggests amyloid proteins can function as a seed for misfolding and 

aggregation of other amyloidogenic peptides, as discussed in Chapter 1 (1.4.6, 

page 25) [257]. Though ThioS uniformly stains all aggregated amyloid peptides 

in this study, Wijesekara et al. [247] previously identified Aβ immunoreactivity 

in the islets of DTG mice only (shown in Appendix B, page 235). The increase 

in amyloid burden between IAPP and DTG mice further supports this notion, 

as the higher amyloid burden may be due to both amyloidogenic peptides co-

depositing in the islets of DTG mice.  

As amyloid aggregation also occurs very early in disease progression in these 

mice (before 16 weeks), earlier time points could also be a point of future 

investigation. It is acknowledged as both a benefit and a limitation that this 

mouse model shows a very aggressive neurodegenerative and diabetic 

phenotype, occurring early compared to other amyloid mouse models. As a 

limitation, this aggressive model may limit the threshold at which changes can 

be detectable, obscuring the sequence of events in disease progression. 

Crossbreeding IAPP mice with APP knock-in mice that show slower 

progression of amyloid pathology (e.g. APP NL-F KI [452]) (52 weeks 

compared to the maximum 24 weeks for APP mice (TgCRND8) used in this 

study), may be a more relevant model for the goal of investigating changes 

over time. As this aggressive model was also sustained on a high-fat diet to 

exacerbate symptoms, a comparison to DTG mice on a normal diet is also 

advisable to address limitations with this model. 

As an alternative explanation for the increase in amyloid burden in DTG mice, 

the more advanced disease state of DTG mice could be as a result of an 

increasingly inflammatory environment. Inflammatory cytokines can 

simultaneously inhibit insulin secretion and increase IAPP expression in β-cells 

[87, 95, 96, 195]. In the brain, inflammatory cytokines have also been 

documented to increase Aβ, both through increased production and decreased 

clearance [283, 351, 352]. Furthermore, the presence of Aβ and IAPP 
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themselves also result in increased inflammatory cytokine production through 

their role as DAMPs, contributing to a vicious cycle [200, 453-455]. Essentially, 

an exacerbated inflammatory environment in DTG mice compared to the other 

groups could have resulted in increased production and / or decreased 

clearance of IAPP and / or Aβ peptides in islets, leading to the observed 

increase in amyloid burden. As this study was limited to pancreatic tissue 

sections, future studies would benefit from an investigation into alternative 

tissue samples such as blood samples and pancreatic homogenates to assess 

pro-inflammatory cytokines in these mouse models, both systemically and 

localised to pancreatic islets. 

Evidence of the increased inflammatory environment in DTG mice is 

represented by the significant increases in macrophage presence in pancreatic 

islets of DTG and IAPP mice (Figure 14). Macrophages have a significant role 

in managing chronic inflammation and removing accumulating proteins and 

other foreign material through phagocytosis, with increases in macrophages 

noted in islets of T2D patients [193]. While resident islet macrophages can 

assist in clearance of amyloids [456-458], when the amyloid burden becomes 

excessive, circulating macrophages can be recruited to infiltrate the islet [116]. 

While beneficial in clearing amyloids, macrophages also release pro-

inflammatory cytokines that can contribute to a reduction in GSIS [198].  

The current study found that an increased presence of macrophages was 

highly correlated with amyloid burden (Figure 15). Co-staining of amyloid 

aggregation and macrophages confirmed this, as macrophages were often 

observed co-localising and interacting with the amyloid. In addition, DTG islets 

with amyloid aggregation (DTG+) had a significant increase in macrophage 

presence compared to those without (DTG-), further highlighting the important 

link between amyloid accumulation and inflammation. IBA1, as a marker of 

macrophages and activated microglia, allowed for observation of total 

macrophage involvement in pancreatic islets, as it does not distinguish 

between resident or recruited macrophages [459]. Future studies may involve 

investigation into the distinct roles of resident and recruited macrophages in 

the clearance of amyloid aggregation in DTG mice. Additionally, another 
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possibility of future study could compare IBA1 staining in pancreatic tissue with 

brain sections of the same DTG mice. 

Another potential commonality of cellular dysfunction in the context of T2D and 

AD involves Tau protein. Tau, a microtubule-associated protein, is well 

documented in the pathology of AD for its hyperphosphorylation and 

accumulation into neurofibrillary tangles [373, 374]. As such, reductions in total 

Tau in the brain is often seen as beneficial due to the reduced capacity for Tau 

to become phosphorylated and aggregate [460, 461]. The link between 

pancreatic islet Tau and T2D pathology in literature is less substantial, though 

limited studies have shown Tau protein may be expressed in islets [25]. The 

findings of the current study where Tau is present in islets in all animal models 

is one of the few studies that have reported the prevalence of Tau in pancreatic 

islets (Figure 16).  

Currently, the function of Tau in pancreatic islets remains to be determined. 

Tau, as a microtubule stabilising protein, could act to modulate microtubule 

dynamics in islet β-cells [462] which is essential in insulin production, as 

disruption could impede the transport of pro-insulin to insulin granules, slowing 

down insulin biosynthesis [439, 463]. In support of this notion, a study on Tau 

ablation in the pancreas resulted in reduced islet insulin content, elevated pro-

insulin levels, and impaired GSIS in mice, promoting a diabetic phenotype 

[383]. Tau pathology in islets may affect the recruitment and transport of insulin 

granules by disrupting the microtubule network in β-cells [464]. Additionally, as 

IAPP is co-secreted with insulin, this could potentially lead to reduced IAPP 

secretion and increased intracellular IAPP accumulation and aggregation in β 

cells [263]. 

At 16 weeks, islets of APP mice had higher Tau protein loading in islets 

compared to other mouse models (Figure 16). Evidence suggests that APP 

can regulate Tau proteostasis in cortical neurons via post-transcriptional 

mechanisms that were not solely mediated by Aβ production [460]. Essentially, 

mutant human APP, as seen in APP mice, could affect Tau loading 

independently of the presence of Aβ aggregation, providing a potential 

explanation for why the islets of APP mice had increased levels of Tau in the 
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absence of aggregated amyloid. The effect of an increase in total Tau 

expression on islet function is yet to be understood, particularly as there were 

no differences in islet size and islet insulin between NT and APP mice (Figure 

10; Figure 11). 

Despite extensive expression of Tau in all animal models at 16 weeks, Tau 

was comparatively reduced in all animal models at 24 weeks (Figure 16). It is 

known that a high-fat diet can result in metabolic dysfunction and β-cell stress 

[465]. This could result in the reduction in the expression of Tau (and other 

proteins) that are essential in healthy β-cell function across all groups over 

time. A comparison study with a low-fat diet, in addition to further investigation 

cell stress markers may address this. In addition, the current literature on 

whether a reduction in total Tau expression is protective or detrimental is mixed 

and generally limited to AD-associated neuronal studies, not islet Tau 

expression [466, 467]. Furthermore, it cannot be ruled out that Tau expression 

in islets is modulated differently under similar external stressors compared to 

the brain (and the effect of this modulation on cellular function). Further 

investigation is required to determine the role of tau in islets, and how 

downregulation of its expression in islets impacts islet function. 

Current literature suggest amyloid pathology occurs upstream of Tau 

pathology in AD, where Aβ accumulation triggers phosphorylation and 

aggregation of Tau into neurofibrillary tangles, resulting in neuronal loss [468, 

469]. Whether a similar mechanism occurs in the islets from DTG is supported 

by the Wijesekara et al. study [247], which showed a representative figure of 

evidence for pTau accumulation in the 24wk DTG mouse, but no quantitation 

(Appendix D, page 237). To address this and complement the total Tau data, 

the current study extended this to investigate and quantitate the amount of 

pTau present in islets across 16 and 24 week. Unfortunately, very low pTau 

staining was observed in islets overall (impacting on the confidence of 

quantitating small amounts), despite the absence of staining in primary and 

secondary antibody control images demonstrating the staining present was not 

artefact (Appendix D; 8.4, page 237). The lack of extensive intra-islet pTau 

staining could be a result of the lesser ability of murine Tau to pathologically 

phosphorylate under toxic conditions compared to human Tau. Structural 
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differences in the N terminal of murine and human Tau reveals that murine 

Tau does not form neurofibrillary tangles as human Tau does, and though 

murine Tau is still capable of undergoing abnormal phosphorylation in the 

presence of aggregated amyloid proteins, the absence of AD-like tauopathy is 

a limitation of this study [470, 471]. Further studies by Wijesekara et al. [263] 

confirmed that double transgenic human IAPP and human Tau exhibited 

exacerbated islet dysfunction compared to transgenic human IAPP mice with 

murine Tau. Future studies could investigate other transgenic human Tau 

models in the presence of combined human IAPP-Aβ expression. 

Along with the high-fat diet, increases in inflammation and amyloid burden 

coupled with decreases in islet insulin could predict a significant amount of 

cellular stress. Active Cas3, a marker of apoptosis, was statistically increased 

in islets of DTG mice compared to NT littermates. However, unlike the changes 

in islet insulin and macrophage presence, the increase was not correlated with 

amyloid burden. The lack of apoptotic cells under apparent stress is possibly 

a result of “timing”. As amyloid aggregation, inflammation and islet insulin 

dysfunction are occurring at an early stage in disease progression (before 16 

weeks), the majority of islet cell apoptosis could have occurred at an earlier 

time point, prior to investigation at 16 weeks, or could be occurring at a later 

time point than 24 weeks. Further studies could investigate additional 

inflammatory markers, such as IL-1β and TNF-α, and β-cell stress markers 

upstream of apoptosis, particularly those involving mitochondrial dysfunction 

[155], including Cytochrome C and HSP60. Moreover, additional time points in 

the mouse models (or similar models with a slower progression of symptoms) 

could also be analysed. 

In conclusion, amyloid aggregation in pancreatic islets of novel DTG mice 

expressing both human APP and human IAPP was correlated with increases 

in intra-islet inflammation and reductions in islet insulin, suggesting significant 

islet distress and dysfunction. While apoptotic markers such as Active Cas3 

were unrelated to amyloid aggregation specifically, they were still increased in 

DTG mice, likely as a result of the advanced disease state of DTG mice 

compared to its NT, APP, and IAPP littermates. Additionally, Tau loading in 

islets was decreased over time in the presence of a high-fat fed diet in all 
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groups. While reductions in Tau in neuronal cells is primarily thought of as 

protective, Tau’s potential involvement in insulin secretion means this 

reduction may impact mechanisms of insulin secretion. Overall, the 

combination of human IAPP and Aβ in DTG mice, exacerbated T2D-like 

pancreatic islet pathology compared to either human IAPP or human APP 

alone. These findings support evidence that the combination of IAPP and Aβ 

may cross-seed to exacerbate amyloidogenic aggregation in pancreatic islets 

and promote β-cell dysfunction. Potential mechanisms will be explored in vitro 

in the next chapter. 
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CHAPTER 4  IAPP Cytotoxicity is Potentiated by Co-

Aggregation with Aβ in BRIN-BD11 Pancreatic β-Cells 

4.1 Abstract 

Accumulation of the amyloidogenic peptides, Islet Amyloid Polypeptide (IAPP) 

and β-Amyloid (Aβ) can disrupt cellular metabolism and bioenergetics, leading 

to oxidative stress and apoptosis. Findings described in the previous chapter 

demonstrated that exacerbated amyloid deposition in mice models of IAPP 

and APP (Aβ) exacerbated islet dysfunction and pathology. To provide a 

greater understanding of underlying mechanisms, the aim of the work in this 

chapter was to assess the effect of human IAPP, Aβ aggregates, or a 

combination of both on the function of the BRIN-BD11 rat pancreatic β-cell line. 

BRIN-BD11 β-cells were treated with IAPP, Aβ, or a 1:1 IAPP-Aβ combination 

to determine changes in cell viability, insulin secretion, bioenergetics, and 

markers of cellular stress. Treatment of cells with the IAPP-Aβ combination 

significantly exacerbated apoptosis and oxidative stress, and reduced insulin 

secretion compared to treatment with IAPP or Aβ alone. However, despite 

being less cytotoxic than the IAPP-Aβ combination, IAPP had a more 

pronounced and significant effect on mitochondrial function. Aβ alone 

demonstrated limited toxicity to β-cells. These findings demonstrate the 

potentiation of IAPP toxicity upon co-incubation and aggregation with Aβ in 

pancreatic β-cells in vitro. 

4.2 Introduction 

As amyloidogenic peptides, IAPP and Aβ share a propensity for misfolding and 

aggregating into toxic soluble oligomers and insoluble fibrils, the latter of which 

accumulate in extracellular spaces as amyloid plaque [472]. IAPP and Aβ also 

share associations with chronic metabolic diseases, such as T2D and AD [21, 

22]. Moreover, recent investigations have revealed IAPP and Aβ can co-

localise in pancreatic islets where they cross-seed to form IAPP-Aβ 

heterocomplexes [25, 129].  
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Independently, IAPP has long been associated with β-cell dysfunction. 

Literature shows that IAPP accumulation in the extracellular space of 

pancreatic islets is cytotoxic to β-cells, as it increases the rate of β-cell 

apoptosis in a dose-dependent manner [133, 134, 473]. Though unconfirmed, 

there are several suspected mechanisms of toxicity, including creating a 

mechanical barrier in the extracellular space [131, 474], disruption of cell 

membrane leading to ion dysregulation [132], and activation of the extrinsic 

pathways of apoptosis [201]. While there is extensive literature on the role of 

IAPP in β-cell dysfunction, there is limited information available on the effect 

of Aβ aggregates on pancreatic β-cells. However, studies show that Aβ 

aggregates disrupt neuronal function and viability through similar mechanisms 

of toxicity to IAPP on β-cells [332, 334], suggesting a potentially similar effect. 

Current research indicates that the pre-fibrillar soluble oligomeric aggregates 

of IAPP and Aβ are more cytotoxic than fibrils [20, 135, 136]. While exerting 

similar mechanisms of toxicity to fibrils in the extracellular space, the smaller 

soluble oligomers can also disrupt intracellular processes, particularly 

mitochondrial function and bioenergetics [13, 155, 157, 475, 476]. Disruption 

of mitochondrial function is highly detrimental to β-cells, as mitochondria play 

a vital role in the coupling of glucose-sensing to insulin secretion via glucose 

metabolism [49]. Additionally, the intracellular accumulation of amyloidogenic 

oligomers has been hypothesised to deregulate proteostasis, leading to ER 

stress [214, 477, 478]. 

Evidence is beginning to indicate that IAPP and Aβ in combination exacerbate 

amyloid pathology. Post-mortem examinations have revealed that AD patients 

have an increased frequency and extent of islet amyloid aggregation, while the 

duration of T2D is directly correlated with the amount of neuronal amyloid 

plaque [4]. Exposure to oligomeric IAPP-Aβ in vitro demonstrated enhanced 

cytotoxicity compared to IAPP or Aβ oligomers in neuronal cells in a 2020 study 

by Bharadwaj et al [129] (Appendix C; 8.3, page 236). Additionally, pancreatic 

load is markedly increased in transgenic mice expressing both human IAPP 

and APP, where it was associated with reduced islet function [247]. The 

previous chapter of this thesis further demonstrated that the same double 
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transgenic mouse model also featured increased inflammation, increased cell 

stress markers, and reduced islet insulin compared to controls. 

Taken together, this data indicates that Aβ may play an important role in β-cell 

dysfunction and the development of T2D. This current chapter aims to provide 

insight into mechanisms by which IAPP and Aβ exert their toxicity on β-cells of 

the pancreatic islet. Pancreatic β-cells from the rat clonal BRIN-BD11 cell line 

were exposed to oligomeric preparations of IAPP, Aβ and IAPP-Aβ in vitro to 

assess changes in β-cell viability, insulin secretion, mitochondrial function, and 

overall cellular stress. 

4.3 Aim 

To investigate the effect of oligomeric aggregations of human Aβ, IAPP, or the 

combination of both on BRIN-BD11 β-cell function and cellular metabolism. 

4.4 Materials and Methods 

4.4.1 Amyloidogenic Peptide Preparation 

Preparation of amyloidogenic peptides is described previously (2.2.1, page 48) 

as per established protocols [129, 419, 420]. Briefly, synthetic powdered 

human IAPP and Aβ was solubilised in HFIP, then dried and stored as 

homogenous peptide films. When required, Aβ or IAPP peptide films were 

resolubilised in 20 µL of DMSO, then sonicated, centrifuged, and diluted in 980 

µL of Phenol Red-free Ham’s F-12 media (2% v / v of DMSO) to a final 

concentration of 100 µM IAPP or Aβ. To create an IAPP-Aβ combination, the 

IAPP peptide solution was combined with Aβ peptide solution at a 1 : 1 ratio of 

v / v, producing an IAPP-Aβ combination solution with a final concentration of 

50 µM IAPP + 50 µM Aβ. The amyloid stock solutions were then stored at 4°C 

overnight to allow appropriate aggregation of amyloidogenic peptides into 

soluble oligomeric species, as per established protocols [129, 419, 420]. 

Following the incubation, the 50 µM IAPP + 50 µM Aβ combination solution 

was referred to as “100 µM of IAPP-Aβ” and was compared to an equivalent 

volume of 100 µM homogenous IAPP or Aβ peptides. For example, 10 µM of 

homogenous IAPP or Aβ peptide treatment would be compared to “10 µM” of 
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IAPP-Aβ combination peptide treatment, containing 5 µM of IAPP + 5 µM of 

Aβ aggregated into heterogenous IAPP-Aβ oligomeric species. 

4.4.2 Cell Culture 

The rat clonal pancreatic β-cell line, BRIN-BD11, was cultured in RPMI-1640 

growth medium supplemented with 11.1 mM glucose, 2 mM glutamine, 10% 

FBS and 1% penicillin streptomycin at 37 °C in a humidified atmosphere of 5% 

CO2 (2.2.2.1, page 48). BRIN-BD11 cells have a doubling time of less than 20 

h [421], and were maintained in a sub-confluent state (below 70-80 % 

confluency) until experimentation, with regular changes of growth medium 

every 2-3 days. As an immortal cell line, BRIN-BD11 cells are viable up to 

passage 50 [421] but passages above 40 were not used in this project. Prior 

to treatment, BRIN-BD11 cells were subcultured and counted (2.2.2.4, page 

49), then seeded at optimised cell densities into cell culture plates with fresh 

RPMI-1640 medium and left to adhere overnight. After overnight incubation, 

supernatant was changed to RPMI-1640 medium supplemented with 

amyloidogenic peptides. The concentration of amyloidogenic peptides that β-

cells were exposed to include a “low” concentration range of 0.3-1 µM, a “mid” 

concentration range of 1-5 µM, and a “high” concentration range of 10-50 µM. 

BRIN-BD11 cells were exposed to amyloidogenic peptides for up to 24 h, 

depending on experimental requirements. All amyloidogenic peptide 

treatments were accompanied by appropriate controls, including a “media 

control” (fresh RPMI-1640), and a vehicle control (fresh RPMI-1640 

supplemented with DMSO in Phenol Red-free Ham’s F-12 media equivalent to 

the percentage found in amyloidogenic peptide treatment). 

4.4.3 MTT Assay 

A density of 1 x 104 BRIN-BD11 cells per well were seeded into 96-well plates 

and left to adhere overnight before cells were treated for 24 h with 

amyloidogenic peptides in quadruplicate wells. After 24 h treatment, MTT 

Assay (2.2.3, page 50) was performed. Results were represented as relative 

fold change in cell viability from the media control. 
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4.4.4 Cell Cycle Analysis 

A density of 1 x 106 BRIN-BD11 cells per well were seeded into 6-well plates 

and left to adhere overnight before cells were treated for 24 h with 

amyloidogenic peptides in duplicate wells. After 24 h treatment, cells were 

harvested and a Cell Cycle Analysis (2.2.4, page 50) was performed using the 

fluorescent DNA-stain PI. Using flow cytometry, single cell populations were 

isolated via gating, and a minimum of 1 x 104 events were plotted on a 

histogram as event count vs mean fluorescent intensity of PI staining. An 

example histogram generated from control BRIN-BD11 cells below in Figure 

20 demonstrates how the phases of the cell cycle were determined. 

 

Figure 20. Representative histogram of cell cycle analysis. Event count vs fluorescent 

intensity of PI staining. Generated from media control sample of BRIN-BD11 cells. 

4.4.5 Insulin Secretion 

A density of 1.5 x 105 BRIN-BD11 cells per well were seeded into 24-well plates 

and left to adhere overnight before cells were treated for 24 h with 

amyloidogenic peptides in quadruplicate wells. After removal of the 

supernatant, the β-cells were subject to a GSIS (2.2.6, page 51) challenge, 

where the quadruplicate wells were exposed to KRBB supplemented with 1.1 

mM glucose (for basal insulin secretion) or 16.7 mM glucose + 10 mM Alanine 

(for maximum insulin secretion) in duplicate wells each. Insulin level was 

analysed using an Insulin ELISA (2.2.7, page 52) kit. Cell lysates were 

collected, and protein was quantified by BCA Assay (2.2.5, page 51) for 
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normalisation. Results were calculated as µg insulin / L / µg protein and 

graphed as the fold change from the media control.  

4.4.6 Western Blot Analysis 

A density of 1 x 106 BRIN-BD11 cells per well were seeded into 6-well plates 

and left to adhere overnight before cells were treated for 24 h amyloidogenic 

peptides. Treatments of media only or a vehicle control were used as negative 

controls. Treatments of 1 µM of Rotenone (an inhibitor of complex I in the 

electron transport chain [425]), Thapsigargin (THP; induces ER stress via 

inhibition of ER Ca2+ ATPase [479]) or Staurosporin (STP; induces apoptosis 

via inhibition of protein kinases [480])) were used as positive controls for 

mitochondrial stress, ER stress and apoptosis, respectively. After 24 h 

treatment, cells were lysed and a BCA Assay (2.2.5, page 51) was conducted 

for protein quantification to prepare samples for Western Blot Analysis (2.2.8, 

page 52). Western blot analysis experiments were repeated a minimum of 

three times. Primary antibodies used in this study included Anti-BiP, Anti-

Active Cas-3, anti-HSP60, anti-inducible nitric oxide synthase (iNOS), anti-B-

cell lymphoma-extra-large (BCL-XL), anti-C / EBP homologous protein 

(CHOP), anti-pancreatic and duodenal homeobox 1 (PDX1), Sulfonylurea 

receptor 1 (SUR1), and anti-Cytochrome c oxidase subunit 4 (COXIV). Anti-β-

actin and anti-α- / β-tubulin (both highly-conserved cytoskeletal components 

[481]) antibodies were used as loading controls. HRP-linked secondary 

antibodies used in this study include anti-Rabbit IgG and anti-Mouse IgG. 

4.4.7 Intracellular ROS assay and PI Staining 

A density of 1 x 106 BRIN-BD11 cells per well were seeded into 6-well plates 

and left to adhere overnight before cells were treated for 6 or 24 h with 

amyloidogenic peptides in duplicate wells. After treatment, cells were 

incubated with the CM-H2DCFDA ROS probe (2.2.10, page 56) for 30 min at 

37 °C, protected from light. Cells were harvested and were incubated with 40 

µg / mL of PI as per the PI Staining (2.2.9, page 55) protocol, for simultaneous 

co-staining of intracellular ROS and apoptotic cells. Each treatment group had 

additional controls with only PI or CM-H2DCFDA staining, as well as a control 

group absent of any staining to determine blank measurements and assist in 
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optimisation. Using flow cytometry, single cell populations were isolated via 

gating, and a minimum of 1 x 104 events were recorded. The percentage of PI 

negative (non-apoptotic) cells out of the total cell count were measured. For 

assessment of intracellular ROS, PI staining allowed for the exclusion of 

apoptotic cells prior to measurement of mean fluorescent intensity of CM-

HF2DCFDA staining. 

4.4.8 Mitochondrial Stress Test 

A density of 1 x 104 BRIN-BD11 cells per well were seeded into specialised 

Seahorse XFe96 cell culture plates and left to adhere overnight before cells 

were treated for 24 h with amyloidogenic peptides in quadruplicate wells. After 

24 h treatment, a Mitochondrial Stress Test (2.2.11, page 56) was conducted 

according to manufacturer’s protocol. Briefly, measurements of OCR (pmol / L 

/ min) were recorded before and after three serial injections (at 21 min 

intervals) of the mitochondrial modulators Oligomycin, FCCP, then Antimycin 

A + Rotenone combination at concentrations optimised for BRIN-BD11 cells 

(Table 6, page 58). The OCR measurements were used to calculate multiple 

key parameters of mitochondrial function, including basal respiratory rate, 

maximum respiratory rate, ATP production, mitochondrial coupling efficiency, 

proton leak, and spare respiratory capacity (Figure 7, page 59). A BCA Assay 

(2.2.5, page 51) was used to normalise the data by protein and results were 

represented as the fold change from control measurements. 

4.4.9 Glycolytic Rate Assay 

A density of 1 x 104 BRIN-BD11 cells per well were seeded into specialised 

Seahorse cell culture plates and left to adhere overnight before cells were 

treated for 24 h with amyloidogenic peptides in quadruplicate wells. After 24 h 

treatment, a Glycolytic Rate Assay (2.2.12, page 59) was conducted according 

to manufacturer’s protocol. Briefly, measurements of PER (pmol / L / min) were 

recorded before and after injection of the mitochondrial modulators Antimycin 

A and Rotenone combination, followed by 2-DG at concentrations optimised 

for BRIN-BD11 cells (Table 8, page 61). Cell-free control wells were not 

injected with mitochondrial modulators, but serial injections of 5 mmol / L HCl 

to determine buffering capacity of the media for measurement correction. PER 
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measurements were detected by the Agilent Seahorse XFe96 flux analyser 

and used to changes in glycolytic rate. A BCA Assay (2.2.5, page 51) was used 

to normalise the data by protein and results were represented as the fold 

change from control measurements. 

4.4.10 Data Analysis 

All experiments were repeated a minimum of three times. Statistical analysis 

was performed by GraphPad Prism Version 8 Software. Normality testing was 

performed on all data prior to analysis. If normally distributed, one-way ANOVA 

with Tukey multiple comparisons Post-Hoc testing was used to determine 

statistically significant changes between treatment groups. If not normally 

distributed, the equivalent nonparametric testing (Kruskal-Wallis with Dunn’s 

multiple comparisons Post-Hoc testing) was used instead. Two-way ANOVA 

with Sidak’s multiple comparisons Post-Hoc testing was used to determine 

changes between groups over time. All data is expressed as mean ± SEM. 

The limit of statistical significance was set at 0.05 (p ≤ 0.05). 

4.5 Results 

4.5.1 Low concentrations of amyloidogenic peptides do not alter 
BRIN-BD11 β-cell viability or growth cycle 

Initial investigations aimed to determine the effect of ≤1 µM concentrations of 

amyloidogenic peptides on the viability and growth of BRIN-BD11 pancreatic 

β-cells. Compared to other in vitro studies investigating human IAPP in β-cells, 

this concentration is relatively low [129, 150], however, human Aβ at this 

concentration is effective in altering neuronal cell viability and function in vitro 

[482-484]. Using a treatment time of 24 h, an MTT assay was used to measure 

alterations in cell viability. Only viable / living cells will reduce soluble MTT to 

insoluble formazan crystals within mitochondria, giving an indirect 

measurement of viable cells. After 24 h of exposure, there was no significant 

difference between treatment groups or controls (Figure 21). As the MTT 

assay is an indirect measurement of cell death via mitochondrial activity, the 

fluorescent DNA stain PI was used to validate these results. 
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Figure 21. Low concentrations of IAPP, Aβ, or IAPP-Aβ combination over 24 h does not 
affect BRIN-BD11 cellular viability. BRIN-BD11 β-cells were treated with up to 1 µM of 

synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing an MTT assay 

to determine changes in cell viability. Cells were also treated with media and a vehicle control 

containing 0.02% DMSO, equivalent to 1 µM of amyloid treatment. Results were quantified as 

mean ± SEM and expressed as the fold change from media control in bar graphs (N=4 in 

quadruplicate). IAPP-Aβ combination = 1 : 1, so 1 µM of IAPP-Aβ = 0.5 µM IAPP + 0.5 µM Aβ. 

Vehicle control (VC) = 0.02% DMSO (equivalent to 1 µM of treatments). Statistical analysis 

via one-way ANOVA with Tukey’s multiple comparisons test to determine variation between 

treatment groups. No statistically significant changes were detected. 

After permeabilisation of cells and staining with PI, the DNA content of cells 

was analysed to validate the MTT results, and to gain insight into whether 

amyloidogenic peptides interrupted regular BRIN-BD11 β-cell cycle growth, 

maturation, and mitosis. Phases of the growth cycle of BRIN-BD11 cells can 

be subdivided into the G1 phase (non- / pre-mitotic cells with a single 

complement of DNA), S phase (replication of DNA content for division) or G2 / 

M phase (cells with a double complement of DNA for imminent mitotic division; 

Figure 20). Another important parameter is the Sub-G1 phase, which 

represents apoptotic bodies and cell fragments. After 24 h of exposure to 0.5 

or 1 µM of IAPP, Aβ, or IAPP-Aβ combination, there was no significant 

difference in the percentage of total events detected in the Sub-G1 phase 

between any of the treatment groups or compared to controls (Figure 22A).  
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Figure 22. Low concentrations of IAPP, Aβ, or IAPP-Aβ combination over 24 h does not 
affect β-cell growth cycle or elicit apoptosis. BRIN-BD11 β-cells were treated with up to 1 

µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing an cell 

cycle analysis to determine changes in cell viability and growth. Cells were also treated with 

media and a vehicle control containing 0.02% DMSO, equivalent to 1 µM of amyloid treatment. 

Data from separate phases of cell cycle [including (A) Sub-G1, (B) G1 Peak, and (C) combined 

S phase and G2M Peak], were initially expressed as mean % of total events ± SEM in bar 

graphs (N=3 in duplicate). Statistical analysis via one-way ANOVA with Tukey’s multiple 

comparisons test  to determine variation between treatment groups. No statistically significant 

changes were observed. 
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Further investigation into the parameters of cell cycle analysis revealed no 

significant difference in the mean percentage of total events in the G1 Peak 

between treatment groups or controls (Figure 22B). The mean percentage of 

total events detected in the S phase and G2 / M peak were combined, as the 

rapid division of BRIN-BD11 cells meant that rarely did a G2 / M peak appear 

distinct from S phase. As with the G1 Peak, there was no significant difference 

identified between treatment groups or controls (Figure 22C). Taken together 

with the MTT results, this data shows neither cellular viability nor cellular 

growth cycle was affected by ≤1 µM concentrations of aggregated 

amyloidogenic peptides after 24 h treatment. 

4.5.2 Low concentrations of amyloidogenic peptides do not alter 
BRIN-BD11 β-cell function and stress markers 

While cell viability and growth were unaltered after treatment with 

amyloidogenic peptides, other essential cellular functions may have been 

affected. As such, the next step in the investigation was to determine if insulin 

secretion, the most important function of pancreatic β-cells, was altered by the 

same treatment. After 24 h exposure to ≤1 µM IAPP, Aβ, or IAPP-Aβ 

combination, BRIN-BD11 cells underwent an insulin secretion challenge, 

where cells were exposed to basal (1.1 mM Glucose; Figure 23A) or 

stimulatory (16.7 mM Glucose + 10 mM Alanine; Figure 23B) conditions. 

Analysis of the insulin secretion challenge revealed no significant changes in 

insulin secretion during either basal or stimulatory conditions between controls 

and treatment groups at any concentration assessed. In addition to assessing 

functional changes via insulin secretion, western blot analysis was also used 

to determine alterations in expression of key markers of β-cell function and 

stress (Figure 24). 
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Figure 23. Low concentrations of IAPP, Aβ, or IAPP-Aβ combination over 24 h does not 
alter BRIN-BD11 β-cell insulin secretion. BRIN-BD11 β-cells were treated with up to 1 µM 

of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing an insulin 

secretion challenge under basal (1.1 mM glucose; A) or stimulated (16.7 mM glucose + 10 mM 

Alanine) conditions. Cells were also treated with media and a vehicle control containing 0.02% 

DMSO, equivalent to 1 µM of amyloid treatment. An insulin ELISA was used to quantify results 

as mean ± SEM and expressed as the fold change from media control in bar graphs (N=3 in 

triplicate). Statistical analysis via one-way ANOVA with Tukey’s multiple comparisons test to 

determine variation between treatment groups. No statistically significant changes were 

observed. 

Levels of PDX1, a marker of insulin production, was not significantly altered 

with any of the treatments (Figure 24C). As amyloidogenic peptides are known 

to exert their toxicity via inducing mitochondrial stress [150, 155], ER stress 

[485], and / or apoptosis [486, 487] expression of COXIV, CHOP, and Active 

Cas3 were also assessed. COXIV levels were similar between controls and 
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treatment groups (Figure 24D). Exposure of cells to 1 µM STP as a positive 

control led to reduction in CHOP levels (Figure 24E) and an increased ratio of 

active to inactive caspase-3 (Figure 24F). No changes in these measures were 

observed following exposure to amyloidogenic compounds compared to 

control (Figure 24E-F). Together, these data indicated that at concentrations 

of ≤1 µM, IAPP, Aβ, or IAPP-Aβ did not alter BRIN-BD11 β-cell function or 

viability following a 24h exposure. The effects of higher concentrations of 

amyloidogenic peptides were therefore assessed.  

 

Figure 24. Low concentrations of IAPP, Aβ, or IAPP-Aβ combination over 24 h does not 
elicit changes in markers of BRIN-BD11 β-cell stress. BRIN-BD11 β-cells were treated with 

up to 1 µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before lysates 

were collected for western blot analysis to detect changes in protein expression (A and B). 

Cells were also treated with media, a vehicle control containing 0.02% DMSO, and a positive 

control containing 1 µM of Staurosporin (STP). Results were quantified as mean ± SEM and 

expressed as the fold change from media control in bar graphs (C-F; N=3). Statistical analysis 
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via one-way ANOVA with Tukey’s multiple comparisons test to determine variation between 

treatment groups. Φ = statistical significance compared to respective vehicle control, * = 

statistical significance compared to indicated treatment group. Φ / *p < 0.05, ΦΦΦΦ / ****p 

value=< 0.0001. 

4.5.3 Increased concentrations of IAPP-Aβ combination reduces 
cell viability and increases oxidative stress in BRIN-BD11 β-cells 

To determine the reaction of BRIN-BD11 β-cells to higher concentrations of 

the amyloidogenic peptides, cells were treated with “mid-range” 1.5-5 µM or 

“higher-range” (10-50 µM) of amyloidogenic peptides. After 24 h of treatment, 

cell viability was assessed by MTT assay (Figure 25). Exposure to 1.5, 3 and 

5 µM of IAPP significantly reduced cell viability compared to respective vehicle 

controls (p = 0.001, 0.012, and 0.004 respectively; Figure 25A). Additionally, 

1.5 µM of IAPP significantly reduced cell viability compared to both Aβ and the 

IAPP-Aβ combination (p = 0.034 and 0.003 respectively). Comparable results 

were observed with higher concentrations of IAPP, where reductions were 

observed for 10, 25 and 50 µM treatments compared to VC controls (Figure 

25B; p = 0.016, 0.017, and 0.004 respectively). In comparison to IAPP, 

exposure to IAPP-Aβ only reduced cell viability at 5 µM treatment (p = 0.034). 

Despite this, 25 and 50 µM of IAPP-Aβ resulted in a marked reduction in cell 

viability compared to controls (p = 0.004 and < 0.0001). Indeed, compared to 

IAPP and Aβ peptides, exposure to 50 µM of IAPP-Aβ significantly 

exacerbated cytotoxicity (p = 0.0007 and < 0.0001). Exposing the cells to Aβ 

peptide at any concentrations did not significantly alter viability compared to 

controls. 
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Figure 25. Higher concentrations of the IAPP-Aβ combination significantly exacerbated 
cytotoxicity compared to IAPP or Aβ treatments alone. BRIN-BD11 β-cells were treated 

with up to 1.5-5 µM (A) and 10-50 µM (B) of synthetic human IAPP, Aβ42 or IAPP-Aβ 

aggregates for 24 h before performing an MTT assay to determine changes in cell viability. 

Cells were also treated with media and vehicle controls containing 0.03-0.1% DMSO 

(equivalent to 1.5-5 µM of treatments; A) or 0.2-1% DMSO (equivalent to 10-50 µM of 

treatments; B). Results were quantified as mean ± SEM and expressed as the fold change 

from media control in bar graphs (N=3 in quadruplicate). Statistical analysis via one-way 

ANOVA with Tukey’s multiple comparisons test to determine variation between treatment 

groups. IAPP-Aβ combination = 1 : 1, so 50 µM of IAPP-Aβ = 25 µM IAPP + 25 µM Aβ. Vehicle 

control (VC) = 1% DMSO (equivalent to 50 µM of treatments). Φ = statistical significance 

compared to respective vehicle control, * = statistical significance compared to indicated 

treatment group. Φ / *p < 0.05, ΦΦ / **p < 0.01, ΦΦΦ / ***p < 0.001, ΦΦΦΦ / ****p < 0.0001. 

To validate findings from the MTT assay, PI staining was performed. Here, PI 

staining was used on non-permeated BRIN-BD11 β-cells. As such, only cells 
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with a compromised cell membrane, such as those undergoing apoptosis or 

necrosis, were positively stained with PI. BRIN-BD11 β-cells were treated with 

the 50 µM of IAPP, Aβ, or IAPP-Aβ combination over two separate time points, 

6 and 24 h, to determine changes over time. Following 6 h of treatment with 

amyloidogenic peptides, IAPP significantly reduced the percentage of PI 

negative (viable) cells compared to controls, Aβ, and IAPP-Aβ (p = 0.006, 

0.001, and 0.032 respectively; Figure 26A). However, after 24 h of treatment, 

only IAPP-Aβ reduced the percentage of viable cells compared to controls (p 

= 0.0007). A two-way ANOVA further revealed that IAPP-Aβ was the only 

treatment to reduce the percentage of viable cells over time (p = 0.001, F (1, 

12) = 12.39).  

In addition to PI staining, the cells were simultaneously co-stained with CM-

H2DCFDA, an intracellular ROS probe to detect changes in oxidative stress. 

CM-H2DCFDA passively diffuses into cells where it reacts with intracellular 

glutathione, giving a measure of the level of intracellular ROS. In accordance 

with the PI staining results, 6 h of IAPP treatment significantly altered BRIN-

BD11 cell ROS generation, where compared to vehicle controls, IAPP was the 

only treatment to increase mean fluorescent intensity (Figure 26B; p = 0.005, 

0.006, and 0.004 respectively). However, after 24 h of treatment, IAPP-Aβ had 

the highest levels of intracellular ROS compared to controls and other 

treatments (p = 0.008, 0.006, and 0.0029 respectively). Furthermore, a two-

way ANOVA revealed that only the IAPP-Aβ combination increased 

intracellular ROS between 6h and 24 h (p value=0.0012; F (1, 12) = 24.51). 

The results from the MTT, PI, and intracellular ROS assays together indicate 

that treatment of BRIN-BD11 β-cells with IAPP led to significant cytotoxicity, 

which was exacerbated with the co-aggregation of IAPP and Aβ in a dose and 

time-dependent manner. Treating BRIN-BD11 β-cells with Aβ aggregates 

alone did not alter cell viability or ROS generation. 
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Figure 26. IAPP-Aβ combination exhibits a time-dependent decrease in BRIN-BD11 cell 
viability and increase in intracellular ROS generation. BRIN-BD11 β-cells were treated 

with 50 µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing 

Intracellular CM-H2DCFDA ROS Assay with PI staining. Cells were also treated with only 

media, and a vehicle control containing 1% DMSO, equivalent to 50 µM of amyloid treatment. 

PI staining results were quantified as mean % of PI negative cells from total events ± SEM 

and expressed as the fold change from media control in a bar graph (A; N=3 in duplicate). 

Intracellular ROS results were quantified as mean fluorescent intensity ± SEM and 

represented in a bar graph (B; N=3). Statistical analysis via two-way ANOVA with Sidak’s 

multiple comparisons test to determine variation between treatment groups and over time. C 

= media control. Φ = statistical significance compared to respective vehicle control, # = 

statistical significance compared to the same treatment over time, * = statistical significance 

compared to indicated treatment group. Φ / # / *p < 0.05, ΦΦ / ## / **p < 0.01, ΦΦΦ / ### / ***p < 

0.01. 
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4.5.4 Amyloidogenic peptides reduce basal and stimulated 
insulin secretion from BRIN-BD11 β-cells 

To determine how the effective concentrations of amyloidogenic peptides 

altered β-cell functioning, basal and stimulatory insulin secretion from BRIN-

BD11 cells were assessed. Cells were exposed to 25 or 50 µM of IAPP, Aβ or 

IAPP-Aβ for 24 h, prior to an insulin secretion challenge. Compared to vehicle 

controls, a trend towards a reduction in basal insulin secretion was observed 

in 50 µM treatments, particularly IAPP-Aβ where the decrease was significant 

(p = 0.027; Figure 27A). All treatments also showed a dose-dependent 

decrease in basal insulin secretion between 25 and 50 µM concentrations (p 

= 0.020, 0.001, and 0.006 for IAPP, Aβ, and IAPP-Aβ respectively). Under 

stimulatory conditions (Figure 27B), insulin secretion was reduced following 

exposure to 50 µM of all amyloidogenic peptides lowest levels observed for 

IAPP-Aβ (p = 0.009, 0.0002, and < 0.0001 for IAPP, Aβ and IAPP-Aβ 

respectively). Additionally, both Aβ and IAPP-Aβ (but not IAPP) showed a 

dose-dependent reduction in stimulated insulin secretion between 25 and 50 

µM (p = 0.001 and 0.0001). Together these data indicate that exposure of 

BRIN-BD11 β-cells to 50 µM of all amyloidogenic treatments led to reductions 

in basal and stimulated insulin secretion.  
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Figure 27. IAPP-Aβ combination significantly reduces both basal and glucose-
stimulated insulin secretion in BRIN-BD11 β-cells. BRIN-BD11 β-cells were treated with 

up to 50 µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing 

an insulin secretion challenge under basal (1.1 mM glucose; A) or stimulated (16.7 mM 

glucose + 10 mM Alanine) conditions. Cells were also treated with media, and a vehicle control 

containing 0.5 or 1% DMSO, equivalent to 25 or 50 µM of amyloid treatment. An insulin ELISA 

was used to quantify results as mean ± SEM and expressed as the fold change from media 

control in bar graphs (N=3 in duplicate). Statistical analysis via one-way ANOVA with Tukey’s 

multiple comparisons test to determine variation between treatment groups. Φ = statistical 

significance compared to respective vehicle control, * = statistical significance compared to 

indicated treatment group. Φ / *p < 0.05, ΦΦ / **p < 0.01, ΦΦΦ / ***p < 0.001, ΦΦΦΦ / ****p < 0.0001. 
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4.5.5 IAPP, but not Aβ, impairs mitochondrial bioenergetics in 
BRIN-BD11 β-cells 

The findings above indicate impaired β-cell functioning and viability associated 

with exposure to amyloidogenic peptides, particularly with IAPP-Aβ. 

Impairments in mitochondrial function is a major underlying mechanism that 

can lead to oxidative stress, cell death and impaired insulin secretion. Using 

the Seahorse XFe96 Flux Analyser, key parameters of mitochondrial activity 

were assessed where the oxygen consumption of BRIN-BD11 β-cells was 

measured. The parameters included basal OCR, maximum OCR, and ATP 

production. Compared to vehicle control, basal OCR was reduced following 24 

h of treatment with 50 µM of IAPP and IAPP-Aβ combination (p = 0.020 and 

0.031), with only IAPP exhibiting a dose-dependent decrease between 25 and 

50 µM of treatment (p = 0.019; Figure 28A).Treatment with Aβ did not alter 

basal OCR. Similar results were observed for maximal OCR (Figure 28B; p = 

0.049 and 0.035 for IAPP and IAPP-Aβ, respectively). ATP production rate 

was reduced following treatment with 50 µM IAPP compared to controls (p = 

0.031; Figure 28C). Neither Aβ nor IAPP-Aβ altered this parameter. 
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Figure 28. IAPP exacerbates mitochondrial dysfunction in BRIN-BD11 β-cells compared 
to Aβ or IAPP-Aβ combination. BRIN-BD11 β-cells were treated with up to 50 µM of synthetic 

human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing mitochondrial stress 

testing. Cells were also treated with media, and a vehicle control containing 0.5 or 1% DMSO, 

equivalent to 25 or 50 µM of amyloid treatment. Using a Seahorse XFe96 Flux Analyser, key 

parameters of mitochondrial function were identified via changes in the oxygen consumption 

rate (OCR) upon exposure to mitochondrial modulators. Results were quantified as mean OCR 

± SEM and expressed as the fold change from media control in bar graphs (N=3 in 

quadruplicate), including (A) Basal OCR, (B) Maximum OCR, (C) ATP Production, (D) % 

Coupling Efficiency, (E) Proton Leak, and (F) Spare Respiratory Capacity. Statistical analysis 

via one-way ANOVA with Tukey’s multiple comparisons test to determine variation between 

treatment groups, except for Proton Leak (D), which was not normally distributed and 

equivalent nonparametric Kruskal-Wallis test with Dunn’s Post-Hoc was used instead. Φ = 

statistical significance compared to respective vehicle control, * = statistical significance 

compared to indicated treatment group. Φ / *p < 0.05, ΦΦ / **p < 0.01. 
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Additional measurements of mitochondrial activity were calculated from the 

initial parameters, including proton leak, coupling efficiency, and the spare 

respiratory capacity of the cells. Proton leak is calculated as the amount of 

basal OCR not associated with ATP production, and is instead due to 

movement of protons across the inner mitochondrial membrane via leakage or 

uncoupling proteins [426]. Similar to the basal and maximal OCR, proton leak 

was reduced following treatment with 50 µM of IAPP and IAPP- Aβ 

combination (p = 0.011 and 0.016; Figure 28D). Treatment with IAPP also 

reduced coupling efficiency (Figure 28E; p = 0.026), a parameter that 

measures the mitochondria’s ability to efficiently couple metabolism to ATP 

production. Treatment with Aβ or IAPP-Aβ did not alter BRIN-BD11’s coupling 

efficiency. In addition, no changes were observed in spare respiratory capacity 

following treatments with any of the peptides (Figure 28F). 

When mitochondrial dysfunction occurs and the mechanisms of oxidative 

phosphorylation have been damaged, the mitochondria can compensate 

through metabolic switching to increase the glycolytic rate and meet the 

required energy demands for the cell [488-490]. As such, investigation of 

alterations in glycolytic rate further elucidates changes in mitochondrial 

function. Exposure of cells to 25 or 50 µM of IAPP led to a trend towards an 

increase in basal glycolytic rate compared to controls (p = 0.114 and 0.080), 

and a significant increase compared to Aβ treated cells (Figure 29A; p = 0.046 

and 0.041). No changes in glycolytic rate were observed after exposure to Aβ 

or IAPP-Aβ, and none of the peptide preparations significantly altered the 

glycolytic rate in response to inhibition of oxidative phosphorylation 

(compensatory glycolysis; Figure 29B). Overall, the data indicates that despite 

IAPP-Aβ exerting significantly more toxicity than IAPP or Aβ, IAPP appears to 

drive impairments in mitochondrial bioenergetics in the BRIN-BD11 cells. 
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Figure 29. IAPP increases basal glycolysis in BRIN-BD11 β-cells but does not increase 
compensatory glycolytic rate. BRIN-BD11 β-cells were treated with up to 50 µM of synthetic 

human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before performing glycolytic rate testing. 

Cells were also treated with media, and a vehicle control containing 0.5 or 1% DMSO, 

equivalent to 25 or 50 µM of amyloid treatment. Using a Seahorse XFe96 Flux Analyser, key 

parameters of glycolysis were identified via changes in the proton efflux rate (PER) upon 

exposure to mitochondrial modulators. Results were quantified as mean PER ± SEM and 

expressed as the fold change from media control in bar graphs (N=3 in quadruplicate), 

including (A) Basal Glycolysis, and (B) Compensatory Glycolysis. Statistical analysis via one-

way ANOVA with Tukey’s multiple comparisons test to determine variation between treatment 
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groups. * = statistical significance compared to indicated treatment group. *p < 0.05, **p < 

0.01. 

4.5.6 Exposure to IAPP-Aβ combination results in mitochondrial 
dysfunction and apoptosis, but not ER stress in BRIN-BD11 β-cells 

To validate the observed changes in mitochondrial function, western blot 

analysis was used to investigate the expression of proteins associated with 

mitochondrial stress and function, including SUR1, BCL-XL and HSP60 

(Figure 30). SUR1 is a membrane protein with functions in the coupling of 

intracellular ATP to insulin secretion via opening / closing of voltage gated 

potassium channels [491]. BCL-XL is anti-apoptotic mitochondrial 

transmembrane protein [492, 493], and HSP60 is a mitochondrial molecular 

chaperone with functions in stabilising and clearing unfolded or misfolded 

proteins [214].  

The BRIN-BD11 cells were exposed to the peptide preparations, or rotenone 

for 24hrs. Rotenone treatment led to an increase in SUR1 and HSP60 and a 

reduction in BCL-XL, consistent with its ability to impair mitochondrial function 

[494]. Similarly, treatment with 50 µM of IAPP and IAPP-Aβ combination led to 

a significant increase in SUR1 (p = 0.043 and 0.0142; Figure 30B), as well as 

a significant increase and a trend towards an increase, respectively, in HSP60 

expression (Figure 30D; p = 0.022 and 0.077). Treatment with IAPP also led 

to a decrease in BCL-XL, whilst treatment with IAPP-Aβ combination did not 

significantly alter expression levels of this anti-apoptotic marker (Figure 30C; 

p = 0.037). Overall, this expression analysis is consistent with the 

mitochondrial stress test and glycolytic assay results, indicating that IAPP, 

alone or in combination with Aβ, can impair mitochondrial function. However, 

the BCL-XL expression analysis shows that only IAPP activates mitochondria-

mediated apoptotic pathways. Treatment with Aβ did not significantly alter the 

expression of any of the mitochondrial markers assessed, consistent with its 

lack of effect on mitochondrial bioenergetics in BRIN-BD11 cells. 
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Figure 30. IAPP and IAPP-Aβ combination altered expression of mitochondrial stress 
markers in BRIN-BD11 β-cells. BRIN-BD11 β-cells were treated with 50 µM of synthetic 
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human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before lysates were collected for western 

blot analysis to detect changes in protein expression associated with mitochondrial function 

(A). Cells were also treated with media, and a vehicle control containing 1% DMSO, equivalent 

to 50 µM of amyloid treatment. Results were quantified as mean ± SEM and expressed as the 

fold change from media control in bar graphs (B-D; N=3). 24 h treatment of 1 µM of Rotenone 

(Rot) used as positive control for mitochondrial dysfunction. Statistical analysis via one-way 

ANOVA with Tukey’s multiple comparisons test to determine variation between treatment 

groups. Φ = statistical significance compared to respective vehicle control. Φp < 0.05, ΦΦp < 

0.01. 

To explore effects of the amyloidogenic peptides on other stress-related 

markers, immunoblotting was performed to assess expression levels of Active 

Cas3; iNOS (a marker of cellular stress and inflammation [495, 496]) and BiP 

[214, 497]. Cells were also treated with STP or THP, as these agents are 

known to induce apoptosis and ER stress, respectively [498, 499]. Consistent 

with this, treatment with STP led to marked increases in Active Cas3 (Figure 

31B) and iNOS (Figure 31C), and THP led to an increase in BiP levels (Figure 

31E). Compared to vehicle control, exposure of cells to 50 µM IAPP and IAPP-

Aβ resulted in increased expression of Active Cas3 (p = 0.010 and 0.001). A 

trend towards an increase in iNOS was also observed for IAPP-Aβ treatment 

(p = 0.105). Exposure to Aβ did not alter Active Cas3 or iNOS compared to 

controls. No significant changes in BiP expression were observed for any of 

the peptide treatments. 
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Figure 31. IAPP-Aβ combination altered expression of cellular stress markers, including 
apoptosis and inflammation, but not ER stress in BRIN-BD11 β-cells. BRIN-BD11 β-cells 

were treated with 50 µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h 

before lysates were collected for western blot analysis to detect changes in protein expression 

associated with cellular stress (A and D). Cells were also treated with media, and a vehicle 

control containing 1% DMSO, equivalent to 50 µM of amyloid treatment. Results were 

quantified as mean ± SEM and expressed as the fold change from media control in bar graphs 

(B, C and E; N=3). 24 h treatment of 1 µM of STP used as positive control for apoptosis. 24 h 

treatment of 1 µM of Thapsigargin (Thp) used as positive control for ER stress. Statistical 

analysis via one-way ANOVA with Tukey’s multiple comparisons test to determine variation 

between treatment groups. Φ = statistical significance compared to respective vehicle control. 

Φp < 0.05, ΦΦp < 0.01, ΦΦΦΦp < 0.0001. 

Taken together, this data shows that significant cell stress from changes in 

mitochondrial function and inflammation (but not ER stress) occurred after 

treatment with cytotoxic concentrations of IAPP and IAPP-Aβ combination. 

Treatment with Aβ did not induce cellular stress as determined by a lack of 
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significant alterations in markers of mitochondrial, ER, and general cellular 

stress. 

4.6 Discussion 

Although extensive information is available on the role of IAPP in T2D [20, 131, 

134, 157, 176], the role of Aβ in pancreatic islets (where it can co-localise and 

co-aggregate with IAPP [25, 129]) is still largely unexplored as discussed in 

Chapter 2 (1.7.1, page 38). Furthermore, the previous chapter suggested in 

transgenic mice that Aβ, in the absence of IAPP, did not affect pancreatic islet 

function, while an IAPP-Aβ combination exacerbated pancreatic islet stress 

compared to IAPP alone. This chapter further explored the effect of IAPP, Aβ, 

and IAPP-Aβ on insulin-producing pancreatic β-cells in vitro to gain 

mechanistic insights into amyloidotoxicity in T2D. Overall, the findings in this 

chapter indicate that the treatment of BRIN-BD11 β-cells with Aβ, IAPP, or 

IAPP-Aβ results in peptide-specific effects on β-cell viability, function, and 

bioenergetics. 

The cell line selected for this study was the BRIN-BD11 rat pancreatic β-cell 

line. BRIN-BD11 cells are insulin-secreting and highly sensitive to glucose and 

other secretagogues, such as the amino acids glutamine and alanine [421, 

500, 501]. As a stable, robust, immortalised cell line, it overcomes common 

problems in using isolated primary pancreatic cells, such as; the difficulty in 

isolating adequate amounts of viable islet cells [502, 503], the difficulty in 

maintaining islets in culture with intact insulin production [504], and hormonal 

and / or cellular heterogeneity between islets [505, 506]. Furthermore, while 

BRIN-BD11 β-cells have their limitations, including the derivation of rodent 

insulinoma cells, and a low tolerance for suboptimal and supraoptimal seeding 

densities, they also have many advantages over other commonly used β-cell 

lines, such as INS-1 (rat insulinoma-derived β-cells), MIN6 (mouse insulinoma-

derived β-cells), and the BRIN-BD11 precursor, RINm5F (rat insulinoma-

derived β-cells) [507]. These advantages include GLUT-2 expression [508], 

high glucose / secretagogue responsiveness [421, 507-509], appropriate 

cellular machinery for insulin production and secretion [421], rapid growth [421, 

508], and suitability for metabolic studies [232, 508]. Furthermore, as rodent-

derived cells, native IAPP and Aβ produced are non-amyloidogenic [120, 437, 
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510], limiting the likelihood of endogenously secreted IAPP / APP contributing 

to the findings presented in this chapter. 

The peptide concentrations used in this study ranged from ‘low’ (0.5-1 µM) to 

‘mid’ (2-10 µM), and ‘high’ (25-50 µM) for 24 h. Whilst these concentrations 

are considered supraphysiological (and the treatment times subphysiological) 

compared to that seen in human plasma, the treatments used within this 

chapter are consistent with conditions used in comparable studies. When 

examining the effect of amyloidogenic peptides in pancreatic cells in vitro 

(predominantly IAPP, as few studies have explored the effects of Aβ on 

pancreatic tissue), previous publications have used concentrations ranging 

from 0.5-100 µM [511, 512], with 10-40 µM commonly used in both primary 

islets and pancreatic cell lines [145, 513-515]. Treatment times with these 

concentrations generally ranged from 2-48 h [514-518]. Furthermore, the 

concentration of IAPP in pancreatic β-cells is estimated to be much higher than 

the concentration in plasma, since the concentration of IAPP in secretory 

granules is calculated at 0.8-4 mM in secretory granules before secretion [179] 

and up to 400 µM in the immediate local environment after secretion [180]. 

When BRIN-BD11 cells were exposed to low (≤1 µM) concentrations of IAPP, 

Aβ, or IAPP-Aβ combination for 24 h, no significant changes in cell viability 

(Figure 21; Figure 22) or insulin secretion (Figure 23) were identified, nor was 

there evidence of increased cell stress (Figure 24). Given the relatively low 

concentration compared to other studies [129, 150], this is not unexpected. 

Increasing the concentration to 5 µM resulted in IAPP becoming cytotoxic in 

BRIN-BD11 β-cells, though this was not dose dependent and appeared to 

plateau in toxicity by 10 µM (Figure 25). Unlike IAPP alone, the IAPP-Aβ 

combination became cytotoxic between 3-5 µM and exerted a time- and dose-

dependent effect. Moreover, at 50 µM, IAPP exerted its cytotoxicity rapidly, 

with a reduced cell viability and increased intracellular ROS generation by 6 h. 

At the same concentration, the combination was significantly more toxic than 

IAPP or Aβ alone, with a marked reduction in cell viability and an increase in 

intracellular ROS, although this was only observed at 24 h (Figure 26). 
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Aβ was not cytotoxic at any concentration or at any time point. These results 

are in agreement with the findings of the previous chapter (3.6, page 89), 

where in APP (Aβ) mice only no effect on islet function was noted but combined 

with IAPP, resulted in increased cellular stress. However, a large body of 

research on Aβ establishes its cytotoxicity in neuronal cells [14, 22, 129, 323, 

324]. One reason for this contrasting effect on the two cell types could be 

structural and electrochemical differences between neuronal and β-cell 

membranes. Membrane fluidity, lipid composition, and electrostatic charge are 

all factors known to influence the aggregation and binding kinetics of Aβ and 

IAPP, and which can vary between different types of cells [519-522]. In β-cells 

specifically, Aβ may have poor adsorption into the cell membrane compared 

to IAPP and IAPP-Aβ. This may be due to electrostatic repulsion of Aβ until a 

conformational change via aggregation reveals more positively charged amino 

acid residues [130]. Essentially, Aβ may be unable to bind to the negatively 

charged β-cell membrane until sufficient aggregation has occurred. IAPP, as 

a cationic peptide [522], could more readily bind to the negatively charged β-

cell membrane. 

Despite Aβ’s lack of toxicity in β-cells, the exacerbated toxicity profile of the 

Aβ-IAPP combination is consistent with previous work on neuronal cells. 

Bharadwaj et al. [129] (Appendix C; 8.3, page 236), found that the combination 

of IAPP-Aβ mixtures resulted in a 3-fold increase in neurotoxicity compared to 

IAPP or Aβ alone. The formation of large amorphous IAPP-Aβ 

heterocomplexes was also demonstrated in this study, which were distinct 

from the IAPP or Aβ oligomers. The exacerbated toxicity found in both 

neuronal cells [129] and the BRIN-BD11 β-cells could result from the distinct 

IAPP-Aβ aggregates forming unique and potent conformations. Alternatively, 

the co-aggregation of Aβ and IAPP maybe be altering aggregation kinetics, 

promoting toxicity as a result.  

A significant amount of literature demonstrates that the oligomeric species of 

both IAPP and Aβ are the most cytotoxic, with protofibrils and fibrils becoming 

progressively more inert as they enter the elongation and saturation phases of 

aggregation [20, 125, 128, 135-137]. IAPP rapidly undergoes fibrillisation, with 

aggregates found to be in the elongation or saturation phase in as little as 4 h, 
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while this process was still on-going after 72 h for Aβ [129, 130]. Comparatively 

to IAPP and Aβ aggregates, IAPP-Aβ co-aggregates took approximately 24 h 

to reach the elongation and saturation phases [129, 130]. In accordance with 

these findings, the results in this chapter have shown that IAPP has a more 

cytotoxic profile than the IAPP-Aβ combination after 6 h of treatment, while the 

IAPP-Aβ combination was significantly more toxic at 24 h (Figure 26). 

Essentially, the delayed but exacerbated toxic profile of the IAPP-Aβ 

combination could result from IAPP in the presence of Aβ aggregating more 

slowly but remaining in the toxic oligomeric form for a longer period of time 

compared to IAPP alone, as shown by Bharadwaj et al. [129] in Appendix C 

(8.3, page 236). 

Despite Aβ’s lack of cytotoxicity in BRIN-BD11 β-cells, all amyloidogenic 

treatments, including Aβ, reduced GSIS levels at high concentrations (Figure 

27). Aβ and its precursor APP have been shown to negatively modulate GSIS, 

particularly in islets of older mice [389, 390]. Additionally, a network-based 

modelling analysis of T2D-associated genetic and clinical traits identified the 

APP gene as crucial in the regulation of insulin secretion in obese B6XBTBR 

mice [390]. In this capacity, Aβ could function as a signalling molecule to 

reduce GSIS in the absence of cytotoxicity. Research on the effect of IAPP on 

GSIS has been more abundant but still uncertain, with some studies showing 

dose-dependent decreases [150, 172], while other studies have not shown 

significant changes [175, 176]. This discrepancy has been attributed to the 

concentrations of IAPP used, as concentrations of less than 5 µM do not 

appear to significantly inhibit insulin secretion [173]. Additionally, most studies 

were performed in the early 1990s upon identification of the peptide, [15, 65] 

when IAPP’s aggregation kinetics were not fully understood, which means that 

early IAPP treatments were likely inconsistent in their aggregation states [73, 

523]. The consensus of current research appears to be that IAPP 

concentrations above 5 µM reduce GSIS by dysregulation of calcium channels 

[173]. The IAPP-Aβ combination was the only treatment in this study that 

reduced both basal and stimulated insulin secretion, likely due to the highly 

toxic nature of IAPP-Aβ treatment on BRIN-BD11 β-cells rather than any 

specific targeting of insulin secretion mechanisms. 
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With changes in insulin secretion and intracellular ROS generation observed, 

a detailed investigation of bioenergetics and metabolism was conducted in 

BRIN-BD11 (Figure 28). This revealed that both the IAPP and IAPP-Aβ 

aggregates had similar toxic effects on mitochondrial function, altering 

parameters such as basal OCR, maximal OCR, and proton leak. Additionally, 

the expression of HSP60 (Figure 30), involved in the clearance of unfolded or 

misfolded proteins from mitochondria [214], was significantly increased in the 

IAPP-Aβ combination, although IAPP treatment also trended towards 

significance. SUR1, an important link between mitochondrial metabolism and 

insulin secretion [491], also showed similar increases in expression after 

treatment with both IAPP and IAPP-Aβ, again indicating similar mechanisms 

of toxicity. However, some mitochondrial parameters were more strongly 

affected by IAPP alone, such as the ATP production rate and coupling 

efficiency. Furthermore, only IAPP treated cells had an increased basal 

glycolytic rate (Figure 29) and a decreased expression of anti-apoptotic BCL-

XL indicating that mitochondrial stress was severe enough to activate 

compensatory aerobic glycolysis and mitochondria-mediated apoptotic 

pathways. 

This data is in mostly in accordance with the large body of work attesting to 

amyloidogenic targeting of mitochondria [150, 155]. In β-cells specifically, 

studies have shown IAPP is capable of inducing mitochondrial dysfunction via 

reducing oxygen consumption, mitochondrial membrane potential, and ATP 

production [150, 153, 154]. While there has been little examination of the 

impact of Aβ on β-cell mitochondrial function, both IAPP and Aβ were found to 

downregulate the expression of similar mitochondrial proteins, impairing ETC 

function and generating ROS in a neuronal cell line (though IAPP was found 

to have a stronger effect than Aβ) [155]. However, in agreement with other 

findings in this chapter, Aβ alone demonstrated limited mitochondrial toxicity 

in BRIN-BD11 β-cells. 

In addition to mitochondrial damage, increases in iNOS and Active Cas3 

expression was noted after exposure to IAPP and IAPP-Aβ, indicating 

increased cell stress and inflammation leading to apoptosis (Figure 31). There 

are several mechanisms by which IAPP and IAPP-Aβ could increase 
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intracellular stress and inflammation. Amyloidogenic peptides could activate 

ER stress via ‘overwhelming’ of the unfolded protein response [206]. However, 

our results do not demonstrate evidence of ER stress as BiP expression was 

unchanged (Figure 31), though future studies could explore this in more detail. 

For example, BiP, as the master regulator of the unfolded protein response in 

the ER, has recently been discovered to translocate to the cell surface under 

inflammatory conditions to act as a multifunctional pro-apoptotic signalling 

receptor in β-cells [227-229]. Additionally, BiP can undergo stress-induced 

secretion from β-cells, which can then function as a pro-apoptotic signalling 

molecule [227]. Future studies could examine BiP translocation and secretion 

after amyloidogenic peptide exposure, rather than expression alone. 

An alternative mechanism for the cell stress and inflammation in BRIN-BD11 

β-cells upon IAPP and IAPP-Aβ exposure involves oxidative stress (Figure 32). 

If the amyloidogenic aggregates were to induce ionic dysregulation, as the 

literature indicates [132, 524], this could simultaneously disrupt β-cell function 

and viability via impairment of calcium ion homeostasis [525]. Calcium ion 

regulation is crucial to both oxidative metabolism and insulin secretion, and the 

disturbance of it by amyloidogenic peptides would result in impaired insulin 

secretion and reduced capacity for oxidative phosphorylation [169-171]. In 

addition, the subsequent reduction in ATP would decrease the ATP : ADP 

ratio, further impairing insulin secretion [169, 171]. Simultaneously, the 

intracellular ROS would accumulate, activating inflammatory and apoptotic 

signalling pathways [13, 151]. The inflammatory environment would further 

insult the β-cell, exacerbating cellular stress, dysfunction in insulin secretion, 

and apoptosis [151, 202, 237]. In essence, the literature supports that oxidative 

stress could be the primary agent behind the amyloid-induced changes in 

BRIN-BD11 β-cells [13]. 
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Figure 32. IAPP-Aβ aggregates induce oxidative stress and dysregulation in insulin 
secretion from BRIN-BD11 pancreatic β-cells. After exposure to IAPP-Aβ co-aggregates, 

BRIN-BD11 β-cells displayed a reduction in mitochondrial activity associated with oxidative 

phosphorylation. This resulted in a reduction in ATP production, impaired insulin secretion and 

an increase in ROS generation. An accumulation of intracellular ROS is correlated with 

increased expression of inflammatory and apoptotic markers and exacerbation of insulin 

dysregulation [151]. However, findings from this chapter also indicate that Aβ aggregates, and 

therefore potentially IAPP-Aβ co-aggregates, are capable of impairing glucose-stimulated 

insulin secretion directly, regardless of cytotoxicity. Figure created by author with 

Biorender.com. 

Interestingly, Aβ was able to reduce GSIS (Figure 27) without affecting 

mitochondrial function (Figure 28), indicating it likely did so without ionic 

dysregulation. The mechanism by which it does this is uncertain, though 

studies have shown that Aβ can bind to IAPP receptors [410, 526]. As IAPP 

exerts autocrine functions in β-cells, regulating insulin secretion and β-cell 

proliferation in response to glucose [527, 528], it is possible that Aβ can 

regulate insulin secretion via similar mechanisms. Future work could explore 

receptor-mediated effects of IAPP, Aβ, and IAPP-Aβ on insulin secretion. 

https://biorender.com/
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Additional future studies could include repeating similar work in other β-cell 

models. While BRIN-BD11 β-cells have a glucose-responsiveness more 

similar to isolated primary islets compared to other cell lines [507], 

disadvantages of their use in this study include that they are rodent cells 

responding to human peptides, and as such may not be reflective of human β-

cell response. With access to isolated human β-cells limited, exploring the 

response of other cell lines, such as INS-1 and MIN6, or primary islets could 

be employed to determine if a uniform response to IAPP, Aβ, and IAPP-Aβ is 

present, and address some limitations of BRIN-BD11 β-cells (including longer 

treatment times). Future work could also include pre-treatment in diabetic 

culturing conditions, such as high glucose and high fatty acids [529], to explore 

if diabetic conditions aggravate amyloidogenic toxicity. 

In conclusion, this chapter reports the novel finding that co-oligomerisation of 

Aβ with IAPP significantly potentiates IAPP toxicity compared to IAPP alone in 

β-cells and begins to explore underlying mechanisms. IAPP-Aβ hetero-

complexes exacerbated apoptosis and dysfunction of BRIN-BD11 β-cells 

compared to Aβ or IAPP alone. This chapter additionally showed that GSIS 

was not only reduced by IAPP and IAPP-Aβ aggregates, but also by the non-

cytotoxic Aβ aggregates, indicating downregulatory action independent from 

cytotoxic mechanisms. As T2D is characterised by both insulin secretion 

dysregulation and insulin resistance in peripheral tissues, the next chapter 

investigates the role of IAPP and Aβ, individually and in combination, on 

peripheral insulin resistance in human skeletal muscle cells. 
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CHAPTER 5  IAPP Cytotoxicity is Potentiated by Co-

Aggregation with Aβ in Human Skeletal Myotube 

Cells 

5.1 Abstract 

Insulin resistance is an important feature of both Type 2 Diabetes (T2D) and 

Alzheimer’s disease (AD). In vitro and in vivo evidence indicates that Aβ 

inhibits insulin signalling, contributing to both CNS and peripheral insulin 

resistance. However, the role of IAPP (an amyloidogenic peptide associated 

with T2D) is less clear. Furthermore, very few studies have investigated the 

effect of co-aggregation of IAPP-Aβ on peripheral insulin resistance. The 

previous chapters demonstrated that co-aggregation of IAPP and Aβ further 

augments β-cell stress. This chapter explores the role of these amyloidogenic 

aggregates in an insulin-sensitive tissue, skeletal muscle. To address this, the 

effects of Aβ, IAPP, or a co-aggregation of IAPP-Aβ on cell stress and insulin 

resistance were evaluated in human skeletal muscle cells (HSMM). Treatment 

of HSMM cells with IAPP-Aβ potentiated cell death compared to IAPP or Aβ 

alone, while IAPP had a more significant impact on mitochondrial function than 

Aβ peptides. In addition, treatment with all aggregates reduced glucose uptake 

in HSMM cells. These findings demonstrate that while Aβ itself is cytotoxic in 

isolation, it can reduce insulin sensitivity and potentiate IAPP cytotoxicity in 

HSMM cells. 

5.2 Introduction 

T2D is defined by pancreatic islet dysfunction and insulin resistance in 

peripheral tissues, such as the liver, adipose tissue, and skeletal muscle. 

Peripheral insulin resistance often precedes and promotes islet dysfunction 

[1]. To overcome the resistance, a higher insulin demand is required, resulting 

in an increased burden and stress on pancreatic β-cells to secrete increasing 

amounts of insulin. As it is co-secreted with insulin, IAPP secretion is also 
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increased [59]. Under healthy conditions, IAPP aids insulin’s function of 

managing postprandial glucose levels [59], however, under pathological 

conditions, IAPP aggregates and has been shown to contribute to the disease 

burden in T2D. 

As established in previous research (including observations in previous 

chapters), IAPP promotes cytotoxicity in pancreatic islets where it aggregates, 

affecting β-cell viability, function, and mitochondrial bioenergetics [133, 134, 

247, 473]. However, the impact of abberant IAPP aggregates on peripheral 

tissues is largely unknown and still debated. Research on monomeric IAPP 

has elucidated roles in insulin sensitivity, glucose transport, and glycogen 

metabolism in peripheral tissues of animal models [23, 241, 242], indicating 

that these same mechanisms may be disrupted by aggregated IAPP. Although 

recent research in this area has been lacking, earlier research indicated that 

IAPP may potentially reduce insulin sensitivity in liver and skeletal muscle 

[242, 530, 531]. Additionally, studies show that IAPP can deposit not only in 

pancreatic islets, but also in additional organs such as the brain, heart, liver, 

and skeletal muscle, often co-aggregated with other amyloidogenic peptides 

[24, 25, 238-240, 247].  

Observed to be co-deposited with IAPP in the brain and pancreas, Aβ has also 

been shown to deposit in peripheral tissues such as the heart, liver, and 

skeletal muscle [400]. While the effect of IAPP on peripheral insulin resistance 

is still deliberated, studies have shown Aβ is capable of inhibiting insulin 

signalling throughout the body, including in the brain, liver, and skeletal muscle 

[6, 413, 532]. Consistent with these findings, Wijesekara et al. [247] (Appendix 

B; 8.2, page 235) noted that transgenic human APP mice had reduced 

peripheral insulin sensitivity compared to transgenic IAPP and nontransgenic 

mice. In addition to this finding, Wijesekara et al. [247] also noted no significant 

impairment in insulin sensitivity of liver or skeletal muscle in transgenic human 

IAPP mice, despite cytotoxicity the IAPP in pancreatic islets. However, mice 

expressing both IAPP and Aβ (DTG mice) demonstrated peripheral insulin 

resistance and pancreatic islet dysfunction, indicating a more advanced state 

of T2D compared to mice expressing human IAPP or APP only. 



135 
 

While the Wijesekara et al. study [247] indicates that Aβ-induced insulin 

resistance in peripheral tissue was exacerbated by IAPP, underlying 

mechanisms remain to be determined and studies are lacking in more relevant 

human cell lines. To address these gaps in the literature, this chapter evaluates 

the effects of IAPP, Aβ, or an IAPP-Aβ combination on insulin resistance and 

cell stress in human skeletal muscle cells. Human skeletal muscle myotubes 

(HSMM) were exposed to oligomeric preparations of IAPP, Aβ, and IAPP-Aβ 

in vitro, then any changes in insulin signalling, cell viability, markers of cell 

stress, and alterations in bioenergetics were assessed. 

5.3 Aim 

Assess function, insulin signalling and cellular metabolism of HSMM cells 

exposed to Aβ, IAPP alone, or the combination of both IAPP and Aβ.  

5.4 Materials and Methods 

5.4.1 Amyloidogenic Peptide Preparation 

The methodology to prepare an 100 µM oligomeric IAPP, Aβ or IAPP-Aβ 

peptide stocks in phenol red-free Ham’s F-12 media (2% v / v of DMSO) is 

outlined in both Chapter 2 (2.2.1, page 48) and Chapter 4 (4.4.1, page 100) 

and based upon established protocols [129, 419, 420].  

5.4.2 Cell Culture 

The primary human skeletal myoblast cell line, HSMM, was cultured in 

SkBMTM-2 Basal Medium supplemented with 10% v / v FBS, 50 µg / mL of 

bovine fetuin, 10 ng / mL of human recombinant epidermal growth factor, 1 ng 

/ mL of human recombinant fibroblast growth factor, and 0.4 µg / mL of 

dexamethasone (2.2.2.2, page 49). Cells were cultured at 37 °C and 5% CO2 

and subcultured at approximately 50-60% confluency to prevent spontaneous 

differentiation of mononucleated myoblasts into multinucleated myotubes. 

Supplemented Basal Medium was changed every 2-3 days, and cells were 

viable up to passage 10 [422]. Differentiation of HSMM cells was induced by 

culturing in a fusion medium of 1:1 DMEM:F12 supplemented with 2% horse 

serum and 1% penicillin streptomycin. Briefly, HSMM cells were subcultured, 
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counted, and then seeded into cell culture plates (6-, 24- or 96-well) with fresh 

SkBMTM-2 Basal Medium and left to adhere overnight (2.2.2.4, page 49). After 

overnight incubation, the supernatant was replaced with fusion medium. The 

HSMM cells were cultured in the fusion medium for 5 days to allow for 

differentiation prior to treatment, with the supernatant discarded and fresh 

Fusion Media added every 2-3 days (Figure 33; 2.2.2.3, page 49). All 

experimentation was conducted on differentiated HSMM cells, unless 

otherwise stated. 

 
Figure 33. Timeline of HSMM cell differentiation process. Mononucleated human HSMM 

cells combine and terminally differentiate from myoblasts to multinucleated elongated 

myotubes in culture via a specialised culturing process over a period of 7 days. Once 

differentiated, the myotubes were suitable for experimentation. 

After differentiation, HSMM cells were treated with SkBMTM-2 Basal Medium 

supplemented with a concentration of 5-50 µM of oligomeric amyloidogenic 

peptides for 24-48 h, depending on experimental requirements. All 

amyloidogenic treatments included appropriate controls, including a media 

control (Fresh SkBMTM-2 Basal Medium only) and vehicle control (Fresh 

SkBMTM-2 Basal Medium supplemented with DMSO in Phenol Red-free 

Ham’s F-12 media equivalent to the percentage found in amyloidogenic 

peptide treatment). 

5.4.3 RT-PCR 

HSMM cells were seeded into 6-well plates at the manufacturer’s 

recommended density of 1 x 105 cells per well, left to adhere overnight before 

differentiation into myotubes. In addition, densities of 5 x 103, 1 x 104, 2 x 104, 
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or 4 x 104 HSMM cells per well were seeded into 96-well plates, and similarly 

left to adhere overnight before differentiation. After differentiation, RNA from 

myotubes, as well as undifferentiated myoblast controls, was extracted and 

used to synthesise cDNA to perform RT-PCR (2.2.13, page 62) in 

quadruplicate wells in a 384-well plate. The expression of genetic markers of 

differentiation Myogenin (MYOG), Myosin Heavy Chain II (MHC2), and 

Troponin T Type 3 (TNNT3) were analysed via the comparative Ct (∆∆Ct) 

method. Values were normalised to those achieved with the housekeeping 

gene β-2 Microglobulin (β2M) and expressed as relative quantification from 

myoblast controls. 

5.4.4 Mitochondrial Stress Test 

In initial optimisation experiments, densities of 5 x 103, 1 x 104, 2 x 104, or 4 x 

104 HSMM cells per well (quadruplicate wells) were seeded into specialised 

XFe96 cell culture plates and left to adhere overnight before differentiation into 

myotubes. Once differentiated, densities of 5 x 103, 1 x 104, 2 x 104, or 4 x 104 

undifferentiated HSMM cells per well were additionally seeded the day prior to 

the assay and left to adhere overnight before the assay. In later experiments, 

an optimised density of 1 x 104 HSMM cells per well were seeded into 

specialised XFe96 cell culture plates and left to adhere overnight before 

differentiation into myotubes. Once differentiation was complete, HSMM cells 

were treated for 24 h with amyloidogenic peptides in quadruplicate wells.  

The Mitochondrial Stress Test (2.2.11, page 56) was performed according to 

manufacturer’s protocol. Briefly, injections of the mitochondrial modulator 

drugs Oligomycin, FCCP, and an Antimycin A and Rotenone combination were 

optimised for HSMM cells (Table 6, page 58), and administered at 21min 

intervals. OCR (pmol / L / min) measurements were recorded before and after 

the injections by the Agilent Seahorse XFe96 flux analyser, and then used to 

calculate parameters of mitochondrial function, including basal respiratory 

rate, maximum respiratory rate, ATP Production, mitochondrial coupling 

efficiency, proton leak, and spare respiratory capacity (Figure 7, page 59). The 

BCA Assay (2.2.5, page 51) was used to normalise by protein and results were 

expressed as the fold change from control measurements. 
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5.4.5 MTT Assay 

A density of 1 x 104 HSMM cells per well were seeded into 96-well plates and 

left to adhere overnight before differentiation into myotubes. Once 

differentiation was complete, HSMM cells were treated for 24 or 48 h with 

amyloidogenic peptides in quadruplicate wells. Following treatment, an MTT 

Assay (2.2.3, page 50) was performed. Results were expressed as relative fold 

change in cell viability compared to the media control. 

5.4.6 PI Staining 

A density of 1 x 105 HSMM cells per well were seeded into 6-well plates and 

left to adhere overnight before differentiation into myotubes. Once 

differentiation was complete, HSMM cells were treated for 24 h with 

amyloidogenic peptides in duplicate wells. After treatment, HSMM cells were 

harvested and PI Staining (2.2.9, page 55) was performed, using 40 µg / mL 

of PI. Using flow cytometry, single cell populations were isolated via gating, 

and a minimum of 1 x 104 events were recorded per sample. The percentage 

of PI negative (non-apoptotic) cells out of the total cell count were measured. 

Results were expressed as relative fold change compared to the media 

control. 

5.4.7 Western Blot Analysis 

A density of 1 x 105 HSMM cells per well were seeded into 6-well plates and 

left to adhere overnight before differentiation into myotubes. Once 

differentiation was complete, HSMM cells were treated for 24 h with 

amyloidogenic peptides. If used for insulin signalling analysis, HSMM cells 

were cultured in serum-free media for 4 h, before a 20 min incubation with 100 

nM insulin. After treatment, HSMM cells were lysed and a BCA Assay (2.2.5, 

page 51) was conducted for protein quantification to prepare samples for 

Western Blot Analysis (2.2.8, page 52). Primary antibodies used in this study 

included anti-Akt, anti-pAkt T308, and anti-pAkt S473 antibodies as markers 

of insulin signalling [533, 534]. Protein expression of stress markers was also 

examined using antibodies including anti-Activating Transcription Factor 4 

(ATF4), anti-Sirtuin1 (SIRT1), anti-BiP, anti-HSP60, and anti-Active Cas3. 
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Anti-GAPDH antibodies were used as loading controls. HRP-linked secondary 

antibodies used in this study include anti-Rabbit IgG and anti-Mouse IgG. 

5.4.8 Glucose Uptake Assay 

A density of 1 x 105 HSMM cells per well were seeded into 6-well plates and 

left to adhere overnight before differentiation into myotubes. Once 

differentiation was complete, HSMM cells were treated for 24 h with 

amyloidogenic peptides in duplicate wells. After treatment, HSMM cells were 

incubated for 20 min with or without both 100 µM of 2-NDBG and 100 nM of 

insulin as per Glucose Uptake (2.2.14, page 63) protocol. Using flow 

cytometry, single cell populations were isolated via gating, and a minimum of 

1 x 104 events were recorded. Results were expressed as the mean 

fluorescent intensity. 

5.4.9 Intracellular ROS assay 

A density of 1 x 105 HSMM cells per well were seeded into 6-well plates and 

left to adhere overnight before differentiation into myotubes. Once 

differentiation was complete, HSMM cells were treated for 24 h with 

amyloidogenic peptides in duplicate wells. After treatment, HSMM cells were 

incubated with the intracellular ROS probe CM-H2DCFDA (2.2.10, page 56) 

for 30 min at 37 °C, protected from light. Cells were harvested and were 

incubated with 40 µg / mL of PI as per the PI Staining (2.2.9, page 55) protocol, 

for simultaneous co-staining of intracellular ROS and to exclude apoptotic cells 

from measurement. Using flow cytometry, single cell populations were isolated 

via gating, and a minimum of 1 x 104 events were recorded. Each treatment 

group had additional controls with an absence of any staining to determine 

blank measurements and assist in optimisation and gating. Results were 

recorded as the mean fluorescent intensity expressed as the fold change from 

control, as well as the percentage of total cells positive for intracellular ROS. 

5.4.10 Glycolytic Rate Assay 

A density of 1 x 104 HSMM cells per well were seeded into specialised XFe96 

cell culture plates and left to adhere overnight before differentiation into 

myotubes. Once differentiation was complete, HSMM cells were treated for 24 

or 48 h with amyloidogenic peptides in quadruplicate wells. After treatment, 
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the Glycolytic Rate Assay (2.2.12, page 59) was conducted according to 

manufacturer’s protocol. Briefly, measurements of PER (pmol / L / min) were 

recorded before and after injection of a combination of the mitochondrial 

modulators Antimycin A and Rotenone, followed after a 21 min interval by 2-

DG (Table 8, page 61). Cell-free control wells were with serial injections of 5 

mmol / L HCl to account for buffering capacity of the media. Changes in PER 

were detected by the Seahorse XFe96 flux analyser through changes in pH 

(Figure 9, page 62) and used to determine parameters of glycolytic function, 

including basal and compensatory glycolytic rate. A BCA Assay (2.2.5, page 

51) was used to normalise by protein and results were expressed as the fold 

change from control measurements. 

5.4.11 Data Analysis 

All experiments were performed a minimum of three times. Statistical analysis 

was performed by GraphPad Prism Version 8 Software. Normality testing was 

performed on all data prior to analysis. One-way ANOVA with Tukey multiple 

comparisons Post-Hoc testing was used to determine statistically significant 

changes between treatment groups. Two-way ANOVA with Sidak’s multiple 

comparisons Post-Hoc testing was used to determine changes between 

groups over time. No nonparametric analysis was used in this chapter as 

normality testing found all data to be normally distributed. All data is expressed 

as mean ± SEM. The limit of statistical significance was set at 0.05 (p ≤ 0.05). 

5.5 Results 

5.5.1 Optimisation of HSMM differentiation in 96-well plates 

HSMM cells, as myoblasts, are able to fuse and terminally differentiate into 

mature myotubes for a more appropriate in vitro model of human skeletal 

muscle [422, 423]. Culturing and differentiation of HSMM in 96-well plates was 

required for both the MTT assay and mitochondrial stress test, however, 

previously established laboratory and manufacturer protocols differentiation 

had been optimised for use in 6-well plates only. As such, optimisation of cell 

density was needed to confirm differentiation and metabolic activity of HSMM 

cells in 96-well plates was both appropriate and sufficient. 
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HSMM cells were seeded at densities of 5 x 103, 1 x 104, 2 x 104, or 4 x 104 

cells per well in 96-well plates and differentiated. Using RT-PCR, specific 

markers for differentiated HSMM cells were assessed, including MYOG, 

MHC2, and TNTT3 (Figure 34). Compared to myoblast controls, both 5 x 103 

and 1 x 104 cells per well of myotubes showed increased expression of MYOG 

(p = 0.046 and 0.047 respectively) and MHC2 (Figure 34A-B; p = 0.005 and 

0.040 respectively). Only 5 x 103 cells per well had significantly increased 

expression of TNTT3 compared to myoblast controls (Figure 34C; p value= 

0.014) 
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Figure 34. Lower HSMM cell densities showed increased expression of differentiation 
markers compared to higher cell densities in a specialised 96-well plate. To determine 

the optimum cell density for human skeletal muscle myoblasts health and differentiation, 

HSMM cells were subcultured at varying cell densities in 96 well plate and differentiated into 

myotubes. Expression of markers of differentiation, including (A) Myogenin, (B) Myosin Heavy 

Chain II, and (C) Troponin T Type III, were analysed via RT-PCR and comparative Ct (∆∆Ct) 

method, normalised via house-keeping gene β-2 Microglobulin. Results were expressed as 

the mean relative quantification ± SEM in bar graphs (N=3), with statistical analysis via one-

way ANOVA with Tukey’s multiple comparisons test to determine variation between 

experimental groups. * = statistical significance compared to indicated experimental group. *p 

value=< 0.05, **p value=< 0.01, ***p value=< 0.001, ****p value=< 0.0001. 

Despite this result, the OCR of HSMM cells at a density of 5 x 103 cells per 

well (both myotubes and myoblasts) was below the Agilent Seahorse XFe96 
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flux analyser manufacturer’s recommended basal level [535] (Figure 35). 

While myotubes at densities of 2 x 104 and 4 x 104 cells per well exhibited OCR 

measurements above the recommended levels [535]. Compared to equivalent 

densities of myoblasts, significant reductions in basal OCR, ATP production 

and maximum OCR of myotubes was noted. These results indicated that at 

the described densities, myotubes displayed reduced mitochondrial activity 

(Figure 35A-C; p value=< 0.0001 for all), consistent with metabolic quiescence 

or potential cellular stress at higher cell densities after differentiation. A density 

of 1 x 104 cells per well showed the appropriate balance between differentiation 

and sufficient cellular metabolism, as demonstrated by sufficient basal OCR 

and mitochondrial activity compared to the other cell densities. In addition, the 

expression of markers of differentiation at this density was similar to that 

observed for 6-well plates at manufacturer recommended densities (Figure 

36). Thus, 1 x 104 cells per well was chosen to progress to subsequent 

experiments in 96-well plates 
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Figure 35. High cell densities of differentiated HSMM cells showed impaired 
bioenergetics in a specialised 96-well plate. Mitochondrial stress testing was performed on 

HSMM cells seeded at different cell densities in a specialised 96-well plate. Using a Seahorse 

XFe96 Flux Analyser, alterations in key parameters of mitochondrial function via changes in 

the oxygen consumption rate (OCR) upon exposure to mitochondrial modulators were 
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examined. Results were quantified as mean OCR ± SEM (N=3 in quadruplicate) and 

expressed as OCR in pmol / L / min in bar graphs, including (A) Basal OCR, (B) Maximum 

OCR, (C) ATP Production, and (D) % Coupling Efficiency. Statistical analysis via one-way 

ANOVA with Tukey’s multiple comparisons test to determine variation between experimental 

groups. * = statistical significance compared to indicated experimental group. *p value=< 0.05, 

**p value=< 0.01, ***p value=< 0.001, ****p value=< 0.0001. 

 

Figure 36. HSMM cells at a density of 1 x 104 cells per well in a 96-well plate showed 
comparable expression of markers of differentiation to the recommended density in a 
6-well plate. To determine if the differentiation of HSMM cells at the optimised cell density of 

1x104 cells per well in a 96-well plate was comparable to the manufacturor’s recommended 



146 
 

cell density in a 6-well plate, human skeletal muscle myoblasts were subcultured at a density 

of 1x104 cells per well in a 96-well plate and 1x105 cells per well in a 6-well plate. Expression 

of markers of differentiation, including (A) Myogenin, (B) Myosin Heavy Chain II, and (C) 

Troponin T Type III, were analysed via RT-PCR and comparative Ct (∆∆Ct) method, 

normalised via house-keeping gene β-2 Microglobulin. Results were expressed as the mean 

relative quantification ± SEM in bar graphs (N=3), with statistical analysis via one-way ANOVA 

with Tukey’s multiple comparisons test to determine variation between experimental groups. * 

= statistical significance compared to indicated experimental group. *p value=< 0.05, **p 

value=< 0.01, ***p value=< 0.001, ****p value=< 0.0001. 

5.5.2 The IAPP-Aβ combination reduces viability of differentiated 
HSMM cells 

Having optimised the seeding density, experiments progressed to determining 

the effect of the amyloidogenic peptides. HSMM cells differentiated into 

myotubes were exposed to 5-50 µM of IAPP, Aβ or IAPP-Aβ combination for 

24 h (Figure 37A) or 48 h (Figure 37B), then assessed for viability using an 

MTT assay. After 24 h, 25 and 50 µM concentrations of the IAPP-Aβ 

combination reduced cell viability compared to all controls and amyloidogenic 

treatments (p = 0.007 and < 0.0001 vs vehicle controls, 0.0014 and 0.0235 vs 

IAPP, and 0.0021 and 0.0007 vs Aβ respectively). Exposure of cells to IAPP-

Aβ for 48 h led to further reductions at 25 µM and 50 µM (p < 0.0001 vs vehicle 

controls and Aβ, and 0.0009 and 0.0010 vs IAPP), including a marked 

reduction in cell viability at a lower concentration (10 µM) compared to controls 

and other amyloid treatments (p value=< 0.0001 for all).  

As there is limited evidence in the literature of peripheral tissue cell loss in 

T2D, the effective but minimally toxic concentration of 10 µM was selected as 

preferred concentration of amyloidogenic peptides to proceed. This 

concentration was further evaluated with PI staining assay (Figure 37C), where 

the IAPP-Aβ combination concurred with MTT results, demonstrating 

increased cytotoxicity compared to other treatments at 24 (p = 0.0312 vs 

vehicle control) and 48 h (p < 0.0001 vs vehicle control and Aβ, and 0.0101 vs 

IAPP). PI staining also detected a reduced cell viability in HSMM cells treated 

with 10 µM of IAPP after 48 h, despite MTT assay only demonstrating a 

significant reduction in cell viability at higher concentrations (50 µM after 48 h 

exposure; p = 0.0051). 
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Figure 37. IAPP-Aβ combination exhibits a dose and time-dependent reduction in cell 
viability of HSMM cells. HSMM cells were treated with 5 µM-50 µM (B) of synthetic human 
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IAPP, Aβ42, or IAPP-Aβ aggregates for 24 h (A) or 48 h (B) before performing an MTT assay 

to determine changes in cell viability. Results were quantified as Mean ± SEM and expressed 

as the fold change from media control in bar graphs (N=3 in quadruplicate), and statistical 

analysis was performed via one-way ANOVA with Tukey’s multiple comparisons test to 

determine variation between treatment groups. Following this, HSMM cells were treated with 

10 µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h or 48 h (C) and 

analysed via PI staining to validate MTT assay and determine changes over time. Results 

were quantified as mean ± SEM and expressed as the fold change from media control in bar 

graphs (N=5). Statistical analysis was performed via two-way ANOVA with Sidak’s multiple 

comparisons test to determine variation between treatment groups and between time points. 

IAPP-Aβ combination = 1 : 1, so 50 µM of IAPP-Aβ = 25 µM IAPP + 25 µM Aβ. Vehicle control 

= 0.1-1% DMSO (equivalent to 5-50 µM of treatments; A and B) or 0.2% (equivalent to 10 µM 

of treatments; C). Φ = statistical significance compared to respective vehicle control, # = 

statistical significance compared to the same treatment over time, * = statistical significance 

compared to indicated treatment group. Φ / # / *p value=< 0.05, ΦΦ / ## / **p value=< 0.01, ΦΦΦ / 
### / ***p value=< 0.001, ΦΦΦΦ / #### / ****p value=< 0.0001. 

In summary, these findings indicate that of all amyloidogenic peptide 

treatments assessed, the IAPP-Aβ combination demonstrated the most 

marked toxicity, with minimal toxicity demonstrated following treatment with 

IAPP only and no demonstrated cytotoxicity with Aβ only. 

5.5.3 Amyloidogenic peptides reduced glucose uptake but did not 
alter the expression of insulin signalling proteins 

To determine if amyloidogenic peptides altered insulin sensitivity of HSMM 

cells, expression of insulin signalling proteins was assessed. Expression of 

pAkt T308 and pAkt S473 were assessed as phosphorylation of Akt at these 

sites is an important step in the insulin signalling cascade activated in human 

skeletal muscle [533, 534]. Lysates from Chinese hamster ovary (CHO) cells 

were used as a technical control as they have robust insulin signalling 

machinery [536] and showed high expression of pAkt (Figure 38A). Compared 

to CHO cells, expression of pAkt T308 and pAkt S473 were markedly lower in 

HSMM cells, including controls, despite robust total Akt expression (Figure 

31A). The pAkt T308 : Total Akt (Figure 38B) or pAkt S473 : Total Akt (Figure 

38C) ratios were not altered following treatment with amyloidogenic peptides. 

No change in ratio was also observed with the insulin treatment, indicating 

minimal insulin-induced Akt phosphorylation in HSMM cells. 
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To investigate if other insulin-dependent mechanisms were altered in the 

absence of detectable Akt phosphorylation, a functional glucose uptake assay 

was performed. A trend towards an increase in glucose uptake was observed 

following exposure to insulin (p = 0.1065). Treatment with the amyloidogenic 

peptides led to a significant decrease in glucose uptake in all amyloidogenic 

treatments at 10 µM compared to control (Figure 38D; p = 0.0041 vs IAPP, 

0.0004 vs Aβ, and 0.0011 vs IAPP-Aβ). Together, these data indicate that 

despite a perceived lack of insulin signalling observed for HSMM cells, all 

amyloidogenic peptide treatments reduced functional glucose uptake by these 

cells.  
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Figure 38. Amyloidogenic peptides did not alter expression of insulin signalling 
proteins but reduced functional glucose uptake in HSMM cells. HSMM cells were treated 
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with 10 µM of synthetic human IAPP, Aβ42, or IAPP-Aβ aggregates for 24 h before a 20 min 

incubation with 100 nM of insulin. Untreated HSMM cells (CTRL -INS), insulin-treated HSMM 

cells (CTRL +INS) and insulin-treated Chines Hamster Ovary (CHO) cells were used as 

negative and positive controls respectively. Lysates were then collected for western blot 

analysis to detect changes in protein expression associated with insulin signalling (A), 

including Total Akt, P-Akt (Thr308) and P-Akt (Ser473). Results were quantified as the mean 

ratio of P-Akt (Thr308 / Ser473) to Total Akt ± SEM and expressed as the fold change from 

media control in bar graphs (B and C, N=3). In addition, a glucose uptake assay was performed 

to determine functional changes related to insulin signalling. HSMM cells were treated with 10 

µM of synthetic human IAPP, Aβ42 or IAPP-Aβ aggregates for 24 h before a 20 min incubation 

with or without 100 nM of insulin and 100 µM 2-NBDG before cells were harvested and 

analysed via flow cytometry (D; N=3 in duplicate). Results were expressed as mean 

fluorescent intensity ± SEM in bar graphs. Statistical analysis via one-way ANOVA with 

Tukey’s multiple comparisons test to determine variation between treatment groups. Ctrl = 

media only control. Vehicle control = 0.2% DMSO (equivalent to 10 µM of treatments). Φ = 

statistical significance compared to respective vehicle control, * = statistical significance 

compared to indicated treatment group. Φ / *p value=< 0.05, ΦΦ / **p value=< 0.01, ΦΦΦ / ***p 

value=< 0.001, ΦΦΦΦ / ****p value=< 0.0001. 

5.5.4 IAPP, but not Aβ, impaired mitochondrial bioenergetics of 
HSMM cells 

The findings above demonstrated altered glucose uptake and reduced cell 

viability in differentiated HSMM cells upon exposure to amyloidogenic 

peptides, particularly following treatment with IAPP-Aβ combination. As 

impaired mitochondrial function is a common mechanism of amyloidotoxicity, 

markers of mitochondrial stress were investigated further. Initially, an assay to 

measure intracellular ROS was performed. Differentiated HSMM cells were 

treated with 10 µM of amyloidogenic peptides for 24hrs. As a positive control, 

cells were treated with glucose oxidase (GOx) for 20 min. GOx is an enzyme 

which catalyses the oxidation of β-D-glucose to gluconic acid resulting in the 

generation of the intracellular ROS, hydrogen peroxide (H2O2) [537]. In 

response, the cell will increase intracellular glutathione, the target of the ROS 

probe CM-HF2DCFDA in the assay. Compared to vehicle treatment, the 

geometric mean fluorescent intensity of the probe did not significantly increase 

following exposure to the peptides or the positive treatment control, GOx. 

(Figure 39A). However, GOx treatment resulted in a 5-fold increase in the 

number of cells with detectable intracellular ROS, as determined by the 
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increased percentage of total events. No change was observed following 

amyloidogenic peptide treatment (Figure 39B), where the percentage was 

similar to that observed for vehicle control.  

 

Figure 39. Amyloidogenic peptides did not increase intracellular ROS in HSMM cells. 
HSMM cells were treated with 10 µM of synthetic human IAPP, Aβ42, or IAPP-Aβ aggregates 

for 24 h before performing Intracellular CM-H2DCFDA ROS Assay. Intracellular ROS results 

were quantified as mean fluorescent intensity ± SEM and expressed as fold change from 

control in a bar graph (A; N=3 in duplicate). Due to minimal change in mean fluorescent 

intensity of ROS species (including with the positive control glucose oxidase; GOx), the 

percentage of total events positive for intracellular ROS were also analysed and expressed as 

fold change from control in a bar graph to confirm experiment validity (B; N=3 in duplicate). 

Statistical analysis via one-way ANOVA with Tukey’s multiple comparisons test to determine 

variation between treatment groups. Φ = statistical significance compared to respective vehicle 
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control, * = statistical significance compared to indicated treatment group. Φ / *p value=< 0.05, 
ΦΦ / **p value=< 0.01, ΦΦΦ / ***p value=< 0.001, ΦΦΦΦ / ****p value=< 0.0001. 

The more sensitive mitochondrial stress test was performed using the 

Seahorse XFe96 Flux Analyser (Figure 40) to further investigate if 

amyloidogenic peptides influenced mitochondrial function in HSMM cells. 

Compared to vehicle control, a reduction in basal OCR was observed following 

treatment with 10 µM IAPP-Aβ (p = 0.0249). Treatment with this peptide 

combination did not significantly alter any other parameter, while treatment 

with Aβ did not alter any of the parameters assessed. In contrast, treatment 

with IAPP resulted in marked reductions in many key parameters at 5 and / or 

10 µM. This included basal OCR (p = 0.004 and 0.001 respectively), maximum 

OCR (p = 0.0174), ATP production (p = 0.0013 and 0.0061 respectively), and 

spare respiratory capacity (p = 0.0204). Compensatory glycolysis in response 

to reduced oxidative phosphorylation capacity was also investigated via a 

glycolytic rate test (Figure 41). Compared to the vehicle control, amyloidogenic 

peptide treatment did not significantly alter basal or compensatory glycolysis.  
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Figure 40. IAPP impacts mitochondrial dysfunction in HSMM cells more significantly 
than Aβ or IAPP-Aβ combination. HSMM cells were treated with 5 or 10 µM of synthetic 

human IAPP, Aβ42, or IAPP-Aβ aggregates for 24 h before performing mitochondrial stress 

testing. Using a Seahorse XFe96 Flux Analyser, key parameters of mitochondrial function were 

identified via changes in the oxygen consumption rate (OCR) upon exposure to mitochondrial 

modulators. Results were quantified as mean OCR ± SEM and expressed as the fold change 

from media control in bar graphs (N=3 in quadruplicate), including (A) Basal OCR, (B) 

Maximum OCR, (C) ATP Production, (E) Proton Leak, (D) % Coupling Efficiency, and (F) 

Spare Respiratory Capacity. Statistical analysis via one-way ANOVA with Tukey’s multiple 

comparisons test to determine variation between treatment groups. Φ = statistical significance 

compared to respective vehicle control, * = statistical significance compared to indicated 

treatment group. Φ / *p value=< 0.05, ΦΦ / **p value=< 0.01, ΦΦΦ / ***p value=< 0.001, ΦΦΦΦ / 

****p value=< 0.0001.  
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Figure 41. Amyloidogenic peptides do not increase basal or compensatory glycolytic 
rate in HSMM cells. HSMM cells were treated with 5 or 10 µM of synthetic human IAPP, Aβ42 

or IAPP-Aβ aggregates for 24 h before performing glycolytic rate testing. Using a Seahorse 

XFe96 Flux Analyser, key parameters of glycolysis were identified via changes in the proton 

efflux rate (PER) upon exposure to mitochondrial and glycolytic modulators. Results were 

quantified as mean PER ± SEM and expressed as the fold change from media control in bar 

graphs (N=3 in quadruplicate), including (A) Basal Glycolysis, and (B) Compensatory 

Glycolysis. Statistical analysis via one-way ANOVA with Tukey’s multiple comparisons test to 

determine variation between treatment groups. Φ = statistical significance compared to 

respective vehicle control, * = statistical significance compared to indicated treatment group. 
Φ / *p value=< 0.05, ΦΦ / **p value=< 0.01, ΦΦΦ / ***p value=< 0.001, ΦΦΦΦ / ****p value=< 0.0001. 
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Collectively, this data displays that only IAPP appears to alter mitochondrial 

function in HSMM cells more significantly than other amyloids, particularly 

impacting the basal metabolic rate and ATP production. However, this change 

did not result in significant ROS accumulation or compensatory glycolysis. 

5.5.5 IAPP and IAPP-Aβ combination altered expression of 
oxidative stress proteins in HSMM cells 

The results above indicated changes in mitochondrial activity following 

treatment with IAPP in particular. To determine if this was related to 

mitochondrial stress, levels of the mitochondrial stress proteins, HSP60 and 

Sirt1 were assessed via western blot analysis. HSP60 is a mitochondria-

specific molecular chaperone with functions in clearing unfolded / misfolded 

proteins [214], while SIRT1 is a mitochondrial modulator with key roles in 

regulation of insulin resistance and cellular stress response [538]. 

Differentiated HSMM cells were treated for 24 hrs with 10 µM of the 

amyloidogenic peptides. As a positive control for mitochondrial stress, cells 

were also treated with Rotenone. HSP60 and Sirt1 expression was 

significantly decreased with Rotenone treatment as expected (Figure 42A; 

Figure 42C; Figure 42D). A trend towards a decrease was observed for HSP60 

expression following IAPP-Aβ treatment (Figure 42C) (p = 0.0920). Sirt1 

expression was significantly reduced following IAPP and IAPP-Aβ treatment 

(Figure 42D; p = 0.0375 and 0.0212 respectively). 
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Figure 42. IAPP and IAPP-Aβ combination altered expression of cellular stress markers 
associated with oxidative stress in HSMM cells. HSMM cells were treated with 10 µM of 
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synthetic human IAPP, Aβ42, or IAPP-Aβ aggregates for 24 h before performing lysates were 

collected for western blot analysis to detect changes in protein expression associated with 

cellular stress and inflammation (A and B). Results were quantified as mean ± SEM and 

expressed as the fold change from media control in bar graphs (C – G; N=3). 24 h treatment 

of 1 µM of Rotenone (ROT) used as positive control for mitochondrial stress. 24 h treatment 

of 1 µM of Staurosporin (STP) used as positive control for apoptosis. 24 h treatment of 1 µM 

of Thapsigargin (THP) used as positive control for ER stress. Statistical analysis via one-way 

ANOVA with Tukey’s multiple comparisons test to determine variation between treatment 

groups. Φ = statistical significance compared to respective vehicle control, * = statistical 

significance compared to indicated treatment group. Φ / *p value=< 0.05, ΦΦ / **p value=< 0.01, 
ΦΦΦ / ***p value=< 0.001, ΦΦΦΦ / ****p value=< 0.0001. 

ATF4 (a pro-apoptotic transcription factor with roles linking oxidative and ER 

stress [539]), BiP (the HSP and master ER regulator) and Active Cas3 (a 

marker of apoptosis) were also assessed to determine if any other types of 

cellular stress were occurring. Cells were also treated with THP or STP as 

positive controls. Compared to vehicle control, treatment with THP led to a 

significant increase in ATF4 and a trend toward an increase in BiP expression 

(p = 0.0291 and 0.1021, respectively). Amyloidogenic treatments resulted in a 

trend towards (p = 0.0976 vs Aβ and 0.0621 vs IAPP-Aβ respectively) or a 

slight significant increase (p = 0.0449 vs IAPP) in ATF4 expression (Figure 

42E), while no significant changes were observed for BiP expression (Figure 

42F). Although, STP significantly increased expression of Active Cas3 (Figure 

42G; p < 0.0001), no significant activation of active cas-3 expression was 

noted after treatment with amyloidogenic peptides. 

In summation, western blot analysis demonstrated mitochondrial stress in 

HSMM cells after exposure to IAPP, but not Aβ, with alterations noted in the 

expression of SIRT1 and a trend toward changes in HSP60. ATF4, a link 

between oxidative and ER stress, was also significantly increased in the 

presence of IAPP, indicating potential progression from mitochondrial 

dysfunction and oxidative stress to ER stress.  

5.6 Discussion 

T2D and AD share many pathophysiological characteristics, including 

metabolic disturbances, chronic inflammation, impairment of insulin signalling, 
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and accumulation of the amyloidogenic peptides Aβ and IAPP in vital organs 

[4, 10, 24, 25, 214]. Recent evidence implicates IAPP and Aβ in not only the 

impairment of pancreatic and neuronal cells in T2D and AD, but also suggests 

these amyloidogenic peptides may have roles in the insulin resistance of 

peripheral tissues [386, 438]. The previous chapters of this thesis, along with 

collaborators Wijesekara et al. [247] (Appendix B; 8.2, page 235) and 

Bharadwaj et al. [129] (Appendix C; 8.3, page 236) demonstrated that IAPP 

and Aβ in combination potentiates the cytotoxicity of either peptide individually. 

As such, an investigation into the effect of IAPP and Aβ, individually and in 

combination on insulin sensitive peripheral tissues was conducted in vitro 

using the HSMM cell line. 

Harvested from psoas or quadriceps of healthy donors, HSMM cells are robust 

primary human skeletal muscle cells [422]. When above 50% confluency in 

culture or with treatment via fusion medium, HSMM cells will begin to 

differentiate into mature multinucleated skeletal muscle myotubes [423, 540]. 

HSMM cells have been shown to physiologically and morphologically respond 

to environmental stressors, indicating their suitability as tools for studying 

diseases associated with skeletal muscle [540]. As previously documented 

work with HSMM cells was predominantly conducted in 6-well plates, initial 

experiments were aimed at optimising their use in 96-well plates (as required 

in specific experiments, such as the specialised 96-well culture plates for 

analysis in the Agilent Seahorse XFe96 flux analyser). These optimisation 

experiments confirmed appropriate viability, metabolism, and differentiation of 

HSMM in specialised 96-well culture plates at a density of 1x104 cells per well, 

comparable to the manufacturer’s recommended density in the standard 6-well 

culture plate (Figure 34; Figure 35; Figure 36). 

As this study represents, to the best of our knowledge, the first investigation of 

the effects of IAPP and Aβ amyloidogenic peptides on HSMM cells, the next 

step aimed to determine the cytotoxic potential of IAPP, Aβ, and IAPP-Aβ. 

HSMM cells were treated with up to 50 µM of amyloidogenic peptides for 24 or 

48 h. Treatment with Aβ did not decrease cell viability at any concentration or 

time point as analysed by MTT assay and confirmed by PI staining (Figure 37). 

IAPP treatment reduced cell viability only after 48 h, with MTT assay only 
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showing a significant decrease at the highest concentration of 50 µM, while PI 

staining revealed a significant decrease at a concentration as low as 10 µM. 

This discrepancy could result from the higher statistical power in the two-way 

ANOVA analysis for PI staining data (due to less groups to analyse and less 

variation within groups), or due to PI staining being a more direct analysis of 

cellular death, rather than indirectly through mitochondrial function. 

Regardless, unlike IAPP or Aβ treatments, IAPP-Aβ resulted in significant 

changes in cell viability beginning at 24 h, with further marked decreases at 48 

h. This data is in accordance with the results in previous chapters, as well as 

studies in neuronal and pancreatic tissues where the co-deposition of IAPP 

and Aβ promotes cytotoxicity [129, 247].  

Despite T2D’s correlation with inflammation and cellular stress of peripheral 

tissues [10, 214, 232, 438], significant muscle atrophy due to apoptosis is 

rarely a complication of T2D, with only a 3% difference in appendicular skeletal 

muscle mass between older diabetic and non-diabetic individuals [541]. To 

best represent this, 5-10 µM concentrations at 24 h exposure to IAPP, Aβ or 

IAPP-Aβ was selected as the main dosage, as MTT and PI staining data 

revealed it as an effectual but minimally toxic concentration. Expression of 

Active Cas3 confirmed 10 µM of any amyloidogenic treatment was not 

significant at 24 h to cause significant increases in apoptosis (Figure 42) but 

still may negatively influence cellular function, as amyloidogenic peptides are 

potentially doing in peripheral tissues of T2D or AD. 

In comparison to research on types of cells and cell lines in vitro, a 

concentration of 5-10 µM of Aβ and IAPP (as most commonly used in this 

chapter) is consistent with concentrations used on neuronal cell [129, 542, 

543] and pancreatic β-cell lines [544, 545]. There has been a sparsity of 

studies investigating Aβ or IAPP oligomers in peripheral tissues in vitro. One 

study treated the rodent skeletal muscle cell line C2C12 with a combination of 

low levels of Aβ and inflammatory cytokine treatment, rather than separate 

treatments, significantly increased the levels of nitrite production and iNOS 

expression (indicating increased inflammation and oxidative stress) [546]. 

Furthermore, the few in vivo murine models exploring Aβ or IAPP perfusions 

to examine peripheral tissues are inconsistent in their concentrations or units 
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used, frequency of administration, length of treatment, intervals of 

measurement, and reported clearance rates [413, 531], making direct 

comparisons difficult. While the concentration used on HSMM cells in this 

thesis is supraphysiological (circulatory concentration of IAPP and Aβ are in 

the pM range in humans [93, 547]), it is comparable to other in vitro research 

on various cell lines from a variety of tissues and to the best of our knowledge 

represents the first report to investigate the impact of both IAPP and Aβ, 

separately and in combination, on human skeletal muscle cell viability, 

bioenergetics and insulin signalling. 

The skeletal muscle is a highly insulin-sensitive organ, where insulin has an 

essential role in promoting glucose uptake by this tissue. Research indicates 

Aβ can alter insulin signalling and induce an insulin resistance state in both 

hepatic tissue and skeletal muscle [8, 10, 247, 386, 413]. For IAPP, early 

research suggested potential roles in glucose sensitivity, transport, and 

metabolism in peripheral tissues [23, 241, 242], though the ability of IAPP to 

reduce insulin sensitivity has been widely debated [530, 531]. Of note in this 

regard is the in vivo study by collaborators Wijesekara et al. [247] (Appendix 

B; 8.2, page 235), where both APP and DTG mice that expressed human Aβ 

displayed reduced insulin sensitivity in peripheral tissues by 16 weeks and the 

CNS by 24 weeks, while this effect was absent in IAPP mice. 

In this chapter, western blot analysis showed that compared to the technical 

CHO control, no significant changes in Akt phosphorylation relating to insulin 

signalling were detected in any of the treatment groups (Figure 38A-C). While 

the reason for this is unknown, the differentiation process, toxic amyloidogenic 

treatment, and subsequent serum starvation (as per the protocol to detect 

changes in insulin signalling through western blot analysis; 5.4.7, page 138) 

could potentially reduce insulin sensitivity and / or deplete internal HSMM 

insulin signalling machinery due to excessive stress. This could particularly 

impact the traditional detection of insulin-induced Akt phosphorylation through 

activation of phosphatidylinositol 3-kinase (PI3K), as this mechanism also 

participates in multiple crucial signalling pathways involved in cell stress and 

survival [548, 549]. Oxidative stress has been shown to directly downregulate 

the PI3K / Akt signalling pathway [550, 551]. Unfortunately, few papers have 
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shown direct western blots of pAkt signalling in HSMM cells post-

differentiation, with those having done so often having much shorter or less 

toxic treatments [552-554]. 

Future experiments could involve in-depth analysis of other markers of insulin 

signalling in HSMM cells, including GSK3-β expression and GLUT-4 

translocation to validate intracellular insulin signalling and sensitivity. Future 

studies could also re-evaluate this protocol to determine if the levels of cellular 

stress could be lowered, such as introducing a rest period between 

differentiation and treatment with toxic peptides (though this would also require 

reassessment of many other experiments if incorporated). Additionally, 

alternative cells could be used, such as undifferentiated myoblast cells or 

murine C2C12 cells (which are more well-established in the field), though this 

may also decrease the relevance of these models compared to human 

differentiated myotubes. 

Despite the lack of a detectable response in terms of insulin signalling, glucose 

uptake was reduced in response to 10 µM of all the amyloidogenic treatments 

compared to controls (Figure 38D). The mechanisms via which amyloidogenic 

peptides influence insulin sensitivity in peripheral tissues is still largely 

unknown in the current literature. While GLUT4 is insulin-dependent and 

insulin signalling via Akt phosphorylation was not confirmed in HSMM cells, 

theoretically, the glucose uptake could also be occurring via insulin-

independent GLUT1 channels. GLUT1 channels are constitutively expressed 

in a wide variety of organs, including skeletal muscle, as continuous 

maintenance of blood glucose is critical even at basal (fasting) conditions 

[555]. Tissue biopsies of T2D patients have demonstrated reduced GLUT1 

expression in skeletal muscle compared to controls, despite similar levels of 

mRNA [556]. Currently, there is very limited information available on the effect 

of amyloidogenic peptides on GLUT1 expression, though some studies have 

found Aβ accumulation in the brain is correlated with reduced GLUT1 

expression [557, 558]. The order in which it occurs, the decreased GLUT1 

expression or Aβ accumulation, is currently being debated. However, the 

GLUT1 expression in peripheral tissues such as skeletal muscle after 
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exposure to IAPP, Aβ or IAPP-Aβ aggregates is an avenue for potential future 

investigation. 

If impairments in insulin signalling is occurring but not being detected in HSMM 

cells, a disruption of the cytoskeletal network could also reduce glucose uptake 

in myotube cells due to decreased GLUT4 translocation to the cell membrane 

[51]. While some intracellular GLUT4 is stored in an endosomal pool mediated 

by the activation of transferrin receptors, approximately 40% of available 

GLUT4 receptors are stored separately in storage vesicles which rely on an 

intact microtubule network for translocation to the membrane [559]. In AD, both 

Aβ and IAPP have been found to interact with, hyperphosphorylate, and co-

aggregate with the microtubule-associated protein Tau, causing disruption of 

the cytoskeletal network and neurofibrillary tangles in neuronal cells [256, 438, 

468]. Tau RNA and protein is widely expressed in human and rodent skeletal 

muscle and other peripheral tissues [560-562], and while pTau has not been 

identified in the skeletal muscle of AD patients to date, Tau aggregates are 

present in skeletal muscle in various myopathies [563-565]. IAPP and Aβ could 

be disrupting the microtubules of the cytoskeletal network in HSMM cells, 

resulting in decreases in glucose uptake due to reduction in GLUT4 

translocation. However, this would likely cause some evidence of cytotoxicity, 

which is absent upon exposure to the amyloidogenic peptides at the 10 µM 

concentrations used (and in Aβ entirely).  

Alternatively, some evidence suggests that Aβ may induce insulin resistance 

in murine hepatic tissue via activation of the Janus Kinase 2 (JAK2) signalling 

pathway in vivo and in vitro [413, 566]. Research indicates activation of JAK2, 

a key mediator of cytokine signalling, contributes to Akt downregulation in 

insulin resistant states in myotubes and hepatocytes, while inhibition of JAK2 

improved glucose tolerance and restoration of Akt phosphorylation [567, 568]. 

Through JAK2 activation and downstream signalling, the amyloidogenic 

peptides, particularly Aβ, could influence glucose uptake without causing 

significant changes in cell viability. Though there is currently limited exploration 

of IAPP activation of JAK2 in myotubes or hepatocytes, IAPP interaction with 

and activation of JAK2 in human primary adipocytes has been demonstrated 

[245], creating a potential for future experimentation in this area. 
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Once glucose has entered skeletal muscle cells via GLUT4 channels, it 

undergoes glycolysis and enters into the mitochondria for cellular respiration 

and ATP production. Mitochondrial metabolism is critical for skeletal muscle 

health and contraction [569]. In fact, mitochondrial dysfunction in skeletal 

muscle cells has a direct connection with insulin resistance, where oxidative 

stress and increases in ROS can inhibit insulin action [570]. However, in 

HSMM cells, flow cytometric analysis was unable to detect significant changes 

in ROS production across any treatment group when analysing the geometric 

mean fluorescent intensity. This result essentially indicates that all cells, 

including the positive control, had a similar ‘concentration’ of ROS within cells 

(Figure 39). Interestingly, recent studies have shown that differentiation of 

HSMM cells into myotubes creates a more than 2-fold upregulation of oxidised 

glutathione compared to the undifferentiated myoblasts, which could 

potentially have obscured measurements of oxidative stress and ROS 

generation [571]. However, when viewing the percentage of cells with 

detectable intracellular ROS regardless of concentration level (as determined 

by % of total events rather than fluorescent intensity), cells treated with the 

positive control were more than five times more likely to contain detectable 

ROS than control or amyloidogenic treatments.  

This discrepancy in data could be also due to the relatively low metabolic 

activity of HSMM cells post-differentiation, as detected by previous 

mitochondrial stress testing during optimisation (Figure 35). Compared to 

undifferentiated myoblasts, HSMM cells had a significantly reduced basal 

OCR, maximum OCR, and ATP production rate. The maximum cell density of 

HSMM cells (4 x 104 per well) achieved less than half of the metabolic potential 

of the undifferentiated myoblasts at a similar density. During differentiation, 

studies have determined HSMM may undergo significant changes in metabolic 

profile, with progression towards a pro-oxidative state and reductions in 

substrate availability for the TCA cycle [571, 572], potentially lowering their 

metabolic activity. In addition, the differentiated myotubes in vitro may have a 

reduced energetic demand as they are no longer proliferating like myoblasts, 

but neither are they undergoing the same use (e.g. contraction) as they would 

be in vivo.  Essentially, HSMM cells may have both a lower energetic demand 
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and potential, which could impact their ability to generate substantial enough 

ROS to influence geometric mean fluorescent intensity, particularly if they 

already have higher levels of detectable oxidised glutathione. 

Despite the low metabolic activity, changes in mitochondrial function were still 

detected after exposure to amyloidogenic peptides, predominantly IAPP 

(Figure 40). Basal respiratory rate, maximal respiratory rate, ATP production 

rate and spare respiratory capacity were all reduced after exposure to IAPP, 

whilst only the basal metabolic rate was affected by the IAPP-Aβ combination. 

This is in accordance with the previous Chapter 4, where IAPP also affected 

the BRIN-BD11 cells more strongly than other treatments. In neuroblastoma 

cells, Aβ and IAPP downregulate similar mitochondrial genes, but in addition 

both downregulate complex 4 activity, reducing ATP production and oxygen 

consumption [155]. However, in addition, IAPP also reduced complex 1 

activity, potentially explaining IAPP’s greater impact on mitochondrial function 

on HSMM cells, as well as on the BRIN-BD11 β-cells in Chapter 4 [155]. 

Another reason for IAPP’s greater impact on mitochondria compared to the 

noticeably more toxic IAPP-Aβ combination could result from the different 

aggregation states (oligomer, protofibril, fibril, etc) or the morphology of 

aggregates formed. As shown by collaborators Bharadwaj et al. [129] 

(Appendix C; 8.3, page 236), IAPP aggregates more rapidly than IAPP-Aβ or 

Aβ alone, as well as all 3 treatments forming structurally distinct aggregates. 

These separate morphologies in different states of aggregation may be able to 

impact the HSMM and / or BRIN-BD11 cells in different ways, where one 

treatment has a more direct impact on cell viability (e.g., IAPP-Aβ), while 

another has a greater impact on mitochondrial function directly (e.g. IAPP 

alone). 

While basal respiratory rate, maximal respiratory rate, ATP production rate, 

and spare respiratory capacity were altered upon exposure to IAPP in HSMM 

cells, the proton leak and coupling efficiency remained unchanged (Figure 40). 

Though proton leak can also be up-regulated through increases in uncoupling 

proteins to assist in management of ROS [426], structural damage to the 

mitochondria can cause the inner mitochondrial membrane to become more 
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freely permeable to protons and ions, undermining the electrochemical 

gradient and reducing the mitochondria’s ability to efficiently couple respiration 

to ATP production (coupling efficiency) [573]. In response to the reduction in 

mitochondrial respiration, the mitochondria would compensate by increasing 

the glycolytic rate [433], however the basal glycolytic rate and compensatory 

glycolytic rate were also unchanged upon exposure to all amyloidogenic 

treatments in HSMM cells (Figure 41). Together, these findings suggest that, 

while the function of mitochondria was clearly impacted by IAPP, permanent 

structural damage to the mitochondria was unlikely. 

Despite IAPP’s greater disturbance of mitochondrial function than IAPP-Aβ, 

further analysis via western blot identified reduced expression of other 

mitochondrial regulatory proteins, such as SIRT1, after exposure to both IAPP 

and IAPP-Aβ. As a multifunctional protein found in the nucleus and cytoplasm, 

expression of SIRT1 improves mitochondrial function, reduces oxidative 

stress, ameliorates insulin resistance, and provides protection from 

inflammatory cytokines in tissues such as skeletal muscle, adipocytes, hepatic 

cells, and macrophages / monocytes [538, 574-577]. These actions occur 

primarily through deacetylation of essential metabolic and other regulatory 

transcription factors, such as peroxisome proliferator-activated receptor 

gamma coactivator 1-α (PGC-1α), peroxisome proliferator-activated receptor-

α and γ (PPAR-α / -γ), estrogen-related receptor-α (ERR-α), forkhead box O1 

and O3 (FOXO1 / 3) and nuclear factor κ-B (NF-κB) [575-582]. SIRT1 is often 

found to be reduced in the plasma, peripheral blood mononuclear cells 

(PBMCs), and insulin sensitive tissues (including skeletal muscle) of diabetic 

patients [538, 583, 584], as well as in the brain of AD patients [585-587], where 

it typically correlates with insulin resistance, reduced mitochondrial activity, 

and a decreased ability for the cells to respond to insult [538, 574, 577, 583].  

Additionally, a decreased trend in HSP60 expression, particularly for IAPP-Aβ 

treatment, was identified. HSP60, a stress-responsive mitochondrial 

chaperone, has similarly previously been found to have decreased expression 

in the cardiac muscle and adipose tissue of obese diabetic patients [588, 589], 

though it is currently unknown if it is downregulated in the skeletal muscle 

tissue. Reduced HSP60 expression is associated with increased oxidative 
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stress and insulin resistance [590-592]. Importantly, HSP60 is also able to 

regulate similar master regulators of mitochondrial function and insulin 

response as SIRT1, such as PGC-1α [593, 594], creating an avenue for further 

exploration in future experiments. This data together indicates that both IAPP 

and IAPP-Aβ negatively affects general mitochondrial function and related 

signalling pathways, though IAPP alone appears to impact oxidative 

phosphorylation more acutely. 

However, contrary to BRIN-BD11 cells, expression of HSP60 in HSMM cells 

was reduced upon exposure to amyloidogenic peptides and the positive 

control (rotenone), not increased. This disparate response is not uncommon 

when examining HSP60, as this mitochondrial chaperone protein is defined by 

its duality, with both pro-survival or pro-apoptotic functions [595-597]. HSP60 

has been found to be both protective and antagonistic in T2D and AD, where 

it protects against mitochondrial damage from amyloids [362, 363] but also 

mislocates amyloid precursor proteins to the mitochondria [236] and promotes 

apoptosis via maturation of pro-caspase-3 [361, 598, 599]. Furthermore, 

HSP60 can be actively secreted from peripheral tissue cells such as 

adipocytes and skeletal muscle cells under stress to act as a pro-inflammatory 

signalling molecule [593, 600-602], with this effect augmented in diabetic 

patients [589]. While BRIN-BD11 β-cells appear to have accumulated HSP60 

after treatment, HSMM cells could have instead secreted HSP60 in response 

to cell stress. Furthermore, the differences in tissue type, species of origin, 

concentration of amyloid treatment, level of mitochondrial function, and cell 

responses to amyloid insult could all lead to differing expression of HSP60 

under toxic conditions in the different cell lines 

As an oxidative stress-inducible protein with roles in the ER’s unfolded protein 

response, ATF4 was also examined via western blot analysis (Figure 42) [603, 

604]. In HSMM cells, ATF4 expression displayed an increasing trend in all 

amyloidogenic treatment groups, though this was only significantly increased 

after IAPP treatment. Despite the increase in ATF4, BiP expression was not 

significantly changed after exposure to amyloidogenic peptides, despite some 

small increases in expression after IAPP and IAPP-Aβ exposure, suggesting 

no progression from oxidative to ER stress. This does not rule out the potential 
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that longer exposure to the amyloidogenic peptides (even at lower 

concentrations, as present in patients with T2D) could result in eventual ER 

stress. 

In summation, this chapter is in accordance with the previous chapters of this 

thesis, where co-oligomerisation of IAPP and Aβ potentiated the cytotoxic 

potential of both peptides. However, despite the higher cytotoxic potential of 

IAPP-Aβ, IAPP appears to have a more direct effect on mitochondrial function, 

indicating that IAPP-Aβ may have diverse mechanisms of exerting its toxicity 

(Figure 43). In addition, all amyloidogenic peptides were able to significantly 

reduce glucose uptake, including Aβ, even with its apparent lack of effect on 

HSMM viability. In the next chapter, the findings and implications of the results 

of this project will be analysed and discussed collectively. 

 
Figure 43. IAPP-Aβ aggregates reduce glucose uptake and cell viability in HSMM cells. 
After exposure to IAPP-Aβ aggregates, HSMM cells had reduced glucose uptake and a 

reduction in mitochondrial activity, specifically basal respiration. The reduction in both 

parameters can result in reduced ATP available for necessary cellular processes, inducing 

oxidative stress, resulting in cellular stress, and reduced cellular viability. However, as IAPP 

alone appears to diminish mitochondrial activity more so than IAPP-Aβ, without the same 

impact on cellular viability, IAPP-Aβ aggregates appear to increase cellular stress and reduce 
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cellular viability through additional mechanisms as well. Figure created by author with 

Biorender.com. 

https://biorender.com/
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CHAPTER 6  Final Discussion 

This thesis examined the effects of IAPP, Aβ, and IAPP-Aβ aggregates on 

tissues related to T2D, including insulin-secreting pancreatic β-cells and 

insulin-sensitive skeletal muscle cells. The rationale for this investigation is 

three-fold. 1) The majority of previous studies on IAPP in T2D were conducted 

many years ago. Without the current knowledge of IAPP binding and 

aggregation kinetics, these studies often yielded contradictory results [174, 

175]. 2) Although previous research has focused mainly on IAPP’s role in the 

β-cell dysfunction and peripheral insulin resistance of T2D, recent evidence 

also suggests a role for Aβ. The role of Aβ in the brain has been well-studied 

in context of AD, but its function and indeed its pathogenicity in the periphery 

is an understudied field. 3) There is accumulating evidence that IAPP and Aβ 

co-localise and co-aggregate in common tissues, such as the brain, the 

pancreatic islets, skeletal muscle, and the liver [24, 25, 239, 400]. The cytotoxic 

profile and underlying mechanisms of this combination remain to be 

completely determined. This thesis addresses this gap in knowledge by 

determining and comparing the effects of Aβ, IAPP, or a combination of both 

on the viability, function, and metabolism of cells from two relevant tissues to 

T2D, pancreatic islets and skeletal muscle. The primary, novel finding of this 

work is that IAPP, Aβ, and the IAPP-Aβ combination demonstrated 

independent effects from one another, providing insight into differential roles 

of the peptides in inducing dysfunction in these cells. The most notable findings 

are discussed below  

6.1 IAPP induces a more rapid onset of cytotoxicity and has a greater 
impact on mitochondrial function 

IAPP displayed a more rapid cytotoxic effect compared to other amyloidogenic 

peptide treatments. In Chapter 4 (page 98), IAPP was able to significantly 

reduce cell viability of BRIN-BD11 β-cells after only 6 h of incubation, the only 

treatment to do so. Compared to the other amyloid peptides, IAPP was also 

capable of reducing cell viability at a lower concentration. However, this effect 

was not dose-dependent and appeared to plateau over time where greater 

reductions in viability were associated with the IAPP-Aβ combination. The cells 
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greater sensitivity to IAPP at earlier timepoints maybe explained by different 

rates of aggregation between amyloidogenic peptides. IAPP has a tendency 

to aggregate more quickly into relatively inert fibrils, and thus giving only a brief 

and early window of cytotoxicity [129, 130]. Alternatively, this effect could be 

due to the different aggregate conformations formed by each individual 

amyloidogenic treatment, with some perhaps forming more potent 

conformations than others [129]. Factors such as membrane fluidity, 

composition, and electrostatic charge can further influence the aggregation 

and binding of amyloidogenic peptides, with IAPP strongly interacting with β-

cell membranes [519-521]. Moreover, different cells may have different 

vulnerabilities, and since IAPP is natively produced by β-cells, it may have 

innate autocrine signalling mechanisms that are not induced by other 

amyloidogenic peptides, allowing for a distinct effect. 

These factors may also explain why IAPP had a greater effect on mitochondrial 

activity of both β-cells and skeletal muscle cells compared to the other 

amyloidogenic peptides. While not endogenously produced by skeletal muscle 

cells, these cells are a target tissue for IAPP action [239, 241] and may also 

have an innate susceptibility to IAPP aggregation. Furthermore, although 

many studies have confirmed similar tendencies of amyloidogenic peptides to 

disrupt mitochondrial activity, IAPP may have additional mechanisms to 

downregulate mitochondrial function compared to other amyloids like Aβ [155]. 

Future studies could investigate the expression of electron transport chain 

complexes in detail to determine if IAPP is impairing vital mitochondrial 

structures to exert the toxic effect. Alternatively, mitochondrial shuttle activity 

or stress signalling could also be investigated to determine if the effect is more 

associated with functional rather than structural mitochondrial changes. 

6.2 Aβ impaired insulin secretion and glucose uptake despite no 
cytotoxic effect  

In this thesis, it was shown that Aβ did not appear to exert any obvious 

cytotoxic effects in pancreatic β-cells or human skeletal muscle myotubes. In 

Chapter 3 (page 65), no amyloid plaque was found in the pancreatic tissue of 

transgenic mice expressing human APP, despite the fact that the same mice 

exhibit amyloid plaque deposits in the brain [247]. In Chapter 4 (page 98) and 
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Chapter 5 (page 133), Aβ displayed no observed cytotoxicity or changes in 

mitochondrial activity in BRIN-BD11 β-cells or HSMM up to concentrations of 

50 µM. This is surprising considering the documented history of cytotoxicity 

and mitochondrial dysfunction due to Aβ in the CNS. However, there has been 

limited investigation and evidence of Aβ cytotoxicity in peripheral tissues 

(outside of specific diseases involving proteostatic dysfunction such as IBM) 

[605, 606].  

The absence of Aβ cytotoxicity in pancreatic β-cells (both primary mouse and 

BRIN-BD11) could be explained by a potential inherent tissue and / or cell-

specific vulnerability of neuronal cells to Aβ, that may be lacking in other 

tissues [16, 276]. This difference could again be explained by differences in 

membrane composition and electrostatic mechanisms, where research has 

shown that unlike IAPP, Aβ does not bind to the β-cell membrane as efficiently 

[130]. Furthermore, despite both being amyloidogenic peptides with many 

shared mechanisms, IAPP and Aβ have been shown to react differently to the 

same stimulus. For example, an agonist for Aβ can be an antagonist of IAPP 

aggregation under the same conditions [607]. Despite the lack of toxicity in β-

cells, Aβ was still able to decrease GSIS in BRIN-BD11 β-cells similar to other 

amyloidogenic treatments. With a lack of evidence for changes in cell viability 

or mitochondrial dysfunction after exposure to Aβ, this could potentially mean 

that Aβ is able to down-regulate insulin secretion via receptor-related 

mechanisms that are not disruptive to cell viability.  

Although there are a number of receptors Aβ is known to interact with, two 

potential receptors by which Aβ could alter GSIS include the insulin and IAPP 

receptors, both of which are expressed by β-cells for autocrine regulation of 

insulin signalling and β-cell proliferation (among other functions) [527, 608]. Aβ 

is known to be a direct competitive inhibitor of insulin binding and action at 

insulin receptors [609]. In particular, while monomeric Aβ appears to activate 

insulin receptors in a similar fashion to insulin itself, toxic aggregations of Aβ 

can impair insulin receptor function [610]. Research also indicates that the 

cytotoxic effects of Aβ can be blocked by IAPP receptor antagonists in neurons 

[611-614]. As both receptors are also expressed in skeletal muscle and other 

peripheral tissues, disruption of the intracellular signalling mechanisms of 
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these receptors could also explain the Aβ-induced decrease in glucose uptake 

despite the lack of cytotoxicity in the HSMM cells of Chapter 5. 

With the ability to significantly impact glucose metabolism, both through GSIS 

and glucose uptake, Aβ-derived pathology could have wide-ranging 

implications in T2D, even in the absence of peripheral tissue toxicity. 

Furthermore, while changes in insulin signalling were not able to be detected 

in HSMM cells via western blot analysis (including controls), Wijesekara et al. 

[247] provided some support for the notion that Aβ can downregulate insulin 

signalling and glucose uptake into cells, as the same APP mouse model from 

Chapter 3 demonstrated both peripheral and central insulin resistance. Future 

research could investigate specific mechanisms by which Aβ could be 

reducing insulin secretion and action, including alternate methods of 

investigating insulin signalling changes in HSMM cells (such as GLUT-4 

translocation), and / or through the action of receptors common to both tissues, 

including insulin and IAPP receptors.  

6.3 IAPP-Aβ demonstrated an exacerbated cytotoxic profile in a dose- 
and time-dependent manner 

In all models used in this thesis, IAPP-Aβ in combination was significantly more 

toxic than Aβ or IAPP alone. In Chapter 3 (page 65), the DTG mice displayed 

more pancreatic plaque aggregation, insulin dysfunction, islet inflammation, 

and β-cell apoptosis than other transgenic models and nontransgenic 

littermates. Similarly, Chapter 4 (page 98) and Chapter 5 (page 133) 

demonstrated in vitro that IAPP-Aβ aggregates exerted significantly more 

toxicity in both BRIN-BD11 and HSMM cells compared to either Aβ or IAPP 

treatment alone. This is in agreement with the literature, where Bharadwaj et 

al [129] and Wijesekara et al [247] both found that IAPP and Aβ in combination 

was more toxic than IAPP and Aβ alone in neurons and pancreatic islets, 

respectively. 

Bharadwaj et al. [129] previously demonstrated that IAPP-Aβ aggregates are 

forming distinct, larger oligomers, that are biophysically different from 

oligomers of either species alone. This may explain the greater cytotoxicity 

observed by the IAPP-Aβ combination. Alternatively, the binding of Aβ to IAPP 
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may slow down IAPP’s rapid aggregation, stabilising the aggregates in the 

nucleation and / or elongation phases of aggregation for a longer period of 

time. This may allow oligomeric complexes more time to exert damage to the 

cell [615]. The IAPP-Aβ heterocomplexes may also be more difficult for the 

cells to clear, disrupting proteostasis and inducing cell stress. A study 

comparing the clearance mechanisms of IAPP and Aβ by BV-2 microglial cells 

gives insight into potentially independent clearance pathways of each peptide, 

where IAPP was cleared by IAPP-receptor-mediated endocytosis then 

targeted to lysosomes, while Aβ appeared to be cleared via a slower non-

receptor-mediated mechanism [616]. Although this study also suggested 

IAPP-Aβ heterocomplex clearance occurs through a similar mechanism to 

IAPP alone, the study primarily focused on a non-amyloidogenic IAPP mimic 

and the less-aggregatory Aβ40 species. As such, many questions remain 

about how more amyloidogenic IAPP, Aβ, and IAPP-Aβ oligomers may be 

cleared, and how the state of aggregation could affect these mechanisms. 

Future studies could analyse further any differences in clearance mechanisms 

between IAPP, Aβ and IAPP-Aβ aggregates, particularly in peripheral tissues, 

to elucidate if these mechanisms contribute to the exacerbated cytotoxicity of 

IAPP-Aβ aggregates. 

6.4 Differential effects of IAPP, Aβ, and IAPP-Aβ combination on cellular 
function in the context of T2D and AD 

Discussing the results of the thesis in the context of T2D as a whole-body and 

multifactorial disease is a crucial component of determining the significance of 

the findings. The symptoms of T2D resulting from the dysfunction of insulin 

secretion and signalling can include hyperglycaemia, hyperlipidaemia, and 

chronic inflammation [27, 438]. These factors are all known to contribute to 

and exacerbate amyloid toxicity. For example, an environment high in glucose 

and saturated fatty acids simulating diabetic conditions significantly increased 

the toxicity of both amyloidogenic peptides in INS1 rat pancreatic β-cells [617]. 

Furthermore, hyperglycaemic and hyperlipidaemic conditions can further 

potentiate amyloid formation and aggregation, whereby exacerbating the high 

nutrient environment, and contributing to a vicious cycle of worsening 

conditions [386, 618-620]. This could be further investigated in vitro by 
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culturing BRIN-BD11 and HSMM cells in hyperglycaemic and hyperlipidaemic 

conditions, prior to exposure to IAPP, Aβ or the combination, or in vivo under 

similar conditions with mouse models investigated in this thesis [247]. 

There are a multitude of other factors that could influence the formation and 

aggregation of amyloidogenic peptides in T2D that were outside the scope of 

this PhD, which could be examined further in the future. For instance, Aβ is 

known to interact with Zn2+ ions, where Zn2+ can increase the rate of Aβ 

aggregation in vivo [621], and pancreatic islets are known to have a high Zn2+ 

content [622]. Currently, there are conflicting reports about whether a high islet 

Zn2+ concentration promotes or protects against IAPP aggregation [260, 623, 

624]. Future studies could also examine further the role of Tau protein and Tau 

pathologies in their contribution to T2D, considering their close relationship to 

amyloidogenic peptides in AD. Tau appears to play a crucial role in insulin 

secretion, where Tau ablation in islets results in impaired GSIS, elevated pro-

insulin and a diabetic phenotype in mice [383]. Furthermore, Tau is capable of 

co-aggregating with both IAPP and Aβ. [256, 263, 273, 438]. Wijesekara et al. 

[263] provided such evidence in vivo, suggesting that the co-aggregation of 

human Tau and IAPP can impair β-cell viability and function. Future studies 

could analyse the impact of human Tau, and its contribution to the pathology 

of T2D in the presence of Aβ and IAPP using the models and tools used in this 

thesis to investigate impact on cellular functioning. 

Overall, the findings of this thesis, as well as previous literature on IAPP and / 

or Aβ aggregates in the periphery and CNS, indicate that these aggregates 

contribute to both the peripheral metabolic dysfunction in T2D and 

neurodegeneration in AD to exacerbate the pathologies of both diseases [10, 

129, 247, 438]. Furthermore, the peripheral dysfunction induced by and 

associated with these aggregates in T2D could also influence CNS dysfunction 

and promote key neurodegenerative processes, and vice versa [625-631]. 

However, it is still currently unknown at what stage of the development and 

progression of T2D (and AD) these aggregates are playing a role. Essentially, 

whether the accumulation of IAPP and / or Aβ aggregates causative of early 

metabolic dysfunction and inflammation, or a consequence and exacerbator of 

these factors is yet unknown. To determine this, further investigation involving 
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the analysis of additional timepoints prior to pre-clinical symptoms would be 

required. For animal studies, this would rely on the development of a less 

aggressive mouse model than the DTG mice, as mentioned previously (3.6, 

page 89), to accurately determine disease progression. In human studies, this 

would likely require analysis of fluid and / or imaging biomarkers of amyloid 

accumulation in T2D patients similar to those currently undertaken in AD 

studies to elucidate at what stage in the development of T2D pathology the 

aggregates are playing a role. 

Taken as a whole, the role of IAPP, Aβ and IAPP-Aβ aggregates in T2D and 

AD are complex and multifaceted. This thesis shows that they can not only 

have distinct tissue-dependent effects, but also independent effects from one 

another under the same conditions in the same tissues. While IAPP has been 

implicated in T2D for many decades, the role of Aβ both alone and in 

potentiating the toxicity of IAPP in T2D is an important factor to consider in our 

understanding of T2D pathology, its relationship with AD, and the use of 

existing / discovery of new treatments for both diseases.  
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transgenic mouse model as published by Wijesekara et al. in 

the FASEB Journal (2017) 

 

Content removed due to copyright restrictions 
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8.4 Appendix C - Relevant data associated with characterisation 

of IAPP-Aβ heterocomplexes as published by Bharadwaj et al. 

in Scientific Reports (2020) with thesis author as contributor 

 

Content removed due to copyright restrictions 

Bharadwaj P, Solomon T, Sahoo BR, Ignasiak K, Gaskin S, Rowles J, Verdile G, 

Howard MJ, Bond CS, Ramamoorthy A, Martins RN, Newsholme P. Amylin and 

beta amyloid proteins interact to form amorphous heterocomplexes with 

enhanced toxicity in neuronal cells. Sci Rep. 2020 Jun 25;10(1):10356. doi: 
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8.5 Appendix D – Tau pathology in pancreatic tissue of a cross-

bred AD x T2D double transgenic mouse model 

Ratio of phosphorylated Tau to total Tau more variable in islets of nontransgenic, 
transgenic APP, transgenic IAPP, or crossbred double transgenic APP x IAPP mice at 
24 weeks. Paraffin sections were generated from pancreatic tissue of 16- and 24-week-old 

mice and stained with anti-pTau antibody to detect pTau protein in pancreatic islets. (A) 
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Representative islet images of pTau staining (anti-pTau antibody; red) and cell nuclei (Hoescht 

stain; blue) at 20X magnification. During optimisation procedure, primary antibody and isotype 

controls were conducted with all antibodies a minimum of 3 times. Primary and isotype controls 

of anti-pTau antibody are included to provide evidence of specific staining due to low 

expression of pTau staining within islets (B). Very low pTau staining was seen in islets, and 

extensive staining in the surrounding exocrine portion of the pancreatic tissue (C). The 

percentage area of islets stained positively with pTau was quantified and expressed as a ratio 

of pTau to total Tau Coverage (Figure 6) in islets and represented as mixed bar/scattergrams, 

showing the mean pTau/Tau ratio per animal (D), where each coloured data point represents 

an individual animal. Data was also plotted as pTau/Tau ratio of total islets per group (E), 

where each data point represents an individual islet and colour-coded to match individual 

animals of graph B. All data represented as mean ± SD. Statistical analysis via one-way 

ANOVA with Tukey multiple comparisons test to determine changes between groups (*), and 

two-way ANOVA with Sidak’s multiple comparisons test was used to determine changes 

between 16 and 24 weeks(#). # / *p value=< 0.05, ## / **p value=< 0.01, ### / ***p value=< 0.001, 
#### / ****p value=< 0.0001. 

 
Ratio of phosphorylated Tau to total Tau is not correlated with plaque burden is islets of 

transgenic IAPP and crossbred double transgenic APP x IAPP mice. Linear regression and 
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correlation analysis of the relationship between plaque burden and pTau/Tau Ratio (A), where 

each data point represents an individual islet, showing no significant correlation. Statistical 

analysis via linear regression and Pearson’s correlation test. Correlation explored further via 

analysis of pTau/Tau Ratio in IAPP and DTG islets with (+) or without (-) plaque accumulation 

at 16 and 24 weeks (B). All data represented as mean ± SD. Statistical analysis via one-way 

ANOVA with Tukey multiple comparisons test to determine changes between groups (*), and 

two-way ANOVA with Sidak’s multiple comparisons test was used to determine changes 

between 16 and 24 weeks(#). # / *p value=< 0.05, ## / **p value=< 0.01, ### / ***p value=< 0.001, 
#### / ****p value=< 0.0001 
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