
 
 

Beta secretase inhibition in aging pancreatic beta cells:  

A possible role for Rooibos 

 

 

 

 

 

By: Yonela Ntamo  

Student no: 201159667 

 

A dissertation submitted in fulfilment of the requirement for the degree of Doctor of 

Philosophy in Biochemistry at the Faculty of Science and Agriculture, Department of 

Biochemistry and Microbiology, University of Zululand 

 

 

 

Supervisor: Dr Nireshni Chellan 

Co-supervisors: Prof Abidemi Paul Kappo and Prof Christo John Frederick Muller 

 

April 2020 



ii 
 

DECLARATION 

I,……………………………………..., hereby declare that the work on which this thesis 

is based is my original work (except where acknowledgements indicate otherwise), 

and that neither the whole work or part of it has been, is being, or is to be submitted 

for another degree in this or any other university.  

I empower the University of Zululand to reproduce for the purpose of research either 

the whole or any portion of the contents in any manner whatsoever.  

 

 

 

Signature: __________________ Date: _________________ 

Yonela Ntamo (201159667)     

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ABSTRACT 

In type 2 diabetes (T2D), hyperglycemia induces pancreatic β-cell glucotoxicity, 

characterised by β-cell functional mass decline. T2D patients are thus both insulin 

resistance and insulin deficient. In addition, to changes in insulin production and 

secretion, the hormone amylin is also dysregulated. Amylin is a pancreatic β-cell 

peptide hormone with a key role in glucose homeostasis and is co-secreted with 

insulin. Beta-secretase (BACE)-regulated cleavage of pre-amylin results in the 

aggregation and deposition of toxic amyloid plaques, characteristic of long-term 

diabetic patient pancreata. Thus, BACE inhibition is a promising therapeutic target in 

managing the progression of T2D. Research has shown that unfermented Rooibos 

has numerous health promoting benefits, including anti-inflammatory, anti-oxidative 

and anti-diabetic effects. This extract is unique for containing relatively high levels of 

aspalathin, a glycosyl dihydrochalcone with robust anti-oxidant properties and 

ameliorative effects against several metabolic complications. In this study, we aimed 

to assess the effects of chronic glucotoxicity in a novel 3D β-cell spheroid model and 

the potential therapeutic effects of GRT™ and BACE inhibition, thereof. Additionally, 

we determined the effect of BACE inhibition and GRT™ in the pancreata of aged 

C57BLKS db/db mice. 

The in vitro toxicity model was established using INS-1 β-cell spheroids created using 

the 3D BioArray Matrix (BAM) culture system, based on T2D-associated glucotoxicity. 

Spheroids were exposed to the following conditions: Normal glucose control (NG-11 

mM glucose), high glucose (glucotoxicity) control (HG-33 mM glucose), high glucose 

with GRT™ (HG-GRT™) and high glucose with BACE inhibitor LY2886721 (HG-

BACE). Spheroids ultra-structural features were assessed using transmission electron 

microscope (TEM) and toluidine blue stain (TB). Spheroid viability and survival were 

assessed by measuring cellular ATP content, glucose utilization and size profiling. 

Functional parameters (i.e. glucose stimulated insulin & amylin secretion) and pro-

inflammatory cytokines were assessed. The in vitro findings were validated in vivo 

using lean non-diabetic db+ and obese diabetic db/db mice. There were three phases 

: 10, 16 and 32 weeks treatment, divided into five treatment groups (n=8 per group): 

Control (vehicle equivalent/day), pioglitazone (15 mg/kg/day), BACE inhibitor (30 

µM/kg/day), GRT™-1(74 mg/kg/day) and GRT™-2 (740 mg/kg/day). Physiological 

parameters, glucose metabolism and pancreatic islet morphology were assessed by 



iv 
 

measuring body weight and food intake; performing an oral glucose tolerance test, 

measuring serum insulin, C-peptide and amylin levels; and immunohistochemical 

labelling of pancreata with insulin and glucagon.  

In the spheroids, glucotoxicity (HG) significantly reduced cellular ATP content (73.63% 

± 2.13 vs 100.0% ± 0.36; p< 0.001), while GRT™ ameliorated this effect (82.49% ± 

1.07 vs 73.63% ± 2.13; p<0.05). Increased insulin secretion after glucose stimulation 

was observed in the NG compared to basal glucose levels (41.08 ng/mL ± 5.23 vs 

22.6 ng/mL ± 3.49; p=0.001) and  this effect was negated in the HG group; this was 

restored in the HG-GRT™ group (30.8 ng/mL ± 2.49 vs 17.9 ng/mL ± 2.54; p=0.05). 

HG and HG-BACE groups increased amylin secretion following glucose stimulation 

(41.7 pg/mL ± 7.18 vs 20.3 pg/mL ± 4.39; p=0.01; 43.9 pg/mL ± 5.38 vs 21.5 pg/mL ± 

3.57; p=0.007). HG increased TNF-α compared to the NG group (2.4 pg/mL ± 0.24 vs 

1.1 pg/mL ± 0.23; p= 0.001), while HG-BACE group had significantly lower TNF-α 

levels compared to HG group (2.4 pg/mL ± 0.24 vs 0.67 pg/mL ± 0.15; p< 0.0001). 

Additionally, after 2 weeks of treatment, HG-GRT™ reduced TNF-α levels (1.6 pg/mL 

± 0.16 vs 2.6 pg/mL ± 0.33; p= 0.02). Interestingly, HG-BACE had a short-lived 

inhibitory effect as TNF-α levels increased after 2 weeks (2.4 pg/mL ± 0.24 vs 0.9 

pg/mL ± 0.20; p= 0.0001). In vivo, changes were associated with normal animal aging 

in the db+ mice. In db/db mice, BACE inhibitor and GRT™-1 (phase I) improved 

glucose tolerance without concomitant BW gain (2412 ± 121.0; p=0.01 and 2293 ± 

105.6, p= 0.02 vs 2970 ± 95.62, respectively), had higher HOMA-β and improved islet 

architecture of older animals (phase II). Pioglitazone significantly improved glucose 

tolerance (1884 ± 296.0 vs 3238 ± 260.5; p= 0.004), had lower HOMA-IR in phase II. 

Amylin levels were significantly reduced in phase II compared to phase I in all 

treatment groups (p<0.001). In phase I, GRT™-2 effectively improved glucose 

tolerance, whereas GRT™-2 remained ineffective. Additionally, GRT™-2 tended to 

have lower HOMA-IR and HOMA-β compared to GRT™-1.  

In conclusion, glucose tolerance was improved by BACE inhibition and GRT™ by 

regulating both insulin resistance and β-cell survival and function in both an in vitro 

and in vivo model. Thus, both treatments have the potential to supplement current 

anti-diabetic therapy. 

.
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Introduction 

Type 2 diabetes (T2D) is characterised by hyperglycaemia as a result of insulin 

resistance and consequent pancreatic β-cell dysfunction and failure. Initially the β-cells 

can compensate for the additional insulin demand, but eventually progression of the 

disease results in β-cell failure (Donath et al., 2005; Prentki, 2006; Wiederkehr and 

Wollheim, 2008; Cowie et al., 2009; Donath, 2014; Esterházy et al., 2011). In diabetics, 

persistent hyperglycemia induces pancreatic islets inflammatory responses, which 

results to increases in pro-inflammatory cytokines synthesis, thus contributing to 

apoptosis, β-cell function impairment and loss of functional β-cell mass, a notion 

known as glucotoxicity (Cernea and Dobreanu, 2013). Aging is a common risk factor 

for the development of metabolic diseases including T2D with the prevalence peaking 

from 60-74 years (Gunasekaran and Gannon, 2011; Iozzo et al., 1999; Cowie et al., 

2009). 

Aging is commonly associated with an increase in visceral fat mass, glucose 

intolerance, inflammation, insulin resistance, insulin secretory defects, hyperglycemia 

and dyslipidemia (De Tata, 2014; Jackson, 1990; Saini, 2010). With insulin resistance 

and long-term hyperinsulinemia, hyperamylinemia occurs, as amylin is a pancreatic β-

cell hormone that is co-stored and co-secreted with insulin (Westermark et al., 1986; 

Clark et al., 1989; Cao et al., 2013; Potter et al., 2015). Abnormalities in amylin folding, 

secretion, and function aggravates β-cell dysfunction (Clark et al., 1996a, 1996b; Kahn 

et al., 1999a), as the increase in amylin secretion is associated with aggregation of 

amyloid plaques which disrupt pancreatic islet structure and function, a characteristic 

feature of T2D (Vassar, 1999; Westermark et al., 2011).  

Enzymatic cleavage of amylin by β-site amyloidogenic-cleaving enzyme (BACE) forms 

part of the cycling of amylin (Esterházy et al., 2011; Alcarraz-Vizán et al., 2017). 

Literature has reported on two secretases; BACE1, which is expressed in the brain 

and known to contribute to the development of Alzheimer’s disease (AD) and dementia 

(Vassar, 1999; Abedini and Schmidt, 2013; Cao et al., 2013; Potter et al., 2015, 2010); 

while BACE2 is mainly expressed in the pancreas with several physiological functions 

(Vassar, 2004; Casas et al., 2010; Esterházy et al., 2011). Beta-site amyloidogenic-
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cleaving enzyme 2 is known to cleave the pro-proliferative type I transmembrane 

protein 27 (TMEM27), a protein with an important role in pancreatic β-cell functional 

physiology, β-cell proliferation and insulin signalling (Esterházy et al., 2011; Visa et al., 

2015; Alcarraz-Vizán et al., 2017). Although TMEM27 plays a beneficial role in β-cells, 

its cleavage by BACE2 has been implicated to increase the deposition of toxic amyloid 

plaques and thus BACE inhibition represents a therapeutic target (Casas et al., 2010; 

Esterházy et al., 2011; Cao et al., 2013; Alcarraz-Vizán et al., 2017).  

It is therefore important to explore the mechanisms behind inhibition of BACE as a 

pharmaceutical target, particularly in glucotoxicity induced aged pancreatic β-cells, a 

condition β-cells are exposed to in T2D. 

Plant polyphenols, such as flavonoids, have been reported to reduce β-peptide levels 

via modulation of secretase-mediated amyloid polypeptide processing (Fluhrer et al., 

2002; Cox et al., 2015). In this study, the impact of BACE inhibition and aspalathin-rich 

Rooibos extract (GRT™) treatment were investigated. An in vitro 3D β-cell spheroid 

model was established to experimentally assess the effects of a chemical-based BACE 

inhibitor and plant-derived unfermented aspalathin-rich Rooibos extract containing 12-

14% aspalathin. An obese, diabetic db/db mouse model was used to determine the in 

vivo effect. 

 

 



 

 
 

 

 

CHAPTER TWO 
___________________________________________________________________ 

Literature review 

 

 



  

5 | P a g e  
 

2. Aging and lifestyle diseases  

Aging refers to the changes that occur during an organism’s lifespan, which vastly differ 

in rate from organism to organism (Kirkwood, 2005). In humans, aging increases the risk 

of lifestyle diseases including inflammation, impaired glucose tolerance, hypertension, 

high glucose, excess fat around the waist and high cholesterol etc. (DeFronzo, 1981; 

Kirkwood, 2005; Ritz and Berrut, 2005; Chung et al., 2008; Monteiro and Azevedo, 2010; 

Gunasekaran and Gannon, 2011; Esser et al., 2014). These sequentially increase the 

prevalence for development of metabolic diseases such as cardiovascular diseases 

(CVDs), stroke, insulin resistance (IR) and obesity, likely due to sedentary lifestyles and 

adoption of unhealthy eating habits (Scheen, 2003). Additionally, aging has been reported 

to be  an important risk factor for type 2 diabetes (T2D) development (Christensen et al., 

2009), with the prevalence known to increases with age and peaks from 60-74 years of 

age (De Tata, 2014; Gunasekaran and Gannon, 2011).  

2.1. Aging and T2D 

Normal aging is associated with a progressive wear in many endocrine functions, 

becoming a liability for serious disturbances in metabolic homeostasis (De Tata, 2014; 

Vitale et al., 2013). In fact, glucose tolerance impairments are documented as a well-

known feature of aging in both animal and human studies (Jackson, 1990; Saini, 2010; 

De Tata, 2014). Type 2 diabetes is a metabolic disorder characterized by the inability of 

cells to respond adequately to insulin, thereby leading to beta-cell (β-cell) dysfunction and 

chronic hyperglycemia (Figure 1) (Ferrannini et al., 2010; Inzucchi et al., 2012; Noriega-

Cisneros et al., 2012). The prevalence of T2D is increasing drastically with 2040 global 

projection estimated at about 439 million adults, with sub-Saharan Africa having 18.8 

million adults with T2D by 2040 (Cho et al., 2018; Shaw et al., 2010). However, although 

T2D is commonly seen in older adults, it is increasingly seen in children, adolescents and 

younger adults due to the increasing prevalence of obesity, physical inactivity and poor 

unhealthy diets (Cho et al., 2018; da Rocha Fernandes et al., 2016; De Tata, 2014).  In 

South Africa, T2D is the seventh most common cause of death and the leading cause of 

cardiovascular diseases, disabilities and premature death (Bradshaw et al., 2007; Mayosi 

et al., 2009; Nojilana et al., 2016) placing  an enormous burden on South Africa’s health 
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resources and subsequently affecting the country’s socio-economic development 

(American Diabetes Association, 2019; da Rocha Fernandes et al., 2016). T2D can be 

managed effectively by a healthy lifestyle which includes the adoption of healthy non-

sedentary living, reducing overweight and the combination with medication (Tuomilehto 

et al., 2001; Clark et al., 2004; Snel et al., 2012).  

Elderly people, mainly those over the age of 60 years, are known to be susceptible to 

T2D. In 2008, 15% of the elderly population worldwide were reported to be diabetic, and 

this figure is estimated that it would have increased to approximately 26% by 2026 (Kowal 

et al., 2012; De Tata, 2014). It is well documented that aging is considered as a risk factor 

for T2D, in a manner that is associated with defective insulin secretion, glucose response 

and insulin clearance failure (Chung et al., 2008; Esposito and Giugliano, 2004; Esser et 

al., 2014; Monteiro and Azevedo, 2010; Valko et al., 2007). Additionally, a theory 

suggesting that IR increases with age is related to several well-known age-related 

changes, including increased adiposity, increased accumulation of lipid metabolites in the 

liver and muscle, mitochondrial dysfunctions, hormonal changes, increased oxidative 

stress and inflammation (Barzilai et al., 2012; Bunprajun et al., 2013; De Tata, 2014; Kim 

et al., 2007; Salameh et al., 2016). 
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Figure 1: Diagrammatic representation of the progression of T2D with aging.  The initial stages of IR in liver, adipose and muscle 

tissues are characterized by glucose intolerance and hyperinsulinemia, without increases in fasting plasma glucose. Pancreatic β-cells 

compensate for increased insulin demand during IR by increasing their functional mass. Prolonged hyperglycemia as a result of 

dysfunctional β-cells, causes glucotoxicity, and along with destructive amyloid plaque deposition, ultimately results in reduced functional 

β-cell mass and T2D.  
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2.1.1. Insulin action and insulin signaling  

While IR is central to the development of T2D, IR alone does not lead to T2D in the 

absence of a β-cell defect associated with abnormal insulin secretion. Beta cell-

dysfunction is known to play a key role in T2D pathogenesis (Christensen and Gannon, 

2019; Gastaldelli et al., 2004; Maassen et al., 2007). Pancreatic β-cells produce, store 

and secrete the hormone insulin to maintain glucose homeostasis (Weiss, 2009). Insulin 

is a β-cell peptide hormone composed of approximately 51 amino acids with a crucial role 

in the metabolism of not only carbohydrates but also lipids and proteins. In adipose tissue, 

insulin is liable for the suppression of lipolysis to promote fat storage, an antilipolytic effect 

mediated through the inhibition of hormone-sensitive lipase (Mayer et al., 2007; Meijssen 

et al., 2001; Weiss, 2009). In the liver, the hormone promotes lipogenesis and glycogen 

storage (Maassen et al., 2007; Snel et al., 2012) while in the muscle, it is responsible for 

glucose uptake and storage in the form of glycogen (Dimitriadis et al., 2011). Additionally, 

in both the liver and skeletal muscle, insulin is responsible for decreasing the rate of 

glycogen breakdown (Saltiel and Kahn, 2001; Zierath et al., 2000). The major regulator 

of insulin secretion is glucose together with other known secretagogues such as 

potassium chloride (KCL), tolbutamide and arginine (Donath et al., 2005; Maedler et al., 

2002). Elevated blood glucose concentrations initiate insulin signaling by insulin receptors 

located in insulin sensitive tissues (skeletal muscle, liver and adipose), where insulin 

binds to its specific receptors and initiates glucose uptake, utilization and storage 

(Bhattacharya et al., 2014; Chang et al., 2004; DeFronzo, 1981; Saltiel and Kahn, 2001; 

Snel et al., 2012).  

The insulin signaling pathway includes at least four insulin receptor substrate proteins 

(IRS-1/2/3/4), with IRS-1 and IRS-2 known to be closely linked to the actions of insulin 

and β-cell function (Chang et al., 2004; Greenberg and McDaniel, 2002; Kulkarni et al., 

1999; Michael et al., 2000; Pessin and Saltiel, 2000). Knockout of IRS-2 and IRS-1 has 

been shown to cause IR, β-cell dysfunction and hyperinsulinemia, supporting that a 

signaling balance between IRS-1 and IRS-2 is necessary for normal β-cell function (Burks 

and White, 2001; Kahn, 1998). In essence, the phosphorylation of IRS activates 



  

9 | P a g e  
 

phosphatidylinositol 3-kinase-protein kinase B (PI3K/AKT) and mitogen-activated protein 

kinase (MAPK) pathways (D’Cruz et al., 2012). The PI3K/AKT pathway is activated 

downstream to insulin receptor and is involved in insulin’s action on glucose uptake and 

gluconeogenesis suppression (D’Cruz et al., 2012). The MAPK pathway interacts with the 

PI3K/AKT pathway for cellular growth regulation and differentiation and is related to gene 

expression (D’Cruz et al., 2012; Schultze et al., 2012). The family of MAPKs, such as 

extracellular signal-regulated kinases (ERK1/2), c-Jun terminal kinases (JNK) and p38, 

are activated by cellular stressors e.g. free fatty acids (FFAs), interleukin 1-beta (IL-1-β), 

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) (Huang et al., 2009).
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2.1.2. Insulin resistance  

Insulin resistance (IR) is defined as the failure of insulin to facilitate glucose and lipid 

metabolism (Gual et al., 2005; Kahn et al., 2006; Muoio and Newgard, 2008). This 

leads to impaired fasting glucose (IFG), impaired glucose tolerance (IGT) and, 

subsequently hyperglycemia (Kim and Choi, 2010; Muoio and Newgard, 2008). Insulin 

resistance is associated with hyperinsulinemia resulting from the β-cell compensation 

mechanism which ultimately leads to the loss of β-cell function and T2D (Gual et al., 

2005; Kahn et al., 2006; Muoio and Newgard, 2008). Beta-cell compensation promotes 

the deterioration of β-cell function, leading to β-cell exhaustion which, later causes β-

cell death (Ferrannini et al., 2010; Talchai et al., 2012). Additionally, IR is associated 

with unfolded protein response known to upregulate genes involved in post-

translational modification, mitochondrial stress and alleviation of endoplasmic 

reticulum (ER) stress (Bravo et al., 2013; Bravo et al., 2013; Hotamisligil and Erbay, 

2008; Salvadó et al., 2015). Endoplasmic reticulum (ER) stress triggers the production 

and release of inflammatory cytokines, which in turn disrupt insulin signaling and 

induce chronic inflammation (Bailey-Bucktrout et al., 2013; Hasnain et al., 2012; 

Kawasaki et al., 2012; Zhang and Kaufman, 2008). Noteworthy, chronic inflammation 

is a pervasive feature of aging tissues and several age-related diseases e.g. T2D.  
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2.1.3. Pancreatic β-cell dysfunction and failure 

Pancreatic β-cell dysfunction is central to the development of T2D (Bollheimer et al., 

1998; Gastaldelli et al., 2004; Saltiel, 2012). There are five described β-cell dysfunction 

stages initially proposed by Weir and Bonner-Weir., (2004) in the progression to diabetes 

(as summarized in Figure 2). Stage one, known as the compensatory stage, is 

characterized by elevated insulin secretion to maintain normoglycemia in the face of IR, 

resulting from either of the following: obesity, physical inactivity or genetic predisposition 

(Figure 2) (Weir et al., 2001; Weir and Bonner-Weir, 2004). Increased insulin secretion 

results from increased β-cell mass, known to be regulated through a balance of β-cell 

birth (by β-cell replication and islet neogenesis) and β-cell death (by apoptosis or 

necrosis) (Assmann et al., 2009; Weir and Bonner-Weir, 2013). Literature has reported 

that β-cell apoptosis is the main cause of β-cell death (Augstein et al., 1998; Eizirik and 

Mandrup-Poulsen, 2001; Lally et al., 2001; Renehan et al., 2001; Yu and Chung, 2006).  

During this stage, increased β-cell mass is attributed to hyperplasia and hypertrophy 

(Weir and Bonner-Weir, 2013). 

Stage two is known as stable adaptation where β-cells adapt to increased glucose levels 

(approximately 5.1-6.5 mmol/L), and is characterized by IFG as β-cells can no longer 

compensate (Figure 2) (Weir et al., 2001; Genuth, 2003; Weir and Bonner-Weir, 2004 

Tripathy et al., 2019). In this stage, the loss of glucose stimulated insulin secretion (GSIS) 

occurs and is marked by changes in β-cell phenotype, caused by dysregulations in gene 

and protein expression of glucose-6-phosphatase, fructose-1,6-bisphosphatase, lactate 

dehydrogenase, and hexokinase as observed from diabetic ZDF rats (Bollheimer et al., 

1998; Iizuka et al., 2000; Weir and Bonner-Weir, 2013, 2004). Furthermore, β-cell 

hypertrophy in the islets is known to occur (Weir and Bonner-Weir, 2004).  

The third stage, known as unsteady early decompensation, is characterized by elevation 

in non-fasting glucose and fasting glucose levels, due to critical β-cell mass decline and/or 

increase in IR (Weir and Bonner-Weir, 2004). Thus, insulin secretion aberrations and 

dedifferentiation occur, even in the absence of a diabetes diagnosis. Processes involved 

in this stage include mild decompensation and decreased gene expression of glucose 

transporters and transcription factors, such as glucose transporter 2 (GLUT-2), 
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glucokinase, pyruvate carboxylase, pancreas duodenum homeobox-1 (PDX-1), V-maf 

musculoaponeurotic fibrosarcoma oncogene homologue A (MafA), hepatic nuclear 

factors (HNFs), NK6 Homeobox 1 (Nkx6.1) and paired box protein-6 (Pax6) (Iizuka et al., 

2000; Gastaldelli et al., 2004; Weir and Bonner-Weir, 2004).  

Stage four is stable decompensation categorized by severe hyperglycemia, loss of 

glucose and non-glucose secretagogues-induced insulin secretion. Also there is reduced 

β-cell mass, degranulation and increased expression of glucose-stress and oxidative-

stress genes, inflammatory genes (explained in section 2.1.5), followed by the early onset 

of T2D (Figure 2) (Gastaldelli et al., 2004; Weir et al., 2001; Weir and Bonner-Weir, 2004; 

Lundberg et al., 2018).  

Finally, the severe decompensatory state manifests (stage five), where profound and 

complete β-cell failure persists, with marked manifestation of a complete diabetic disease 

state where hyperglycemia, hyperinsulinemia, increased amylin, inflammation, apoptosis, 

amyloid deposits, complete degranulation and loss of functional β-cell mass occur (Figure 

2) (Weir et al., 2001; Abdul-Ghani et al., 2006; Weir and Bonner-Weir, 2004; Genuth and 

Kahn, 2008). Increases in amylin (islet amyloid polypeptide) results in amyloid plaque 

formation, recently implicated as a contributing factor to β-cell dysfunction especially in 

relation to T2D ( Hull et al., 2003; Weir and Bonner-Weir, 2013; Courtade et al., 2017).  

Beta-cell dysfunction is a critical determinant for T2D development, however the interplay 

with IR remains highly complex. However, it is known that the onset of hyperglycemia has 

the ability to trigger both β-cell dysfunction and IR (Chen et al., 2016). Genome-wide 

association studies (GWAS) has conducted a lot of research to identify the genes that are 

associated β-cell dysfunction. To date more than 40 genes are known to increase the risk 

for T2D (Ashcroft and Rorsman, 2012; Esser et al., 2014). 
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Figure 2:Schematic representation of the stages of β-cell dysfunction (Modified from Weir and Bonner-Weir., 2004). 
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2.1.4. The implications of Inflammation in β-cell dysfunction and failure 

Inflammation is a major contributor to IR and is linked to increased adiposity and chronic 

elevations in blood glucose (Savage et al ., 2005; Wellen and Hotamisligil, 2005; Garg et 

al., 2012; Esser et al., 2014; Sandovici et al., 2016).  Although inflammation primarily 

induces protective mechanisms vital for the well-being of an organism, chronic 

hyperstimulation of inflammatory responses has proven to be detrimental (Maedler et al., 

2002).  

Over stimulation of pro-inflammatory pathways drives pancreatic β-cell inflammation 

(Pradhan, 2001). Inflammatory markers such as tumor necrosis factor-alpha (TNF-α), C-

reactive protein (CRP) and interleukins (IL-1β and IL-6) are positively correlated with IR 

(Pradhan, 2001; Vozarova et al., 2002 Ford, 2003). Interleukin-1-β is the most studied 

cytokine released by monocytes and resides in macrophages where pancreatic β-cells 

themselves are perceived to be a source of IL-1β in islets (Meier et al., 2014; Westwell-

Roper et al., 2014; Li et al., 2017;). Signaling of IL-1β is mediated through IL-1 receptor 

type 1 (IL-1R1), which is abundant in β-cells and associated with β-cell sensitivity to IL-

1β action (Garlanda et al., 2013). It is known that, increased glucose levels together with 

amyloid formation contribute to elevated IL-1β levels (Lundberg, 2000; Maedler et al., 

2002; Park et al., 2012; Garlanda et al., 2013; Li et al., 2017). On the other hand, TNF-α 

induces IR by inhibiting IRS-1 signaling, causing a decrease in hepatic and skeletal 

muscle insulin stimulated glucose uptake and β-cell death (Beg and Baltimore, 1996; 

Hotamisligil et al., 1996; Van Antwerp et al., 1996; Hotamisligil and Erbay, 2008; Blaser 

et al., 2016) and also stimulates the activation of other pro-inflammatory cytokines such 

as IL-6 (Wang et al., 2017; Kwon and Pessin, 2018). Unlike TNF-α and IL-1β, literature 

has shown that IL-6 exerts both pro-inflammatory and anti-inflammatory effects by 

protecting pancreatic β-cells from pro-inflammatory cytokine-induced cell death and 

functional impairment in vitro and in vivo (Xing et al., 1998; Starkie et al., 2003; 

Steensberg et al., 2003; Choi et al., 2004; Kamimura et al., 2004).   
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2.1.5. Glucotoxicity  

Glucose is important for the normal functioning of β-cells, as these cells have an ability to  

respond to glucose challenges due to adequate expression of several genes such as 

preproinsulin, GLUT-2, glucokinase (GCK), etc. (Bensellam et al., 2012). In contrast, 

when glucose is available in excess, as in the case of chronic hyperglycemia, it becomes 

paradoxically deleterious to pancreatic β-cell function and survival (Bensellam et al., 

2012). Chronic hyperglycemia induces the loss of β-cell differentiation and increases the 

rate of β-cell apoptosis, along with increased expression of genes under-expressed in 

normal β-cells, leading to glucotoxicity (Augstein et al., 1998; Butler et al., 2007; 

Friedrichsen et al., 2006; Shi et al., 2011). Glucotoxicity is defined as the deleterious 

effects of prolonged supraphysiological glucose levels which causes a malicious cycle of 

progressive β-cell functional decline, β-cell loss and irreversible β-cell damage 

(Robertson et al., 2004, 2003; Hou et al., 2008; Zini et al., 2009). The latter contributes to 

progressive worsening of glucose intolerance and T2D patients (Buchanan, 2003; Weir 

et al., 2009). In β-cell function, chronic hyperglycemia effects include glucose 

desensitization, β-cell exhaustion and thus, glucotoxicity (Zini et al., 2009). Glucose 

desensitization is a rapid, reversible β-cell exocytotic mechanism occurring as a result of 

short exposure to elevated glucose. These elevated glucose levels reduce insulin 

secretion, where insulin secretion is not completely cut off but rather inhibited (Kilpatrick 

and Robertson, 1998; Poitout and Robertson, 2002; Robertson et al., 2007, 2004; Alnahdi 

et al., 2019), while β-cell exhaustion is the complete depletion of the freely releasable 

intracellular insulin pool after prolonged glucose/ other secretagogues exposure (Paolisso 

et al., 1995; Kilpatrick and Robertson, 1998; Maedler et al., 2002;  Seino et al., 2011). A 

clear distinction between glucose desensitization, β-cell exhaustion and glucose toxicity 

has been described by many researchers (Sako and Grill, 1990; Buchanan, 2003; 

Robertson et al., 2007; Kahn et al., 2014). Glucotoxicity is categorized into early and final 

stage glucose toxicity, each marked by a decline in β-cell functional mass and 

dysregulations in glucose induced genes (Kahn, 1998; Burcelin et al., 2003). Mechanisms 

underlying β-cell glucotoxicity have been described by many and these include: β-cell 

overstimulation prompted by either IR, IGT, hyperglycemia and / or prolonged high 

glucose stimulation (Gadot et al., 1995; Ling et al., 2003), resulting to impaired GSIS as 
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a consequence of defects in insulin biosynthesis (Gadot et al., 1995; Paolisso et al., 1995; 

Ling et al., 2003). Furthermore, a link between oxidative stress and glucotoxicity exists 

since β-cells express low levels of principal antioxidant enzymes: superoxide dismutase 

(SOD), glutathione peroxidase (GPX) and catalase (CAT) (Tonooka et al., 2007; Modak 

et al., 2009). Various in vitro and in vivo models have shown that antioxidants protect β-

cells against the deleterious effects of high glucose levels, by improving insulin secretion 

and regulating insulin gene expression (Banday et al., 2005; Houstis et al., 2006; Blouet 

et al., 2007),and enhancing β-cell survival (Kaneto et al., 2005a, 2005b; Robertson et al., 

2003). In addition, endoplasmic reticulum (ER) plays a pivotal role in a number of 

biological activities, but a dysfunction in ER result in ER stress (Novials et al., 2014) 

through exaggerated activation of unfolded protein response (UPR), subsequently  

causing β-cell apoptosis (Scheuner and Kaufman, 2008; Oslowski and Urano, 2010). β-

cells are sensitive to ER stress due to their high rate of proinsulin biosynthesis. Therefore, 

glucotoxicity can be identified by the expression of early high glucose-induced stress 

genes including heme-oxygenase 1 (Hmox1) and metallothionein 1a (Mt1a) (Jonas et al., 

2003; Pascal et al., 2010; Bensellam et al., 2012), a decrease in expression of glucose-

dependent network of genes and  transcription factors such as glucose transporter-2 

(GLUT-2), pre-proinsulin, pancreas duodenum homeobox-1 (PDX-1), V-maf 

musculoaponeurotic fibrosarcoma oncogene homologue A (MafA), and neurogenic 

differentiation 1 (NeuroD1) (Bensellam et al., 2012) and an increase in β-cell 

dedifferentiation (Matsuoka et al., 1997; Poitout and Robertson, 2002; Robertson et al., 

2003; Bensellam et al., 2012). 

2.1.6. The role of amylin and beta secretase 

Islet amyloid polypeptide (IAPP) is a major component protein of islet amyloid plaques 

which have been found in more than 80% of T2D patients (Westermark et al., 2011; Cao 

et al., 2013). Hyaline lesions of the pancreas, later identified as amyloid were first 

described approximately 100 years ago (Cao et al., 2013; Opie, 1901). Initially the 

deposits were presumed to be composed of both insulin/pro-insulin and insulin fragments 

(Clark et al., 1989). However, in 1987 it was shown that the major protein component of 
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islet amyloid is a 37-residue pancreatic hormone known as amylin (Westermark et al., 

1986; Cao et al., 2013; Stridsberg et al., 1993).  

2.1.6.1. Amylin secretion and function 

Amylin is synthesized as an 89-residue pre-prohormone (Sanke et al., 1988), followed by 

the removal of a 22-residue signal peptide by TMEM27. This leads to a 67-residue pre-

IAPP which is enzymatically cleaved by pro-protein convertase-1/3 (PC1/3), PC2 in the 

Golgi apparatus forming a 37-residue mature hormone (Badman et al., 1996; Higham et 

al., 2000; Marzban et al., 2006). Amylin is stored with insulin in the β-cell secretory 

granules and is co-secreted with insulin at a ratio of 1:100 in response to β-cell stimulation 

by glucose / other similar secretagogues (Westermark et al., 1987; Clark et al., 1989; 

Stridsberg et al., 1993; Cao et al., 2013; Zhang et al., 2016). Amylin inhibits glucose 

release from the liver through a reduction of glucagon secretion and delays gastric 

emptying, subsequently improving postprandial glucose and insulin secretion (Gedulin et 

al., 2006; Young, 2005; Paulsson et al., 2014). Known functions of amylin are highlighted 

in Table 1. 
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Table 1: Roles of Amylin as studied in various experimental models documented thus far

Model used 

 

Associated with T2D Role of amylin Reference 

In vitro rat hepatocytes Insulin resistance High concentrations of amylin impair 

glucose utilization 

(Leighton and Cooper, 1988; 

Rafacho et al., 2014) 

Rat pancreatic islets Insulin resistance in skeletal 

muscle 

Amylin impair insulin secretion (Ohsawa et al., 1989) 

Rat pancreas Inhibition of insulin response Amylin controls insulin secretion (Stridsberg et al., 1993; Rafacho 

et al., 2014) 

Neonatal rat islet cultures  IAPP-LI is released by non-diabetic 

neonatal rat islet thus is a normal β-

cell product 

(Kahn et al., 1990; Lukinius et 

al., 1996) 

 

Pancreas from h-IAPP 

transgenic mouse 

β-cell dysfunction 

Insulin resistance 

Impaired fasting glucose 

Amyloid plaques species elicit β-cell 

dysfunction and apoptosis 

(Kayed, 2003; Li and Hölscher, 

2007; Courtade et al., 2017) 

Diabetic macaques Impaired glucose tolerance 

Impaired fasting glucose 

Amylin increases with 

reduction in insulin secretion and 

increase in glucose 

intolerance 

(Leighton and Cooper, 1988; 

Westermark et al., 2011) 
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2.1.6.2. Amyloid plaque formation  

Amyloid deposits formed from polymerized amylin progressively accumulate in the islets 

of T2D patients (Courtade et al., 2017). While, accumulation of amyloid deposits does not 

cause the onset of hyperglycemia in T2D, they are greatly associated with islet cell 

destruction and diminished islet function as the disease advances (Novials et al., 2014; 

Potter et al., 2015; Courtade et al., 2017). The causal factors for the first formation of 

amyloid plaques is unknown but continued hyperinsulinemia and elevated amylin 

secretion due to IR and or nutrient over-stimulation, promotes binding of amyloid to 

preformed plaques and the extension of amyloid deposits (Clark et al., 1989, 2004; 

Kayed, 2003). Additionally, enzymatic processing of amylin carried out by β-secretase 

(BACE) enzyme has been implicated in amyloid formation (Courtade et al., 2017). 

Because amylin exists unfolded in its monomeric state, any abnormalities in folding 

contribute to amyloid formation and aggregation, which disrupts islet and amylin function 

leading to islet amyloidosis, β-cell dysfunction and subsequent T2D development (Kahn 

et al., 1990; Clark et al., 2004; Cao et al., 2013; Novials et al., 2014; Courtade et al., 

2017). Amylin aggregation is hypothesized to play an important role in β-cell loss in T2D 

as well as T1D transplanted pancreatic islets (Westermark et al., 2011). Thus, strategies 

that prevent amyloid formation can prolong graft survival and/or existing islets in T2D 

patients subsequently preventing β-cell loss (Westermark et al., 2011; Courtade et al., 

2017). 
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2.1.6.3. Beta-secretase and amyloid plaque formation 

BACE 1 is a 501-amino acid-long glycosylated type I transmembrane endoprotease with 

an important role in myelin sheaths formation in peripheral nerve cells and plays a role in 

the aggregation of amyloid following cleavage of amyloid protein precursor (Sinha et al., 

1999; Vassar, 2004; Hampel et al., 2010; Willem et al., 2015). This protease contains two 

active site aspartate residues located extracellularly and may function as a dimer. BACE1 

has earned its popularity as the major enzyme involved in cellular pathways that result in 

AD pathogenesis, dementia and impaired cognitive-related diseases (Vassar, 1999; 

Casas et al., 2010). Recent studies have strongly hypothesized that BACE1 has a role in 

T2D by regulating amyloid plaque deposition (Shen et al., 2018), since in theory, BACE 

inhibitors may slow and/or stop AD development and T2D by preventing the build-up and 

formation of amyloid plaques (Vassar, 2004; Hampel et al., 2010; Esterházy et al., 2011).  

BACE2 is a closely related homolog of BACE1 known to cleave the variant of Alzheimer's 

amyloid precursor protein. Unlike its homolog, known to be highly expressed in neurons, 

BACE2 is minimally expressed in the central nervous system and highly expressed in 

peripheral tissues including the pancreas where it has a physiological role (Bennett et al., 

2000). Although BACE2 can cleave amyloid at β-sites, it is more commonly associated 

with cleavage in sites of α‐secretase (Farzan et al., 2000; Fluhrer et al., 2002; Alcarraz-

Vizán et al., 2017). BACE2 suppression has been reported to promote β-cell survival and 

function in a T2D model overexpressing human islet amyloid polypeptide (hIAPP) 

(Alcarraz-Vizán et al., 2017).  

2.2. Conventional antidiabetic drugs 

The primary line of T2D treatment involves the use of oral anti-diabetic therapeutics in 

combination with recommendations of increased physical activity and healthy eating 

habits. These therapeutics have proven to be effective either alone and/or in combination 

with lifestyle changes to manage the disease (Ferriolli et al., 2014). 

Biguanides, such as metformin, which is the most commonly used drug for T2D treatment, 

are the first line of T2D drugs. Metformin actively decreases hepatic gluconeogenesis and 

glycogenolysis in T2D patients (Viollet et al., 2012; Woo et al., 2014; Wu et al., 2014). 
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Metformin also improves insulin secretion, subsequently positively affecting glucose 

uptake in skeletal muscles (Jiang et al., 2014). More so, it activates AMP-activated protein 

kinase (AMPK), which is important for the expression of genes related to hepatic 

gluconeogenesis and therefore improving glucose tolerance (Kim et al., 2012).  

Sulfonylureas, such as glimepiride have a mode of action involving stimulation of insulin 

secretion through inhibition of potassium influx via ATP dependent potassium channels 

in pancreatic β-cells (Miyazaki et al., 2002). 

Alpha glycosidase inhibitors inhibit α-glucosidase enzymes to delay the absorption of 

sugars in the gut (van de Laar, 2008). These are anti-hyperglycemic drugs that enhance 

the action of G-protein-coupled bile acid receptor-1 (TGR5), resulting in increased 

secretion of glucagon-like peptide-1 (GLP-1) and hepatic glycogenolysis inhibition, thus 

improving insulin sensitivity (Handelsman, 2011; Nwose and Jones, 2013). 

Thiazolidinediones (TZDs) are commonly renowned as insulin sensitizers acting through 

the activation of peroxisome proliferator-activated receptor-γ (PPAR-γ) which promotes 

the uptake of fatty acids in adipose tissues (Quinn et al., 2008). In pancreatic β-cells, they 

improve function by increasing insulin sensitivity and reducing lipid accumulation in the 

pancreas (Kawasaki et al., 2005).  

Dipeptidyl peptidase-4 (DPP-4) inhibitors are the last anti-diabetic drug class that are 

used in the management of T2D (Pratley and Salsali, 2007; Baetta and Corsini, 2011). 

These drugs promote normal glucose secretion while preserving the structure and the 

integrity of β-cells via blocking DPP-4 enzyme action (Pratley and Salsali, 2007).  

Although current anti-diabetic drugs are effective, their use is hindered by their ability to 

treat the disease state due to patient compliance issues, the lack of systemic efficacy and 

adverse side effects (Ku et al., 2015). Some major side effects associated with these 

drugs include gastrointestinal discomfort (metformin & glucagon-like peptide-1 agonists), 

hypoglycemia and weight gain (sulfonylureas); bladder cancer risk, edema, heart failure 

and weight gain (pioglitazone) (McClean et al., 2010; Hampp et al., 2014; Lewis et al., 

2015). More so, these therapeutics do not directly protect β-cells from pathophysiological 

factors they experience in T2D. Therefore, traditional plant-based products are being 
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studied for their beneficial properties (Ekor, 2014; Waisundara and Hoon, 2015). In 

addition, plant polyphenols such as flavonoids have been reported to reduce β-peptide 

levels through secretase-mediated amyloid polypeptide modulation (Baptista et al., 2014; 

Cox et al., 2015). Therefore, it becomes crucial to explore the effect of Rooibos in a 

glucotoxic aged β-cell model and an obese diabetic model with particular focus on BACE 

inhibition.  

2.2.1. Rooibos-based potential therapeutic  

Aspalathus linearis (A. linearis), commonly known as Rooibos, is a South African 

indigenous plant found in the Cederberg area of Western Cape province (Joubert et al ., 

2008). The beneficial effects of Rooibos are well reported and are attributed to its phenolic 

composition, specifically the dihydrochalcone C-glucoside, aspalathin (Figure 44, 

Appendix I). The activities of Rooibos include the following: anti-oxidant (Joubert and de 

Beer, 2011; Sanderson et al., 2014; Monsees and Opuwari, 2017), cancer modulating 

(Joubert and de Beer, 2011; Marnewick et al., 2005; Canda et al., 2014; Johnson et al., 

2016), hepatoprotective (Beltrán-Debón et al., 2011), in vitro and in vivo evidence of anti-

obesity (Beltrán-Debón et al., 2011; Muller et al., 2012; Ajuwon et al., 2013; Sanderson 

et al., 2014), anti-inflammatory (Ajuwon et al., 2013), anti-mutagenic (Canda et al., 2014), 

anti-lipogenic (Beltrán-Debón et al., 2011; Sanderson et al., 2014), anti-diabetic (Muller 

et al., 2012; Ajuwon et al., 2013; Mazibuko et al., 2013) and hypoglycemic effects 

(Kawano et al., 2009; Beltrán-Debón et al., 2011; Kamakura et al., 2015). In particular, 

Aspalathin, have been shown to increase the bioactivity of the plant (Joubert and de Beer, 

2011, Kawano et al., 2009, Muller et al., 2012, Son et al., 2013). Additionally, Aspalathin 

has been proven to have several activities such as, glucose lowering (Muller et al., 2012; 

Snijman et al., 2009), ameliorated palmitate insulin-resistance (Mazibuko et al., 2013; 

Son et al., 2013), anti-oxidant (Snijman et al., 2009) and anticoagulant (Ku et al., 2015a). 

Of particular interest in this study are the anti-inflammatory and glucose lowering effects 

of Rooibos. Rooibos lowered TNF-α, IL-6 and NF-κB (nuclear factor kappa-light-chain-

enhancer of activated B cells) responses in models of diabetic vascular inflammation (Ku 

et al., 2015).  
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2.3. Laboratory based models in diabetes research 

Cell culture has been employed for over a decade to answer research questions in various 

fields (Figliolini et al., 2014; Zanoni et al., 2016). However, one limitation for the use of 

primary human β-cells in biochemical and molecular research is the availability of 

pancreatic tissue as well as cellular and hormonal heterogeneity from donors (Shahjalal 

et al., 2018). Technical challenges known to be limiting factors include the isolation, 

purification and maintenance of the isolated tissues from donors. In vitro cell culture and 

in vivo animal models are available, and these are discussed below. These models allow 

researchers to investigate cell biology, tissue morphology, mechanisms of diseases, drug 

actions and interactions and protein production to answer basic and advanced research 

questions (Barré-Sinoussi and Montagutelli, 2015). 

2.3.1. In vitro pancreatic β-cell models 

Cell cultures studies in vitro provide an opportunity for the assessment of physiological 

and pathophysiological processes prior to translating the findings to in vivo models. 

Furthermore, cell lines allow researchers to study treatment effects under different 

conditions potentiating the discovery of new therapeutics (Macdonald, 1990; Skelin, 

2010). Immortalized cell lines represent cell populations with an ability to continuously 

undergo division, not limited by the “Hayflick” limit initially proposed by Leonard Hayflick. 

These cells, therefore, are employed in numerous in vitro research (Shay and Wright, 

2000). Because the majority of immortalized cell lines used are of tumourogenic origin, 

they may have genetic mutations, altered chromosomal content and protein expressions, 

and thus modified metabolic profiles (Macdonald, 1990). Over time, these changes may 

indicate that cell lines are indeed not without disadvantages, thus highlighting the need 

for the use of animal models to validate in vitro findings. There are various β-cell lines 

that are used in research, however none of them entirely mimics human β-cell physiology. 

However they are still valuable in investigating molecular mechanisms underlying β-cell 

function and dysfunction (Skelin, 2010). Insulin-secreting cell lines popularly employed in 

β-cell studies are rat insulinoma cells (RIN), hamster pancreatic β-cells (HIT), transgenic 

C57BL/6 mouse insulinoma cells (MIN), beta-tumor cells (βTC) and rat insulinoma cells 
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(INS-1). Each cell line presents with both advantages and disadvantages as detailed in 

Table 2. 
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Table 2: Commonly used in vitro β-cell lines and their advantages. 

  

 

 

Cell line Origin Species Advantage Disadvantage References 

RIN Insulinoma Rat Responsive to normal 

range of glucose levels  

Abnormal properties of glucose transport and/or 

phosphorylation and exhibit abnormal glucose 

sensitivity. Insulin level decreases with  

 induced passages. 

(Gazdar et al., 1980; 

Praz et al., 1983) 

HIT Insulinoma Hamster Expresses membrane 

bound granules 

Has a low insulin content 

Not all HIT subclones respond to glucose stimulation 

(Santerre et al., 

1981).  

MIN Insulinoma Mouse Contains a mixture of 

endocrine cells; Express 

glucokinase and GLUT-2 

  

Treatment with nicotinamide activates response to 

glucose; loss of glucose-induced insulin secretion as 

passage goes high 

(Miyazaki et al., 

1990; Ishihara et al., 

1993) 

βTC Hyperplastic 

islets 

Mouse expresses GLUT-2 and 

glucokinase 

Increased hexokinase activity. 

Glucose stimulation response lost with increased 

passage 

(Efrat et al., 1988; 

Liang et al., 1996; 

Efrat, 2004) 

INS-1 Insulinoma Rat Responsiveness to 

glucose within 

physiological range; high 

insulin content 

Mercaptoethanol required in the culture media  (Asfari et al., 1992) 
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2.3.2. Three-dimensional (3D) culture   

Traditional two-dimensional (2D) culturing systems have been widely employed as 

models for in vitro studies. However, efficiency of these models is questionable due to the 

species specificity and the lack of adequate representation of in vivo state (Baharvand et 

al., 2006; Huh et al., 2011). Cell structure behaviour, and functional preservation is vital 

in ensuring that the responses observed represent responses in the mammalian body. 

Furthermore, by using a single cell line, heterogenous cell-to-cell interaction is absent, 

which influences other cellular mechanisms and cell functions. The latter may explain why 

some pancreatic β-cell lines present with impaired secretory properties and are unable to 

respond to glucose under normal physiological conditions (Skelin, 2010).  

As such, over the years researchers have been drawn to the use of three dimensional 

(3D) culturing systems as an alternative to in vitro models that can be more closely 

translated into in vivo models due to physiological relevance which vastly improves 

prediction made by cell-based assays (Sabra and Vermette, 2013). Cells grown in a 3D 

culturing systems have proven to be more physiologically relevant with improvements in 

several biological mechanisms such as high fidelity, viability, morphology, proliferation, 

differentiation, response to drugs, gene expression and long term maintenance, the latter 

being important in relation to aging (Levenberg et al., 2003; Haycock, 2011; Ravi et al., 

2015; Jacobi et al., 2017). Three dimensional cultures create an artificial environment in 

which biological cell lines are permitted to grow in fabricated devices creating 3D 

structures that mimic tissue and/or organ microarchitecture, thus resulting in physiological 

characteristics closer to that seen in vivo (Chang and Hughes-Fulford, 2009; Fey and 

Wrzesinski, 2012; Gauvin et al., 2012; Fennema et al., 2013; Jacobi et al., 2017). 

Recently, improved methodologies capable of producing 3D models of tumors, C3A 

spheroids and other cell lines have been reported (Choi et al., 2015; D’Avanzo et al., 

2015; Kim et al., 2015; Jacobi et al., 2017). These methodologies include extracellular 

matrix-based 3D system, 3D matrix scaffold as single cells or aggregates, clinostatic 3D 

BioArray Matrix (BAM) system, and organ on chip technology.  

One of the most important advantages of 3D culturing systems is their ability to allow for 

uninterrupted culture of cell-derived spheroids for longer periods than conventional 



  

27 | P a g e  
 

cultures would permit, therefore allowing a model that is representative of aging. 

Spheroids tend to grow in constant contact without the requirement of regular passaging 

which tends to be straining and usually subjects cells to stressful conditions such as shear 

force (Fey and Wrzesinski, 2012; Wrzesinski and Fey, 2013). Other advantages of 3D 

culture over 2D culturing include the following: a low-turbulence, low-shear force, 

preserved morphology and way of divisions, expression of genes and biochemistry of 

cells as in vivo (Powers et al., 2002; Ravi et al., 2015; Wrzesinski and Fey, 2015). 

Although, 3D cultures offer some crucial benefits, there are drawbacks into their use 

including: more expensive, time-consuming, labor intensive, repeatability and variable 

access to oxygen and nutrients (Frieboes et al., 2006; Breslin and O’Driscoll, 2013; 

Krishnamurthy and Nör, 2013; Wrzesinski and Fey, 2015). 

2.4. In vivo models of T2D 

Rodent animal models have been widely used to conduct T2D research (Samuels et al ., 

2015) with the leptin deficient ob/ob mice, Zucker diabetic fatty rats, JCR: LA-CP rats and 

leptin receptor deficient obese Lepr db/db mice being models extensively used (Samuels 

et al ., 2015). Genetically modified animal models of T2D are mostly used in T2D research 

because they spontaneously develop diabetes, thus researchers do not need to use time 

consuming feeding processes to induce diabetes in these animals (Islam and Wilson, 

2012; Ernst et al ., 2013; Samuels et al ., 2015). Moreover, such animals allow 

researchers to perform experiments much faster than they can in humans, since rodents 

are known to age and metabolize more rapidly (Srinivasan, 2007). 

2.4.1. Homozygous obese diabetic db/db mice 

The homozygous Lepr db/db mouse model is spontaneously obese and develops IR and 

T2D (Srinivasan and Ramarao, 2007). This mouse model carries a deleterious point 

mutation in the leptin receptor gene resulting in hyperphagia, hyperglycemia, 

hyperinsulinemia and obesity (Kobayashi et al., 2000; Dalbøge et al., 2013; Ernst et al., 

2013; Wang et al., 2014; Burke et al., 2017). The model represents a phenotype like that 

observed in patients with T2D (Kawano et al., 2009; Ernst et al., 2013; Zheng et al., 2015). 

Leptin is a hormone that is secreted by adipose tissue with a role in appetite and energy 

homeostasis regulation (Friedman and Halaas, 1998; Patton and DeGolier, 2010; Wang 
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et al., 2014). When leptin binds to leptin receptor, a signaling pathway is initiated, so the 

loss or disruption of the leptin signaling as in the case of db/db mice, induces several 

physiological abnormalities such as a disturbance in the hypothalamus (Wang et al., 

2014). Both insulin and leptin have receptors located in the hypothalamus and literature 

has shown that leptin inhibits insulin secretion by activation of PI3K-dependent 

phosphodiesterase 3B (PDE3B) and by decreased cAMP levels (Belgardt et al., 2010; 

Wang et al., 2014) Disturbances in leptin signaling cause progressive metabolic 

deterioration including hyperphagia, glucose intolerance, hyperglycemia, 

hyperinsulinemia, obesity and T2D (Chen et al., 1996; Ritchie et al., 2008; Kawano et al., 

2009; King, 2012; Dalbøge et al., 2013; Wang et al., 2014). The use of the db/db mouse 

model allows for the screening of non-toxic compounds without the worry of side effects 

associated with chemical diabetes inducers e.g. alloxan and streptozotocin (STZ) (King, 

2012). Moreover, the use of this in vivo animal model is useful in representing the 

complexity and heterogeneous conditions that are associated with obesity including IR, 

dyslipidemia and T2D (Srinivasan and Ramarao, 2007). Be that as it may, db/db mice 

have a short life span, making it difficult to investigate the long-term complications of T2D 

and increased leptin plasmatic level, and this is related to other physiological processes 

like immune response modulation, reproduction, and oncogenesis (Wang et al., 2014). 

More so, leptin signaling is greatly linked with diabetes in rodents but has been reported 

less critical in humans (Veniant and LeBel, 2003).  
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2.5.  Hypothesis 

We hypothesized that the protective effects of Rooibos on pancreatic β-cells involves the 

modulation of BACE activity, thereby protecting pancreatic β-cells against IAPP-induced 

toxicity associated with aging and T2D. Furthermore, we hypothesized that a correlation 

exists between circulating BACE and BACE expression in the pancreata of db/db mice. 

2.6. Aim of the study 

The aim of this study is to determine the effect of Rooibos extract (GRT™) on pancreatic 

β-cell survival in vitro and in vivo, with a special focus on BACE modulatory properties 

related to β-cell aging. 

2.7. Objectives 

In order to address the aim of the study, we have assessed the role of BACE activity as 

a therapeutic target in aging pancreatic β-cells using two experimental models with 

specific objectives enlisted below: 

2.7.1. In vitro model 

• Establishing long-term INS-1 β-cell spheroids using a clinostatic BAM 3D culture system 

to confirm the role of BACE in pancreatic β-cell aging. 

• Determine if an aspalathin-enriched, unfermented Rooibos extract (GRT™), inhibits 

BACE activity.  

• Assess viability and function of the INS-1 pancreatic β-cell spheroids. 

• Determine the molecular mechanisms underlying the effects of BACE and aging β-cells. 

 

2.7.2. In vivo model 

• Assess the effect of GRT™ on pancreatic β-cell survival in db/db mice, with a focus on 

BACE modulatory properties. 

• Evaluate molecular mechanisms and morphology through analysis of pancreata.



    

 
 

 

 

CHAPTER THREE 
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Materials and Methods
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3.1. Research design 

To address the aim of the study, an extensive in vitro component was designed in a 

laboratory environment that mimics aged pancreatic β-cell pathophysiology (Figure 3). 

For this model, a rat insulinoma pancreatic β-cell line INS-1 was cultured in RPMI-1640 

media containing 10% FBS in a clinostatic three dimensional (3D) BAM culture system 

previously described by Fey et al., 2013. This was used to develop a long-term functional 

3D pancreatic β-cell spheroid culture model. 3D culture was used since the spheroids are 

known to physiologically more closely resemble in vivo tissues and cells. 3D cultures 

allow for long-term culture without disruptive sub-culture, a characteristic feature that is 

lacking in the traditionally used two-dimensional culturing systems. Additionally, it allows 

for chronic treatment of spheroids. Subsequently, glucotoxic conditions were induced by 

high glucose (HG-33 mM glucose) where two of the HG groups were treated 

simultaneously as follows: high glucose treated with an aspalathin-rich unfermented 

Rooibos extract (HG-GRT™), the highest concentration of 1000 µg/mL with inhibitory 

effect determined during the non-cell based assay and with BACE inhibitor LY2886721 

(HG-BACE), used at a concentration of 39 μM. Media containing optimal physiological 

glucose levels were used as a normal control (NG-11 mM glucose). Treatment was 

administered for 16 days during which cell survival and viability was assessed using the 

following assays and techniques: Light microscopy (LM), transmission electron 

microscopy (TEM), cellular ATP content, size profiling and glucose utilization. Functional 

parameters were assessed, using insulin and amylin secretion in response to glucose 

stimulation as well as the secretion of pro-inflammatory cytokines following short and 

long-term glucotoxicity induction. Furthermore, the expression of proteins of interest 

relating to β-cell function and survival was assessed by Western blotting. To further 

supplement our findings, a non-cell-based assay was used to kinetically assess the BACE 

inhibitory activity of GRT™ in a purified BACE enzyme assay.  
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To substantiate our 3D in vitro findings, six-week-old C57BLKS obese diabetic Lepr db/db 

mice and their lean non-diabetic db+ littermates were treated with GRT™ and BACE 

inhibition to assess amelioration of hyperglycemic induced changes in the pancreas 

(Figure 9). These mice were randomized into three experimental phases: Phase I (10 

weeks treatment : with 40 db+ and 40 db/db mice); Phase II (16 weeks treatment: with 40 

db+ and 40 db/db mice) and Phase III (32 weeks treatment: with 40 db+ mice only). For 

each phase, the mice were divided into five treatment groups (n = 8) as follows: Normal 

control (untreated), pioglitazone 15 mg/kg/day; BACE Inhibitor 30 µM/kg/day; GRT™-1 

74 mg/kg/day and GRT™-2 740 mg/kg/day. The two concentrations of GRT™ used such 

as GRT™-2 (740 mg/kg/day) was calculated based on the translated 60 mg/kg/day dose 

and a 10 x lower dose, GRT™-1  (74 mg/kg/day) calculated and adjusted for mice using 

FDA approved formula for animal to human dose translation (Reagan-Shaw et al., 2008). 

All treatments were administered by mixing with ground rodent food. Body weight, fasting 

blood glucose and food intake were monitored over the course of the treatment phases. 

An oral glucose tolerance test (OGTT) was performed a week prior to respective 

terminations in each phase. Pancreata and blood were collected for post-mortem 

analysis.
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Figure 3: In vitro experimental design overview. Pancreatic beta INS-1 cells were cultured and grown into 3D β-cell spheroids under 

standard culture conditions (section 3.3.4.) and seeded into an AggreWell™ 400Ex plate to form cell aggregates (section 3.3.6 - 3.3.7.). 

Thereafter, were assayed for viability (section 3.4.1), functionality (section 3.4.3 - 3.4.6.) and protein expression (3.4.5.) following 

exposure to normal glucose (NG), high glucose (HG) and subsequent treatment with GRT™ (HG-GRT™) and a beta secretase inhibitor 

(HG-BACE) for 16 days. (ATP – adenosine triphosphate). 
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3.2.  Source of extract, cell line and animal model 

The green Rooibos extract (GRT™) used was from Afriplex (Pty) Ltd and this 

standardised extract was selected based on its high aspalathin content. Rat 

insulinoma derived INS-1 pancreatic β-cells used in this study were a kind gift from 

Professor Luc Bouwens, Vrije Universtiteit, Brussels, Belgium. Mice were sourced 

from Jackson Laboratories Pvt Ltd. and housed at the Primate Unit and Delft Animal 

Centre (PUDAC) of the South African Medical Research Council. Suppliers and 

catalogue numbers of consumables, reagents, kits and equipment’s used in this study 

are detailed in Appendix A-E. 

3.3. In vitro experiments 

3.3.1. Cell culture 

All experiments were performed under standard tissue culture conditions unless 

otherwise specified. These included the use of sterile incubators at standard culture 

conditions (37 °C temperature with 5% carbon dioxide and humidified air). A sterile 

biological safety cabinet and 70% ethanol were used to maintain sterility. As 

recommended by American Type Culture Collection (ATCC), INS-1 cells are cultured 

in RPMI medium which contains 11 mM glucose (Appendix for medium composition) 

and as such regarded as the optimal physiological glucose concentration for culturing 

this cell line.  

3.3.2. Thawing of INS-1 cells 

INS-1 cells were removed from liquid nitrogen storage and thawed by placing in a 37 

°C circulating water bath for 1 minute until there was just a small piece of ice left in the 

vial in a circulating water bath. After sterilizing the outside of the vial with 70% ethanol, 

the cell suspension, originally frozen at 2.0 x 106 cells per mL of DMSO/complete 

growth media (RPMI-1640 containing 10% fetal bovine serum (FBS), was carefully 

transferred into 10 mL prewarmed (37 °C) complete growth media in a biological safety 

cabinet, followed by centrifugation at 800 × g for 5 minutes. Thereafter, the 

supernatant was aseptically decanted without disturbing the pellet and the pellet 

resuspended in 6 mL prewarmed (37 °C) complete growth media and transferred into 

a 75 cm2 flask containing 12 mL complete growth media. The cell suspension was 

gently pipetting up and down several times and then incubated at standard culture 
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conditions. For this study sub-culturing of cells was limited to 10 passages (between 

passages 19 and 29), in order to prevent phenotypic drift. 

 

 

Figure 4: INS-1 cell cluster in culture. INS-1 pancreatic β-cells were grown in complete 

growth media at 37 °C in humidified air containing 5% CO2 where media was refreshed every 

2-3 days. The cell growth was monitored daily by observing under a microscope and the cells 

passaged when their confluency was greater than 75%.  
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3.3.3. Counting cells 

A 20 μL sample of cell suspension was stained 1:1 with 0.4% trypan blue in Dulbecco’s 

phosphate buffered saline (DPBS) and cells counted on a hemocytometer (Figure 5). 

Briefly, approximately 10 μL of the trypan blue/cell suspension was pipetted under the 

coverslip of the hemocytometer and counted using an inverted light microscope (10 x 

magnification) in four of the 1 mm2 grid chambers (Figure 5). The average of the four 

counts (N) was used to determine the number of cells per mL in the diluted sample 

(D). The following formula was used:  

 

A. Cells/mL =
Average count per mm² (1.1 cell suspension and trypan blue solution)

Volume counted (1x1x0.1mm= 0.1µL)
 

 

B.  

 

 

 

 

 

 

 

 

 

Figure 5: Schematic illustration of a hemocytometer chamber and a 1 mm2 grid within 

the chamber (Julien Olivet., 2015). Equation for calculating cell viability (A); blocks (1.0 x 1.0 

mm) counted on a haemocytometer to calculate the cell number and relative viability of the 

cells (B).
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3.3.4. Sub-culturing of cells 

INS-1 cells were seeded in 75 cm2 culture flasks at a density of 8 x105 cells per culture 

flask to a total volume of 18 mL in pre-warmed (37°C) complete growth media. Cells 

were then incubated at 37 °C in 5% CO2 and humidified air for three days until they 

were approximately 75-80% confluent. Media was refreshed every 2-3 days. When 

cells were approximately 75-80% confluent, cells were scraped using cell scrapers 

until the majority of cells were detached from the flask. An inverted light microscope 

was used to confirm detachment of the cells from the 75 cm2 culture flask. Thereafter, 

the single cell suspension (as observed under a light microscope) was then transferred 

into a 50 mL centrifuge tube and the tube was centrifuged at 800 × g for 5 minutes. 

After centrifugation, the supernatant was discarded by aspiration and the pellet re-

suspended with prewarmed (37 °C) complete media. The cells were counted (section 

3.3.3.) and the density recorded. Cells were routinely seeded at 1:3 - 1:5 split ratio. 

3.3.5. Setting up bioreactors 

Bioreactors were assembled as follows: bioreactors were removed from the sterile 

packaging inside the biological safety cabinet to maintain sterility. The bioreactor cell 

culture chamber was filled with 9 mL pre-warmed (37 °C) DPBS via the apical port and 

the humidity chamber was filled with 40 mL of cell culture grade sterile water filled via 

the apical-back port (Figure 6). Following this, the apical growth chamber port area 

was cleaned with 70% ethanol (300 µL) in order to avoid contamination. The 

bioreactors were firmly attached onto the rotors of the BAM system, fitted in an 

incubator at 37°C and CO2 set at 5%. The bioreactors were set to rotate at 13 rpm 

speed. 
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Figure 6: Bioreactor culture vessel used to grow the spheroids. The apical growth 

chamber port area is an opening for media and or DPBS change and is sealed by a plastic 

plug, the central port is used for sampling and transferring of spheroids, while the humidity 

chamber was filled with 40 mL water to maintain humidity. The bioreactor cell growth chamber 

contains the spheroids in complete growth media.
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3.3.6. Seeding of cells into an AggreWell™ plate 

INS-1 cells were seeded into an AggreWell™ 400Ex plate. This plate contains 400 µm 

microwells that provides a simple method of generating large numbers of uniform cell 

aggregates. These cell aggregates serve as seeding aggregates for β-cell spheroids. 

As a preparation step, 500 µL of complete media was added into the wells of an 

AggreWell™ 400Ex plate followed by centrifugation at 2182 x g for 9 minutes at room 

temperature to equilibrate the plate. INS-1 cells were seeded into the plate at a density 

of 7.2 x 106 cells/mL and a volume of 500 µL per well. After seeding, the plate was 

centrifuged at 100 x g for 3 minutes at room temperature to allow cells to be evenly 

distributed and settle into the micro wells of the plate. The organization of the cells in 

the micro wells of the plate was observed under a light microscope to confirm even 

distribution. Following this, 1000 µL of complete growth media was used to top up the 

wells in a gentle manner, without disturbing the cells. The AggreWell™ 400Ex plate 

was then incubated under standard conditions for 20-24 hours. 

3.3.7. Transferring spheroids into a bioreactor 

Following an overnight incubation, and confirmation of uniform cell aggregate 

formation under a light microscope, the cell aggregates were transferred into the 

bioreactors. A disposable sterile Pasteur pipette was used to gently dislodge the 

spheroids from the micro wells of the AggreWell™ 400Ex plate by pipetting, taking 

care not to make bubbles in the media. The dislodging process was observed under 

a light microscope. Once approximately 50% of the spheroids were dislodged, they 

were added to pre-warmed (37 °C) 3 mL complete growth media in a 35 mm x 10 mm 

petri dish. The process of dislodging was repeated until approximately 90% of the 

spheroids were retrieved. The petri dish was swirled gently to aggregate the spheroids 

into the center of the dish and the spheroids were transferred using the central port 

into the bioreactor culture vessel (Figure 6). Complete growth media was used to top 

up the bioreactor cell growth chamber to 10 mL until the vessel was full and small 

media bubbles were displaced. The apical port area was cleaned with 70% ethanol 

(~300 µL) to sterilize and prevent contamination. The bioreactors were incubated (37 

°C in humidified air containing 5% CO2) as described in section 3.3.5. Pre-warmed (37 

°C) heating blocks were used to regulate the temperature during transfer of the newly 

formed spheroids from the AggreWell™ 400Ex plate to the BAM bioreactors. 
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Figure 7: Illustration showing the steps involved in the creation of 3D β-cell spheroids. INS-1 cells were seeded in an AggreWell™ 400Ex 

plate with approximately 1200 micro wells to encourage the formation of 3D β-cell spheroids. The plate was incubated overnight at standard tissue 

culture conditions and the formation of cell aggregates was visualized using a light microscope, before being dislodged from the AggreWell™ 400Ex 

plate and seeding in 10 mL bioreactors. 
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3.3.8. Electron microscopy (method modified after Kay et al., 1967) 

Fourteen-day old, untreated spheroids were sampled for transmission electron 

microscopy. Spheroids were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer 

pH 7.4 at 4 °C for 4-6 hours and cut into small blocks of no more than 1-2 mm 

thickness. Following fixation, the tissue was rinsed in phosphate buffer to remove 

unbound glutaraldehyde. The tissue was post-fixed with 1.5% osmium tetroxide in 

Palade's buffer pH 7.4 for one hour and then rinsed with two changes distilled water 

to remove excess unbound osmium. Tissue was processed further in a Leica EM 

tissue processor through 2% uranyl acetate in 70% ethyl alcohol and ascending 

concentrations of ethyl alcohol (70% for 5 minutes, 2 x 96% for 5 minutes each, 3 

× 100% for 10, 15 and 20 minutes respectively). Following dehydration, the tissue 

was impregnated initially with a 50/50 mixture of Spurr's resin (NSA × 13 mL, ERL 

4206 × 5 mL, DER × 3 mL and DMAE× 0.2 mL) and 100% ethyl alcohol followed 

by two changes of clean Spurr's resin. Resin impregnated tissue was embedded 

into resin filled gelatin capsules and the blocks allowed to polymerize overnight at 

60°C. The tips of the capsules were trimmed with a Reichert TM60 block trimmer 

to expose the embedded tissue. Semi-thin sections (1 m) were cut on a Leica EM 

UC7 ultra-microtome with a glass knife fitted with a water trough. Sections were 

removed from the trough and placed on a drop of water and the sections allowed 

to dry on a hot plate. Once the drop of water had evaporated and the sections 

adhered to the slide, the resin was then removed from the sections with sodium 

methoxide. Sodium methoxide was prepared by reacting 1% metal sodium in 

absolute methanol. The slides were washed in tap water, to remove the sodium 

methoxide and stained with warm 1% toluidine blue in 1% sodium tetraborate for 1 

minute. Slides were washed in distilled water, blotted on filter paper and dried on a 

hot plate. Dry sections were mounted with DPX and studied under the light 

microscope. The area of interest was identified light microscopically and matched 

with the corresponding area in the resin block. The resin block was retrimmed into 

a small (max 2 ×1 mm) trapezium shape containing the area of interest by a 

Reichert TM60 block trimmer fitted with a diamond tip trimming blade. Thin gold 

ribbon sections, thickness 90 - 120 nm, were cut on the Leica EM UC7 using the 

heat feeding mechanism and a glass knife fitted with a water trough. A ribbon of 

sections were then picked up from the water bath, onto a G200 copper grid and 
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allowed to dry on a filter paper. The sections were then stained for 5 minutes with 

2% acetyl acetate in 50% ethyl alcohol, rinsed in clean 50% ethyl alcohol and 

double stained with Reynold's lead citrate (Kay et al., 1967) for a further 5 minutes. 

Reynold's lead citrate was prepared by mixing lead nitrate (1.33 g) with sodium 

citrate (1.76 g) in distilled water (30 mL). After thorough mixing the solution was 

allowed to react for at least one hour for the lead nitrate to convert to lead citrate. 

Lead citrate was dissolved with 1 N sodium hydroxide (8 mL) and distilled water 

added to a final volume of 50 mL. After staining the grids were washed in two 

changes of distilled water and replaced onto a filter paper in a closed Petri dish. 

Once the grids had dried the sections were viewed in a JEOL JEM-1011 

transmission electron microscope operated at 75 kV. 

3.3.9. Treatment of the spheroids 

Fourteen days following seeding into the AggreWell™ 400Ex plate, glucotoxic 

conditions were induced by high glucose (HG-33 mM glucose), where two of the HG 

groups were treated simultaneously as follows: high glucose treated with GRT™ (HG-

GRT™) and high glucose treated with BACE inhibitor LY2886721 (HG-BACE). 

Complete growth media containing normal physiological glucose levels were used as 

a normal control (NG-11 mM glucose). Treatment was conducted for 16 days and 

followed by experimental assays described.  

3.4. Experimental assays 

3.4.1. ATP Assay for viability determination 

The viability of the 3D pancreatic β-cell spheroids was measured based on their ability 

to produce ATP using CellTiter-Glo® Luminescent Cell Viability Assay kit following the 

manufacturer’s instructions. For this, approximately 10 spheroids were sampled from 

the bioreactor into a 2 mL centrifuge tube. A total volume of 100 μL of the ATP reaction 

mixture was added to each 2 mL tube with 10 spheroids, followed by gently mixing of 

the spheroids by pipetting up and down to lyse them to create a spheroid / ATP. This 

suspension was incubated for 8 minutes at room temperature protected from light by 

covering with foil. The spheroids / ATP suspension was then plated (20 µL per well) 

into a 96 well plate. The plate was incubated for an additional 2 minutes at room 
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temperature while covered with foil. The quantification of ATP levels was conducted 

by luminometric measurement using the SpectraMax i3 multimode plate reader. 

3.4.2. Bradford assay 

The Bradford assay is a spectroscopic method extensively used to determine total 

protein concentration. It is based on the absorbance shift of Coomassie brilliant blue 

G-250, which changes color to blue when it comes into contact with proteins. The 

binding of the protein to the dye stabilizes the blue form of the dye allowing for 

measurement of protein concentration. The ionic form of the dye (blue) has an 

absorbance maximum at 590 nm (Bradford, 1976). Firstly, the standard was prepared 

by serially diluting bovine serum albumin (BSA) in lysis buffer at the following 

concentrations 0.125, 0.25, 0.5, 0.75, 1, 1.5, and 2 mg. Thereafter, 5 µL of the sample 

of the cell homogenate or BSA standards were added to wells of a 96-well plate in 

duplicate, followed by addition of 200 µL of the Bradford reagent. Plates were 

incubated in the dark while covered with aluminium foil for 10 minutes at room 

temperature. After incubation, the absorbance was measured at 570 nm on a plate 

reader. Protein content values used were extrapolated from the standard curve 

generated. The protein content was then used to normalize the ATP viability results. 

3.4.3. Glucose stimulated insulin secretion (GSIS) 

The response of the β-cell spheroids in different conditions to glucose stimulation was 

used to assess the function of the spheroids. On the day of the experiment, 10 

spheroids were sampled and collected from the NG, HG, HG-GRT™ and HG-BACE 

treatment bioreactors and transferred into new bioreactors respectively. Following this 

transfer, the spheroids were washed with basal glucose media (2.6 mM) for 30 minutes 

while rotating at 13.0 rpm at standard culture conditions. This was then followed by 

removal of the basal media (~90%) by a sterilized glass Pasteur pipette without 

disturbing the spheroids. The spheroids were further treated with basal glucose 

treatment for 90 minutes while rotating at 18.0 rpm. Ninety minutes post treatment, the 

media was collected and stored at -20 °C. This was then followed by treating the 

spheroids further with a stimulatory glucose treatment (16.7 mM) for an additional 

period of 90 minutes after which, the spheroids and media were collected and stored 

at -20 °C. 
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3.4.4. Insulin ELISA  

An ultra-sensitive insulin ELISA kit was used to quantify the insulin secreted by the 

pancreatic β INS-1 spheroids. The media samples collected during GSIS were brought 

to room temperature alongside the insulin standards provided in the kit and the pre-

coated Mouse insulin ELISA plate. As per the instructions in the protocol, the GSIS 

samples and the kit standards were loaded into the Mouse insulin ELISA plate. Bound 

insulin was detected using biotinylated polyclonal antibody, horseradish peroxidase 

and 3, 3’, 5, 5’-tetramethylbenzidine substrate detection by measuring the absorbance 

of the bound substrates at 450 and 630 nm using the SpectraMax i3 multimode plate 

reader. The relative insulin concentrations in each sample were extrapolated from the 

standard curve generated. The insulin concentrations used for the standard curve 

were 1.0, 2.0, 4.0, 8.0, 16.0, 32.0 and 64.0 ng/mL. 

3.4.5. Amylin ELISA 

Islet amyloid polypeptide (IAPP) commonly known as amylin levels in the GSIS 

samples frozen at -20 °C were quantified using a Rat amylin ELISA kit. Strictly 

following the instructions from manufacturers, samples and kit standards were loaded 

into the pre-coated Rat amylin ELISA microplate and incubated for 2 hours. Bound 

amylin was detected as described in subsection 3.4.4. The relative amylin 

concentrations in each sample were extrapolated from the standard curve generated. 

The amylin concentrations used for the standard curve were 0, 62.5, 125, 250, 500, 

1000 and 4000 pg/mL. 

3.4.6. TNF-alpha ELISA 

Levels of TNF- α in the media collected at 1 week and 2-weeks of glucotoxicity were 

quantified using a TNF- α ELISA kit. Strictly following manufacturer’s instructions, the 

microplate was pre-coated overnight with TNF- α capture antibody. Bound TNF- α, 

was detected as described in subsection 3.4.4. The relative TNF- α concentrations in 

each sample were extrapolated from the standard curve generated. The TNF- α 

concentrations used for the standard curve were 0, 31.25, 62.5, 125, 250, 500, 1000 

and 2000 pg/mL.
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3.4.7.  Interleukins ELISA 

Quantification of IL-6 and IL-10 in the samples from week 1 and week 2 of glucotoxicity 

was performed using interleukin IL-6 and IL-10 ELISA kit. Strictly following instructions 

from manufacturers, the microplate was pre-coated with the respective capture 

antibodies (IL-6 and IL-10) overnight. Bound IL-6 and IL-10 was detected as described 

in subsection 3.4.4. The relative IL-6 and IL-10 concentrations in each sample was 

extrapolated from the standard curve generated. The IL-6 and IL-10 concentrations 

used for the standard curve were 0, 15.625, 31.25, 62.5, 125, 250, 500 and 1000 

pg/mL. 

3.5. Western blot analysis  

Western blot analysis was used to determine the effects of the different treatment on 

selected proteins known to be involved in β-cell function and apoptosis using a method 

modified from Mahmood and Yang (2012). 

3.5.1. INS-1 pancreatic β-cell spheroids collection 

Following exposure of the 3D β-cell spheroids to the different treatments as previously 

explained (section 3.3.8), 10 spheroids were collected into 2 mL Eppendorf tube and 

snap frozen with liquid nitrogen and stored at -80 °C. The spheroids were then 

resuspended in ~75 μL of commercial cell lysis buffer. The spheroid / suspension was 

mechanically lysed using a tissue lyser by adding a steel ball to each tube and 

homogenising at 25 Hertz for 60 seconds, with 1 minute rest intervals on ice 

(homogenizing of the samples was repeatedly done for a minimum of 5 times). 

Following this, the spheroid lysate was centrifuged at 15 000 rpm at 4 °C for 15 minutes 

and the supernatant transferred into a clean 2 mL Eppendorf tube. Sample protein 

concentration was quantified using a reducing agent compatible and detergent 

compatible (RC/DC) protein concentration determination kit, based on the method 

described by Lowry (1951). Approximately 5 μL of each BSA standard and/ or spheroid 

sample was transferred into a clean 96 well assay plate, followed by addition of 25 µL 

of Reagents AI and 200 µL of reagent B to each well. The plate was covered with foil 

and incubated for 10 minutes at room temperature. The plate was agitated for 10 

seconds before measuring absorbance at 630 nm using a SpectraMax i3 multimode 

plate reader. Relative protein concentration of the samples was determined by 

extrapolating the values from the BSA standard curve that was generated.
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3.5.2. Protein separation by gel electrophoresis 

Protein samples were diluted and mixed with a 2 times sample buffer (1:1) and then 

placed on a heating block and heated at 95 °C for 5 minutes in order to denature the 

proteins. Following this, samples were centrifuged briefly and placed on ice. Samples 

at a concentration of 30 µg were pipetted into a 10% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) precast gel. A molecular weight marker (Precision Plus 

Western C Standard) was loaded in the first lane in order to monitor the electrophoretic 

separation through the gel (PageRuler marker). The gel was run for a minimum of 45 

minutes at 150 V in a mini protein tetra cell tank (Trans-Blot Cell) filled with running 

buffer.   

3.5.3. Transfer of the protein from gel to membrane 

Following protein separation by SDS-PAGE (Trans-Blot Cell), proteins were 

transferred into a polyvinylidene difluoride (PVDF) membrane. Briefly, the 7 cm x 9 

cm PVDF membrane was pre-wet by shaking gently in 100% methanol for 5 minutes 

prior to being submerged in transfer buffer for 5 minutes. Meanwhile, transfer fibre 

pads were equilibrated in transfer buffer for 20 minutes. After equilibration, a ‘transfer 

sandwich' was prepared as illustrated in Figure 8. To facilitate protein transfer to the 

membrane, the sandwich was placed into a semi-dry transfer machine and transfer 

of proteins was carried out at 160 V at 4 °C for 10 minutes.  
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Figure 8: Schematic representation of a transfer sandwich used to transfer proteins 

from a gel to the PVDF membrane. A ‘transfer sandwich' was assembled in the following 

order from cathode (negative side) to anode (positive side), fibre pad, PVDF membrane, SDS-

PAGE gel, filter paper and lastly fibre pad in a support grid. The assembled transfer sandwich 

was then placed in an into a semi-dry transfer machine for protein transfer. 

3.5.4. Ponceau S stain 

Ponceau S stain is a sodium salt of thiazo dye used for rapid reversible detection of 

proteins transferred on a PVDF membrane. The transfer of proteins from the gel to the 

PVDF membrane was confirmed by Ponceau S staining immediately after the transfer 

process with gentle agitation on an orbital shaker for 5 minutes. After confirming that 

the protein bands were clearly visible, the membrane was de-stained by washing the 

membrane with 1 x Tris-buffered saline containing Tween-20 (TBST-20).
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3.5.5. Blocking and labelling with primary and secondary antibodies 

After removal of Ponceau S stain, the PVDF membrane containing the proteins of 

interest were blocked for non-specific antibody binding in 1 x Tris-buffered saline 

containing Tween-20 (TBST-20) in 5% (w/v) non-fat milk powder for 2 hours with 

gentle agitation on an orbital shaker at 2.5 rpm at room temperature. Thereafter, the 

membrane was labelled with the relevant primary antibody made up in TBST-20 

overnight at 4 °C. The following day the membrane was washed 3 times for 10 minutes 

with 1× TBST-20 at room temperature on an orbital shaker, before incubation with the 

respective horseradish peroxidase (HRP) (1:2000) conjugated secondary antibody 

(anti-rabbit/ anti-mouse HRP) in 2.5% non-fat milk powder dissolved in 1× TBST-20 at 

room temperature for 90 minutes. After this period, the membrane blots were again 

washed for 10 minutes in 3 times with 1× TBST-20 and detected as detailed in the 

next section. 
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Table 3: List of primary and secondary antibodies and dilution used for Western 
blot analysis 

 

 

 

Primary antibody Monoclonal/ 

Polyclonal 

Size 

(kDa) 

Dilution Secondary 

antibody 

(1:2000) 

Anti-Amylin  Monoclonal ± 10 1:500 Anti-Mouse 

Anti-LC3A/B Monoclonal ± 17 1:500 Anti-rabbit 

Anti-TMEM27 Monoclonal ± 27 1:500 Anti-rabbit 

Anti-p38 Monoclonal ± 41 1:500 Anti-rabbit 

Anti-pdx-1 Monoclonal ± 42 1:1000 Anti-rabbit 

Anti-ERK Monoclonal ± 45 1:1000 Anti-rabbit 

Anti-BACE Polyclonal ± 56 1:500 Anti-rabbit 

Anti-Glut 2 Monoclonal ± 57 1:500 Anti-rabbit 

Anti-phospho-AKT Monoclonal ± 60 1:500 Anti-rabbit 

Anti-Insulin receptor Monoclonal ± 95 1:500 Anti-rabbit 

Anti-Ki67 Monoclonal ± 359 1:500 Anti-rabbit 
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3.5.6. ChemiDoc detection 

Detection of the labelled proteins was visualized using a chemiluminescent kit. The 

membrane was incubated for 5 minutes with enhanced chemiluminescent substrate 

(ECL) in a 1:1 ratio in the dark, followed by imaging of the membrane on the Chemi Doc 

MP imager. Image Lab Software was used to analyse images. 

3.5.7. Housekeeping protein detection 

Detected proteins were normalized to the housekeeping protein, β-tubulin, in order to 

determine the relative expression of the specific protein. To detect the housekeeping 

protein (i.e. β-tubulin), the respective membranes were stripped of the previously detected 

proteins by immersing the membrane in stripping buffer for 8 minutes with gentle agitation 

followed by 2 washes with DPBS and 1x TBS wash. The membrane was blocked with 

TBST-20 containing 5% non-fat milk powder for 2 hours and incubated with β-tubulin 

antibody diluted 1:500 overnight. Following overnight incubation, β-tubulin labelling was 

detected as described in subsection 3.5.6. 

3.6. Non-cell-based assay of Purified BACE enzyme 

Beta secretase inhibition profiling of GRT™ was assessed using fluorescence resonance 

energy transfer (FRET) in a purified enzyme assay. The assay is based on the FRET 

method which measures the fraction and/or efficiency, of transferred energy from a donor 

(fluorophore) to an acceptor (chromophore) (Jares-Erijman and Jovin, 2003). Thus, by 

attaching fluorophores, referred to as probes, to known sites within the BACE molecule, 

the efficiency of energy transfer can be measured. In this assay, the fluorescence signal 

becomes enhanced when BACE cleaves the substrate. The BACE inhibition activity of 

various concentrations of GRT™ was investigated following 2 hours incubation with the 

enzymes at room temperature. Following this, the fluorescent signal was quantified at 

Ex320 nm / Em405 nm on a SpectraMax i3 multimode plate reader. BACE inhibition 

GRT™ was compared to a known BACE inhibitor, N - (3 - ((4aS, 7aS) - 2 - amino - 4a, 5, 

7, 7a - tetrahydro - 4H - furo [3, 4-d] [1, 3] thiazine - 7a - yl) - 4 - fluorophenyl) - 5 - 

fluoropicolinamide (LY2886721). This inhibitor is a potent and selective BACE inhibitor 

with an IC50 of 20 nM for recombinant hBACE. Fluorescence values read were 
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extrapolated from the standard curve (100, 200, 300, and 500 pmol). Concentrations of 

GRT™ and LY2886721 are represented in the Table 4. The concentrations of GRT™ 

used are based on concentrations that have been used in other cell models, while BACE 

concentrations are literature review based.  

Table 4: Concentrations of Afriplex GRT™ used for the non-cell based BACE 
inhibition assay. 

 

3.7. In vivo experiments 

An in vivo model of type 2 diabetes (T2D) (C57BLKS obese diabetic Lepr db/db male 

mouse) and their db+ lean littermates (control) were used in this study. This in vivo 

component was divided into three treatment phases commencing from 6 weeks of age 

and based on the duration of treatment as depicted (Figure 6). Phase I (10 weeks 

treatment) and Phase II (16 weeks treatment) comprised of both obese diabetic Lepr 

db/db mice and lean, non-diabetic db+ mice, while Phase III (32 weeks treatment) 

comprised of only lean, non-diabetic db+ mice. Obese diabetic Lepr db/db mice were not 

used in Phase III of the study due to their advanced diabetic condition (Sataranatarajan 

et al., 2016). Within each phase, mice were further sub-grouped into five treatment groups 

with each group starting off with a total of eight mice (n=8) as denoted below (Table 5).
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GRT™ (µg/mL) LY2886721 (µM) 

0.01 0.0039 

1.0 0.039 

10.0 0.39 

100 3.9 

1000 39 
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Figure 9: In vivo experimental design overview. Male obese Lepr db/db mice and lean db+ (control) mice were randomized into three study 

phases. Within the phases, mice were grouped into 5 treatment groups as follows: Normal control (ground rodent food), Pioglitazone 15 

mg/kg/day; BACE Inhibitor 30 µM/kg/day; GRT™-1 74 mg/kg/day and GRT™-2 740 mg/kg/day for both the lean groups and obese groups. The 

mice were treated for 10, 16 and 32 weeks respectively for each phase, after which food intake, bodyweight and metabolic parameters were 

assessed. (OGTT: Oral glucose tolerance test, H&E: Haematoxylin and eosin)
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3.7.1. Ethical clearance 

All procedures in this study were performed in accordance with the ethical code of 

conduct, principles and guidelines as outlined by the South African Medical Research 

Council “Guidelines on Ethics for Medical Research Council”. In addition, Ethical 

approval for this study was granted by the Ethics Committee for Research on Animal 

(ECRA) at the South African Medical Research Council, Tygerberg, Cape Town 

(ECRA approval number (Ref 05/17) and the University of Zululand Research Ethics 

Committee (UZREC) and the Faculty Research Ethics Committees (FRECs) 

(UZREC/FRECS: UZREC 1711110-030 PDG 2017/207) (Appendix H). 

3.7.2. Animal observations 

Two hundred six-week old mice were obtained from and housed at South African 

Medical Research Councils’ PUDAC Unit under standard environment conditions (12 

hour light/dark cycle at 22 ± 2 °C). The mice were randomised into groups (Table 5). 

Routine health observations were performed and recorded on daily basis during all 

study phases as recommended by the guidelines of the South African Medical 

Research Council Ethics for Medical Research: use of animals in research and 

training. Daily observations included any visible signs of changes in skin and fur 

condition, eyes, teeth and mucous secretions and excretions. More so, behaviours 

such as shivering, pilorection, breathing rate, changes in posture, response to 

handling were noted on daily basis. Additionally, the presence of clonic or tonic 

movements, excessive or lack of grooming, severe dehydration and excessive weight 

loss or any other bizarre behaviour was monitored. Food and water consumption were 

monitored throughout the study phases. In accordance to the ethical guidelines for 

rodent handling, any atypical behaviours in the animals that was not anticipated as 

part of disease progression resulted in the exclusion of the respective animal from the 

study. Some of the animals in some treatment groups exhibited some atypical 

behaviours and thus not all groups were n = 8 at the end of the affected phase. 

3.7.3. C57BLKS db/db mouse housing  

Diabetic C57BLKS db/db and db+ male mice were bred and housed at the South 

African Medical Research Councils’ PUDAC Unit. Mice were housed (cage size 461 

cm x 165 cm x 174 cm) from weaning period and acclimatized until 6 week old. The 
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mice were supplied with fresh water, as well as food (standard rodent pellets) ad 

libitum. The cages were provided with autoclaved bedding material (CobTech) and 

cleaned according to the PUDAC SOP (Rodent Section, updated version from 2014). 

Forty (40) six week-old male obese diabetic db/db and forty (40) lean male db+ mice 

were randomly selected and assigned into five groups. The mice were housed as two 

mice per cage where they had free access to food (ground rodent food) and water. 

From 6 weeks of age, mice received their respective treatments added into their 

ground food according to their respective treatment phases (Table 5). The dose of the 

extract, GRT™-2 (740 mg/kg/day)  is based on the translated 60 mg/kg/day dose and 

a 10 x lower dose (GRT™-1, 74 mg/kg/day)  calculated and adjusted for mice using 

FDA approved formula for animal to human dose translation (Reagan-Shaw et al., 

2008). While Pioglitazone is based on studies by Patel et al., 2016, BACE inhibitor 

concentration is literature based. Prior to the beginning of the study, all selected mice 

were weighed and fasted in order to record their baseline body weights and fasting 

plasma glucose levels. Food intake was monitored three times a week whereas fasting 

glucose levels and body weights were monitored weekly.
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Table 5: Treatment groups for the three study phases and their corresponding daily doses of treatments, n=8. 
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3.8. C57BLKS db/db mice maintenance 

3.8.1. Preparation of treatments 

Food was prepared weekly, and the daily dose of each treatment was calculated and 

adjusted weekly according to the average body weights in each treatment group. The 

amount of food allocated to each cage was adjusted accordingly to the average food 

consumed. The treatments (Pioglitazone; BACE Inhibitor; GRT™-1 and GRT™-2 

Table 5) were mixed into the ground rodent food. Obese and lean controls received 

only ground rodent food. Food that remained was stored at room temperature under 

desiccation.  

3.8.2. Food intake monitoring 

To determine daily food intake, food was weighed before it was given to the mice. The 

remaining food was weighed and recorded the next day before new food could be 

given to the mice per cage. Daily food intake was calculated by subtracting the 

remaining food from the initial food given to the mice per cage. Food was given in cups 

and placed on a cup holder to minimize food spills and ensure that mice had access 

to food spill.  

3.8.3. Body weight monitoring  

Mice were weighed weekly throughout the study to assess the efficacy of the 

treatments on body weight and to determine total body weight gain. Body weight gain 

was calculated by subtracting the baseline body weight from the final body weight of 

each mice.  

3.8.4. Fasting plasma glucose concentration monitoring 

Fasting plasma glucose levels were measured weekly after an overnight (16 hour) 

fasting period. Blood was collected by pricking the tail of the mice with a needle. 

Thereafter, the sample was loaded onto a glucose strip inserted into a glucometer 

(Johnson & Johnson). Values obtained from the glucometer were recorded and the 

average glucose concentration of each group was calculated. 
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3.8.5. Oral glucose tolerance test (OGTT) 

Oral glucose tolerance tests were conducted on the day prior to the respective 

terminations with slight modifications from the protocol described by Mazibuko (2014). 

Mice were fasted overnight (16 hour) and fasting plasma glucose concentrations were 

measured as described in section 3.10.3. Following this, treatments were administered 

to the mice by oral gavage. Treatments were freshly prepared by dissolving the daily 

dose of all extracts and control agents in distilled water (dH2O). Obese and lean control 

groups received dH2O without treatments. An hour after administering treatments, the 

mice received 2 g/kg of glucose bolus via oral gavage. Blood glucose concentrations 

were measured at the following time intervals: 15, 30, 60 and 120 minutes. An area 

under the curve was calculated to indicate the level of glucose tolerance of the mice.  

3.9. Blood and tissue collection 

Mice were anaesthetized at the end of the study phases (Phase I, Phase II and Phase 

III) respectively by inhaling 2% fluothane. A mid-line abdominal incision was made, 

and blood was collected from the abdominal vena cava and transferred into serum 

separating tube (SST) which was stored on ice and kept at 4 °C. This blood was not 

used to determine fasting blood glucose levels as it is known to give abnormally high 

glucose values. Serum samples were prepared by centrifuging the blood collected at 

14000 rpm for 15 minutes at 4 °C. Serum samples were analysed for biochemical 

measurements as described below: The Pancreas of each mouse was harvested and 

fixed in 10% buffered formalin for immunohistochemically analysis. 

3.10. Serum samples analysis 

3.10.1. Fasting plasma insulin determination 

Serum insulin levels were quantified using an Ultra-sensitive Mouse Insulin ELISA kit 

from Crystal Chem. The samples were loaded onto the antibody pre-coated microplate 

ELISA plate with the insulin standards provided in the kit according to the protocol 

instructions. Samples were allowed to bind to the anti-insulin antibody in the pre-

coated plate for 2 hours. Unbound material was removed by washing five times. Bound 

insulin was detected as described in subsection 3.4.4. The relative insulin 

concentrations in each sample were extrapolated from the standard curve generated. 

The insulin concentrations used for the standard curve were 1.0, 2.0, 4.0, 8.0, 16.0, 

32.0 and 64.0 ng/mL. 
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3.10.2. Homeostatic model calculations  

Homeostatic Model Assessment of beta cell function (HOMA-β) and Homeostatic 

Model Assessment of Insulin Resistance (HOMA-IR) were calculated using the 

formulas below, where fasting insulin quantified in section 3.12.1. and fasting blood 

glucose measured described in section 3.10.4. were extrapolated below. 

 

1. HOMA‐β = 20 × (
𝐼𝑛𝑠𝑢𝑙𝑖𝑛

𝐺𝑙𝑢𝑐𝑜𝑠𝑒
) − 3,5 

 

 

2. HOMA‐IR =
(𝐼𝑛𝑠𝑢𝑙𝑖𝑛 ×  𝐺𝑙𝑢𝑐𝑜𝑠𝑒)

22,5
 

 

3.10.3. Serum C-peptide determination 

C-peptide levels were quantified using Mouse C-peptide ELISA kit from Crystal Chem. 

Strictly following the instructions in the protocol, serum samples, and kit standards 

were loaded into the plate and allowed to bind to the rabbit anti-C-peptide antibody 

coated in the microplate for 1 hour. Unbound material was removed by washing six 

times. Bound C-peptide was detected as described in subsection 3.4.4. The relative 

C-peptide concentrations in each sample was extrapolated from the standard curve 

generated. The C-peptide concentrations used for the standard curve were 1.0, 2.0, 

4.0, 8.0, 16.0, 32.0 and 64.0 ng/mL. 

3.10.4. Serum amylin determination 

Islet amyloid polypeptide (IAPP) commonly known as amylin levels in the serum 

samples were quantified using an amylin ELISA kit. Strictly following the instructions 

from manufacturers, serum samples, and kit standards were loaded into the Rat 

amylin ELISA plate and incubated for 2 hours. Bound amylin was detected as 

described in subsection 3.4.4. The relative amylin concentrations in each sample were 

extrapolated from the standard curve generated. The amylin concentrations used for 

the standard curve were 0, 62.5, 125, 250, 500, 1000 and 4000 pg/mL.  
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3.11. Histological tissue processing  

Pancreata fixed in 10% buffered formalin overnight, were processed in an automated 

tissue processer, using a predetermined processing schedule through ascending 

concentrations of ethanol (70% for 1.5 hours, 2 x 96% for 1 hour each and 3x 100% 

for 1 hour each) and three hourly changes of xylene. Thereafter, tissues were 

impregnated with molten paraffin wax (2 changes of 2 hours) and the tissue embedded 

into histology cassettes. Tissue sections of approximately 5 μm were cut from the 

cassettes on a rotary microtome.  The sections were floated onto a water bath set at 

± 40 °C and thereafter attached to aminopropyltriethoxysilane (APES) coated glass 

slides. Slides were incubated at 65 °C for 30 minutes to facilitate adherence of the 

tissue sections to the slides.



 

60 | P a g e  
 

3.11.1. Pancreatic islet staining and analysis 

For assessing pancreatic islet morphology and function, immunocytochemistry using 

insulin and glucagon antibodies were performed on sections of the pancreas. Images 

of the pancreatic islets were digitally captured by Nikon microscope and analysed 

using Image J software.  

3.11.2. Insulin and glucagon double labelling 

To assess islet phenotypic morphology, an immunolabelling method modified from 

Louw et al. (1997) was used in this study. Dewaxed and hydrated pancreas sections 

were incubated in 3% hydrogen peroxide (H2O2) to block endogenous peroxidase. To 

block non-specific binding, sections were incubated in 1:20 dilution of normal goat 

serum. The slides were blotted and primary antibody, 100 μL polyclonal anti-glucagon 

(1:50), was applied to the slides at room temperature (±25 ºC) for 30 minutes. The 

slides were washed with 0.05M TBS buffer, and the area around the sections was 

dried. The tissue was incubated with biotinylated rabbit anti-IgG for a further 30 

minutes. The slides were washed again and thereafter incubated with Vectastain® 

Avidin biotin complex for 1 hour to detect biotin molecules. After washing, liquid 3’3-

diaminobenzidine (DAB) substrate chromogen solution was added to slides for five 

minutes. During the DAB staining, the progress was viewed under a standard light 

microscope to prevent overstaining. The slides were washed with distilled water 

followed by a 0.05 M TBS washing step to conclude anti-glucagon labelling. For insulin 

labelling the sections were again blocked, using normal horse serum, after which a 

1:5000 dilution monoclonal anti-insulin antibody was added and the slides were 

incubated overnight (20-24 hours) in a refrigerator at 4 ºC. Following incubation, the 

slides were brought to room temperature and the EnvisionTM G/2 double stain system 

rabbit/mouse kit was used according to manufacturer’s instructions to complete the 

anti-insulin antibody labelling. 
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3.12. Statistical analysis  

Statistical analyses were performed using GraphPad Prism 5.0 Software (GraphPad 

Software Inc., La Jolla, USA) for generating graphs and for statistical analysis thereof; 

statistics such as mean values, standard deviations, and standard errors with a 95% 

confidence interval were calculated. Additionally, Grubbs test was used to identify and 

remove outliers from data sets. One-way Analysis of Variance (ANOVA) with a Tukey 

post hoc test was conducted if p <0.05. Two-way ANOVA’s were conducted, where 

applicable, in the in vivo study. Significant differences between groups (i.e. p< 0.05) 

were determined by student T-test. A Pearson’s correlation was used for correlation 

analyses, where relevant. P-values < 0.05 were considered statistically significant. 

Data is expressed as mean ± standard error of the mean (SEM). 

 

For the in vitro component of the study, all experiments were performed with three 

independent experiments, with at least three technical repeats each. The analysis of 

Western blots was performed using ImageLab software. For the in vivo component, 

one experiment was conducted with eight animals per experimental group. 

 

 

 

  



 

 
 

 

 

CHAPTER FOUR 
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Results
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4.1. In vitro results 

The initial step of the project was the development and characterization of INS-1 

derived pancreatic β-cell spheroids, to assess the feasibility of generating functional 

β-cell spheroids using the BAM 3D clinostat system, as previously described for C3A 

liver spheroids by Fey and Wrzesinski., 2013. Measurements of ATP content and size 

profiling were conducted as part of optimization and characterization. Transmission 

electron microscopy was used to investigate the ultra-structural features of these 

spheroids. 

Once the model was established, glucotoxicity was experimentally induced in the 

spheroids by supplementing RPMI 1640 media which normally contains 11 mM 

glucose to a final concentration of 33 mM (HG-33 mM). The spheroids were subjected 

to the following treatment conditions: Optimal glucose control (NG; 11 mM glucose), 

high glucose (HG; 33 mM glucose), high glucose supplemented with an aspalathin-

rich green Rooibos extract GRT™ (HG-GRT™) and high glucose supplemented with 

BACE inhibitor LY2886721 (HG-BACE) and treated for 2 weeks. 

Subsequently the effects of supplemented treatments (GRT™ and BACE inhibitor) to 

ameliorate glucotoxicity were examined by assessing cell viability using an ATP assay, 

spheroid size profiling and glucose utilization. More so, the effects of the treatments 

on the function of the spheroids was assessed by performing a glucose stimulated 

insulin secretion (GSIS) and amylin (IAPP) secretion assays. Additionally, the effect 

of the treatments on pro-inflammatory cytokine production and the expression of 

proteins relating to spheroid function and/or morphology were assessed.  
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4.1.1. BACE Inhibition  

Beta secretase inhibition activity of GRT™ was assessed in a non-cell-based assay. 

The BACE inhibition assay indicates a concentration dependent response following 2 

hours of incubation with a known BACE inhibitor (LY2886721).  After 2 hours, the two 

highest concentrations of the known inhibitor; 3.9 and 39 μM significantly reduced 

activity of BACE compared to the lowest concentration (0.0039 μM) (71.9% ± 6.44; 

p=0.0010; 23.5% ± 5.88 p<0.001 vs 103.6% ± 0.73, respectively). Moreover, the 

highest GRT™ concentration (1000 µg/mL) significantly reduced BACE activity (83.4% 

± 3.40, p<0.001 vs 102.2% ± 1.75) (Figure 10). GRT™ did not have any massive effect 

on BACE inhibition.  

 

Figure 10: BACE inhibition profile of GRT™. BACE inhibition activity of GRT™ was 

compared to a known inhibitor (LY2886721) using a purified BACE enzyme assay. 

Concentrations: LY2886721 (μM): 1=0.0039. 2=0.039. 3=0.39. 4=3.9. 5=39; GRT™ (µg/mL): 

1=1; 2=10; 3=100; 4=500; 5=1000.  

Data is presented as the mean (± SEM) of three independent experiments (n=3), relative to that specific 

treatment’s lowest concentration used; One-way ANOVA and Student T-test; ##=p<0.05. ###=p<0.001 

vs. control of LY2886721; ***=p<0.001 vs. control of GRT™. 
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4.1.2. Characterization of the β-cell spheroids  

A method for establishing long-term culture of β-cell spheroids was adopted from Fey 

and Wrzesinski., 2013. Briefly, INS-1 cell aggregates were formed in AggreWell™ 

400Ex plates (Figure 11B). A visual volume and/or fullness of about 80 - 95 % per 

microwell was accepted and those spheroids were transferred into bioreactors to form 

β-cell spheroids. The spheroids were established and maintained using the BAM 3D 

clinostat system. The rotation speed of the bioreactors was adjusted to spheroid size 

and morphology to achieve microgravitational conditions that allow spheroids to remain 

suspended at fixed positions in the media (Wrzesinski, 2009). 

 

Figure 11: Representative images of INS-1 cells in conventional culture and in a 

AggreWell™ 400Ex plate. INS-1 cells at 75 % confluency cultured in a 75 cm2 culture flask (A) 

after 3 days of incubation at standard culture conditions (10X magnification). The formation of 

INS-1 clusters (10X magnification) following seeding and centrifugation into an AggreWell™ 

400Ex plate (B). INS-1 β-cells and clusters were grown at standard culture conditions (37 °C in 

5% CO2 and humidified air)
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4.1.3. ATP content of the β-cell spheroids  

The ATP content of the developed spheroids (day 1 to day 14) was determined as an 

indicator of viability, cell growth and to confirm the validity of the model. The ATP content 

of the spheroids increased proportionally to the number of days in culture representing 

metabolically active spheroids. From day 10, the ATP content of the spheroids stabilised 

and reached an equilibrium plateau.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: ATP content of INS-1 spheroids. The total ATP content was assessed in untreated 

spheroids grown for up to 14 days using ATP assay.  In each assay average relative light units 

(RLU) from triplicates (3 independent experiments) was normalized to proteins of the spheroids 

and set to 100%.  

Data expressed as mean ± SEM, Student-T test was used to conduct analysis; ***= p<0.0001 

vs day 1.
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4.1.4. Spheroid size profile  

The spheroids sizes were profiled and measured by image analysis using an inverted light 

microscope to monitor their growth as an indicator of viability (Figure 13). The measured 

time points were as follows: day 1, representing the day spheroids were dislodged from 

the AggreWell™ plate and transferred into the bioreactors, and days 4, 10 and 14 after 

transfer into the bioreactors. The sizes of the spheroids determined by total area 

measurements increased proportionally to the number of days in culture (Figure 13).  

 

Figure 13: Size profile of INS-1 spheroids. The total area of the spheroids showing an increase 

in sizes proportional to the number of days in culture (day 1 to 14). Scale bars: 200 µm.
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4.1.5. Morphology of the spheroids in semi-thin toluidine blue (TB) sections  

Semi-thin resin sections stained with TB revealed the morphological features of β-cell 

spheroids. Light microscopy clearly revealed a mantel of viable cells. A clear distinction 

between viable cells and dead cells was observed. The outer mantel of viable cells was 

of a similar thickness surrounding the spheroid (Figure 14).  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Histological images of toluidine blue INS-1 spheroid sections. Semi-thin TB 

sections revealing morphological features of β-cell spheroids. These morphological features 

include a central necrotic core (NC), outer mantel of viable cells with euchromatic nuclei 

prominent nucleoli. A clear delineation between the viable cell mantel and the apoptotic/necrotic 

core is apparent. Additionally, within the outer mantel, the outer layer of cells on the surface of 

the spheroid appeared to have less vacuoles than the cells deeper within the spheroid. Section 

captured using a 40 x objective.
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4.1.6. Ultra-structural examination of spheroids by TEM 

Transmission electron microscopy (TEM) was used to assess the cellular changes on a 

structural level, demonstrating ultrastructural features of the β-cell spheroids (Figure 

15). Notably, the spheroids expressed ultra-structural features synonymous with 

pancreatic β-cells as evident in the electron micrographs (Figure 15).  

The insulin-like secretory β granules were visible (Figure 16). Ultrastructural features 

including the presence of rough endoplasmic reticulum (RER), Golgi apparatus, nuclei, 

nucleoli and mitochondria were confirmed (Figure 16).  

Mitotic cells were occasionally observed, confirming cell turn-over within the outer 

mantel (Figure 15 & Figure 16). The central core of the spheroids presented with an 

area of dead cells at different stages of apoptosis and cellular debris (Figure 18).  
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Figure 15: Transmission electron micrograph of INS-1 spheroids showing characteristics 

features synonymous to pancreatic β-cells. The EM shows the typical presence of 

neuroendocrine cell demonstrating some characteristic ultrastructural features synonymous 

with pancreatic β-cells. These features include euchromatic nuclei with prominent nucleoli, RER 

and Golgi apparatus indicative of active protein synthesis (A). The presence of some apoptotic 

cells and a mitotic cell (insert) confirms active cellular turnover (B). The chromosomes are 

evident in the dividing cell (anaphase).  

N= Nucleus, * = Nucleolus, White Arrows = Chromosome cell, Circle DV = dividing cell, GA = Golgi 

apparatus.  Scale bars = 5000 nm and 20000 nm.  
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Figure 16: Transmission electron micrograph of INS-1 spheroids. Electron micrograph 

showing functional neuroendocrine cell with insulin-like secretory β granules i.e. membrane-

bound granules of approximately 300 nm in dimeter with an electron-dense central crystalloid 

core surrounded by electron-lucent area (A). The insert shows an enlarged area demonstrating 

mitochondria, RER and insulin granules (B).  

FC = Functional β-cells containing many insulin-like secretory β granules, (*) = Nucleolus, N= Nucleus, 

AC = Apoptotic cell, RER = Rough endoplasmic reticulum, Mt = Mitochondria (Mt), IG = Insulin-like 

secretory β granules. Scale bar = 10000 nm and 2000 nm (Insert). 
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Figure 17: Transmission electron micrograph of INS-1 spheroids showing β-cell 

characteristics. Electron micrograph confirming the presence of characteristic insulin-like β 

granules and the presence of an early apoptotic cell located next to the live cells (A). The insert 

micrograph showing an active cell with numerous insulin-like secretory β granules. The 

presence of blebbing mitochondria is indicative of ischemic cellular stress (B).  

Orange arrows = blebbing mitochondria, AC = Apoptotic cell, RER = Rough endoplasmic reticulum, white 

arrows IG = Insulin secretory β granules. Scale bar = 5000 nm and 2000 nm (Insert).  
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Figure 18: Transmission electron micrograph of apoptotic region in INS-1 spheroids. 

Ultrastructural features of the central portion of the spheroids demonstrates an area of apoptotic 

cells in various stages of apoptosis, indicative of an area of ischemia and nutrient deficiency.  

LA = Late apoptosis, Arrows = Early apoptosis. Scale bar = 20000 nm.
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4.1.7. Experimental induction of glucotoxicity in the spheroids  

We induced in vitro glucotoxicity by supplementing glucose to RPMI-1640 media which, 

originally contained 11 mM glucose, to a total concentration of 33 mM glucose (HG). In 

addition, two treatment conditions, plant-based (HG-GRT™) and chemical based (HG-

BACE) were used to assess their effect in ameliorating glucotoxic conditions on the novel 

spheroid model. RPMI-1640 media was used as the normal control (NG: 11 mM glucose). 

The following: week 1 and week 2 are used to denote treatment periods, while day 14 

represents the day when treatment was started. 

4.1.7.1. Improved size profiles in glucotoxic spheroids  

The spheroids size profiles from day 1 to day 14 were determined as previously described 

in (subsection 4.1.3). Glucotoxicity was induced at day 14 and thereafter, the effect of 

HG and subsequent treatments (GRT™ and BACE) on spheroid sizes was measured 

(Figure 19). The time points when the spheroids total areas were measured were: Day 

14 (before treatment), and 1 and 2 weeks (after glucotoxicity induction and treatment). 

At day 14, spheroid sizes were comparable to each other (Figure 20). After 1 week of 

glucotoxicity induction, a significant decrease in spheroid size was observed in the HG 

group compared to the NG (7185 µm2 ± 100 vs 25030 µm2 ± 500; p <0.0001). 

Interestingly, HG-GRT™ and HG-BACE improved the sizes of the spheroids compared 

to the HG group (13308 µm2 ± 1500; p= 0.001; 10812 µm2 ± 250; p= 0.04 vs 7185 µm2 ± 

100; respectively). 

After 2-weeks of glucotoxicity induction, spheroids in the HG group seemed to have 

recovered from the “shocking deleterious” effect of high glucose shown by an increase in 

spheroid size compared to week 1 (22658 µm2 ± 350 vs 7185 µm2 ± 100) (Figure 20). A 

similar effect was observed in the HG-GRT™ and HG-BACE (24992 µm2 ± 500 vs 13308 

µm2 ± 1500) and (23593 µm2 ± 497.5 vs 10812 µm2 ± 250) (Figure 20). 
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Figure 19: Size profile of INS-1 spheroids. The effect of glucotoxicity and treatments on the 

spheroids is represented from week 1 and week 2. Day 14 represents the day of the start of the 

treatment where spheroid sizes were comparable in all groups. One week after inducing 

glucotoxicity, the size of the HG treated spheroids was drastically reduced compared to NG 

group, with GRT™ and BACE treatments improving the size of the spheroids compared to HG 

group. After 2-weeks, the spheroid sizes improved, although in the HG treated spheroids 

remained smaller compared to the NG group while the GRT™ and BACE treatments were larger 

than HG group. Scale bars: 200 µm (Day 14, Week 1 and Week 2). 
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Figure 20: Average INS-1 spheroid sizes. Area of the spheroids before the start of the 

treatment (Day 14), and one week and two weeks after inducing glucotoxicity.  

Data presented as the mean ± SEM of three independent experiments (n=3). Two-way ANOVA 

(Sidak's multiple comparisons test); followed by a Student-T test where appropriate; # = p<0.05; ### 

= p<0.0001 vs HG at the specific time point, ++ = p<0.001; +++ =p<0.0001 vs. NG group at the specific 

time point.

D
a
y
 1

4

W
e
e
k
 1

W
e
e
k
 2

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

A
r
e

a
 (

u
m

2
)

N G H G H G -G R T ™ H G -B A C E

+ + +

###

#

In d u c e d  g lu c o to x ic ity

+ +

+ + +

+ + +

+ + +

+ + +
+ + +



 

77 | P a g e  
 

4.1.7.2. The amelioration of high glucose-induced toxicity 

The ATP production as a measure of the spheroid’s viability and cell growth in spheroids 

experimentally exposed to glucotoxicity were assessed. Overall, the ATP production of 

the spheroids grown in NG- 11 mM significantly increased proportionally over time in 

culture (Figure 21).  

In the HG treated group, there was a reduction in cellular ATP production when 

compared to the NG (73.63% ± 2.13 vs 100.0% ± 0.36; p< 0.001) week 1 after inducing 

glucotoxicity (Figure 21). Meanwhile, HG-GRT™ group significantly improved the 

viability of the spheroids when compared to the HG group (82.49% ± 1.07 vs 73.63% ± 

2.13; p<0.05), while HG-BACE had a non-statistically significant increase of ATP (Figure 

21).  

After two weeks of inducing glucotoxicity, significant reductions in cellular ATP content 

were observed in the HG, HG-GRT™ and HG-BACE groups compared to the NG 

(58.07% ± 0.51, 75.5% ± 1.91, and 73.3% ± 1.89 vs 100.0% ± 0.49; p<0.0001). 

Interestingly, although reduced spheroid ATP content was observed in both HG-GRT™ 

and HG-BACE, compared to NG group, both groups had a higher spheroid ATP content 

than the HG group (75.5% ± 1.91, and 73.3% ± 1.89, respectively vs 58.07% ± 0.51; 

p<0.001) (Figure 21). 
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Figure 21: ATP content profile. The effect of glucotoxicity and treatments on INS-1 spheroids 

viability following exposure for two weeks was assessed. Cell viability was quantified by using 

ATP luminescence assay and normalised to protein.  

Data presented as the mean ± SEM of three independent experiments (n=3). Two-way ANOVA 

(Sidak's multiple comparisons test); followed by a Student T-test where appropriate; *** =p<0.0001 

vs. NG from day 14; # = p<0.05; ## =p<0.001; ### p< 0.0001 vs HG at the specific time point, +++ 

=p<0.0001 vs. day at the specific time point.
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4.1.7.3. Glucose utilization profiling 

Despite the effects observed on size profiling and ATP production, the glucose 

utilization profile of the spheroids was comparable throughout the study (Figure 22).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Glucose utilisation profile of INS-1 spheroids. Glucose utilization was 

monitored throughout the culturing of the spheroids under the following conditions: 

normal glucose levels (NG), glucotoxicity (HG) and during treatments: HG-GRT™ and 

HG-BACE. Glucose utilization was comparable in all the groups throughout the study. 

Glucose concentration was measured in mmol/L when growth media was refreshed 

and calculated as a percentage relative to the freshly added media at 100%.  

Data is presented as the mean ± SEM of three independent experiments (n=3).
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4.1.8. Function of the spheroids 

Spheroids function was assessed by performing a glucose stimulated insulin secretion 

(GSIS) assay. Insulin secretion and concomitant amylin secretion from basal (2.8 mM) 

and stimulated (16.7 mM) glucose concentrations were determined. 

4.1.8.1. Glucose Stimulated Insulin Secretion in the spheroids  

In the NG group insulin secretion was increased at stimulated glucose levels 

compared to basal levels (41.08 ng/mL ± 5.23 vs 22.6 ng/mL ± 3.49; p=0.001), while 

no statistical significance was observed in the HG group. Similarly, stimulated glucose 

levels enhanced insulin secretion in the HG-GRT™ group compared to basal levels 

(30.8 ng/mL ± 2.49 vs 17.9 ng/mL ± 2.54; p=0.05) (Figure 23).   

In the HG and HG-BACE group, significant increases in basal insulin secretion was 

observed compared to the NG group (48.8 ng/mL ± 2.39 ng/mL; p=0.0001 and 37.77 

ng/mL ± 4.87; p= 0.02 vs 22.6 ng/mL ± 3.49; respectively) (Figure 23). Interestingly, 

HG-GRT™ blunted the glucotoxic effects compared to the HG group (17.9 ng/mL ± 

2.54 vs 48.8 ng/mL ± 2.39 ng/mL; p< 0.0001). HG-BACE induced a trend towards 

reducing insulin secretion (37.8 ng/mL ± 4.87 vs 48.8 ng/mL ± 2.39 ng/mL; p=0.07) 

(Figure 23).  

4.1.8.2. Intracellular Amylin Secretion in the spheroids stimulated with glucose 

Glucose stimulation had no effect on amylin secretion in the NG group. However, in 

the HG and the HG-BACE groups, significant increase in amylin secretion was 

observed following glucose stimulation (41.7 pg/mL ± 7.18 vs 20.3 pg/mL ± 4.39; 

p=0.01; 43.9 pg/mL ± 5.38 vs 21.5 pg/mL ± 3.57; p=0.007). Treatment with GRT™ 

blunted this effect (p= NS) (Figure 24).  

At basal glucose levels, higher amylin concentrations were observed in the HG-GRT™ 

compared to the NG and the HG groups (30.2 pg/mL ± 1.43 vs 21.5 pg/mL ± 3.57; 

p=0.05 and 20.3 pg/mL ± 4.39; p=0.05) (Figure 24). 

At stimulated glucose levels, amylin levels were higher in the HG, HG-GRT™ and HG-

BACE groups compared to the NG (41.7 pg/mL ± 7.18; 32.5 pg/mL ± 7.19 and 43.9 

pg/mL ± 5.38 vs 12.8 pg/mL ± 3.08; p<0.05, respectively).  
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Figure 23: Glucose stimulated insulin secretion of treated INS-1 spheroids. Insulin 

secretion was measured in response to basal glucose levels (2.8 mM) and stimulation levels 

(16.7 mM) under different treatment conditions: normal glucose control (NG-11 mM glucose), 

high glucose control (HG-33 mM glucose), high glucose treated with GRT™ (HG-GRT™) and 

high glucose treated with BACE inhibitor LY2886721 (HG-BACE). Insulin was quantified 

spectrophotometrically using ELISA (630 nm).  

Data is presented is the mean ± SEM of three independent experimental repeats (n=3) relative to 

the control. Two-way ANOVA was used for analysis (Sidak's multiple comparisons test); followed by 

a Student T-test where appropriate; * = p< 0.05 vs basal glucose levels at that specific treatment 

group, # = p< 0.01, ## = p<0.001 , ### = p <0.0001 vs basal NG.
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Figure 24: Amylin secretion profile of INS-1 spheroids. Effect of the treatments on glucose 

stimulated amylin secretion was determined in the spheroids following treatments as follows: 

Normal glucose control (NG-11 mM glucose), high glucose control (HG-33 mM glucose), high 

glucose treated with GRT™ (HG-GRT™) and high glucose treated with BACE inhibitor 

LY2886721 (HG-BACE). Amylin secretion was significantly reduced in the NG after stimulation 

while in the HG, HG-GRT™ and HG-BACE, amylin secretion was increased compared to basal 

glucose levels. Amylin was quantified spectrophotometrically using the Spectra-max (450 nm).  

Data is presented is the mean ± SEM of three independent experiments (n=3), relative to the control. 

Analysis was conducted using Two-way ANOVA (Sidak's multiple comparisons test); followed by a 

Student T-test where fitting; * = p< 0.05 and ** = p<0.001 vs basal glucose levels at that specific 

treatment group,  # = p< 0.05 and ## = p<0.001 vs  stimulated  NG levels, $ = p< 0.05  vs  basal NG 

levels. 
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4.1.8.3. Insulin to Amylin Ratio 

Glucose stimulation had no effect on the insulin/amylin ratio in the NG group. However, 

in the HG group, the basal insulin/ amylin ratio was significantly increased compared 

to the stimulated insulin/ amylin ratio (168.8% ± 33.37 vs 28.1% ± 5.82; p=0002)  while 

the glucose stimulated ratio was reduced compared to the NG group (28.1% ± 5.82 vs 

64.4% ± 16.86; p=0.02). The GRT™ treatment significantly reduced the basal insulin/ 

amylin ratio compared to NG and HG groups (34.7% ± 5.16 vs 100% ± 26.43 and 

168.8% ± 33.37; respectively), while BACE had no effect (Figure 25). Moreover, 

compared to the HG group, HG-GRT™ had a lower basal insulin / amylin ratio (168.8% 

± 33.37 vs 34.7% ± 5.16; p= 0.004).  

Using Pearson r correlation coefficient, positive correlation at basal insulin and amylin 

secretion in the NG group was observed [r =-0.86, p =0.003] (Table 6). While at 

stimulated glucose levels, a positive correlation was only observed for the HG-GRT™ 

group (r=0.73, p=0.03) (Table 6). 

Table 6: The relationship between insulin and amylin secretion in response to 
basal and stimulation glucose levels 
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Figure 25: Insulin/amylin secretion ratio. Insulin to amylin ratio was determined as an 

indicator of the function of the spheroids following basal (2.8 mM) and stimulation (16.7 mM) 

glucose levels treatments in the groups: Normal glucose control (NG-11 mM glucose), high 

glucose control (HG-33 mM glucose), high glucose treated with GRT™ (HG-GRT™) and high 

glucose treated with BACE inhibitor LY2886721 (HG-BACE). Insulin and Amylin were 

quantified spectrophotometrically using an ELISA (630 /450 nm). The percentage of amylin to 

insulin ratio was calculated by averaging the respective technical repeats of each end point assay. 

 

Data is presented is the mean ± SEM of three independent experiments (n=3), relative to the control. 

Analysis was conducted using Two-way ANOVA (Sidak's multiple comparisons test); followed by a 

Student T-test where fitting; ** = p< 0.05, *** = p<0.001 vs same group at 16.7 mM; ## = p<0.001 vs 

HG, $$$ = p<0.001 vs basal NG and HG respectively. 
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4.1.9. The effect of GRT™ extract and BACE inhibitor on HG induced 

inflammation 

We assessed the secretion of the pro-inflammatory cytokines, interleukin 6 (IL-6) and 

10 (IL-10) and tumour necrosis factor alpha (TNF-α) by spheroids at week 1 and week 

2 after glucotoxicity induction and subsequent treatments.  

4.1.9.1. Effects of GRT™ and BACE inhibitor on TNF- α and IL-6 levels  

After 1 week of glucotoxicity induction, higher TNF-α levels in the HG and HG-GRT™ 

were observed compared to the NG group (2.4 pg/mL ± 0.24; p= 0.001 and 2.3 pg/mL 

± 0.33; p= 0.01 vs 1.1 pg/mL ± 0.23, respectively). The HG-BACE group had 

significantly lower TNF-α levels compared to HG group (2.4 pg/mL ± 0.24, 0.67 pg/mL 

± 0.15; p< 0.0001) (Figure 26A).  

 

After 2 weeks, increased levels of TNF-α persisted in the HG group while in the HG-

GRT™ group, these levels were reduced (1.6 pg/mL ± 0.16 vs 2.6 pg/mL ± 0.33; p= 

0.02). Interestingly, TNF-α levels increased in the HG-BACE group after 2 weeks (2.4 

pg/mL ± 0.24 vs 0.9 pg/mL ± 0.20; p= 0.0001).  

 

IL-6 levels were not detectable in the NG and BACE group while low levels were 

detectable for HG and HG-GRT™ following week 1 of glucotoxicity induction (Figure 

26B). After 2 weeks, IL-6 levels had increased but these differences were not 

significant across the groups (Figure 26B). 
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Figure 26: Pro-inflammatory cytokine levels in treated INS-1 spheroids following glucotoxicity induction. Effects of HG, HG-GRT™ and HG-

BACE inhibitor on the secretion of TNF-α levels (A) and IL-6 levels (B) in the spheroids. TNF-α and IL-6 were quantified spectrophotometrically using 

an ELISA (630 nm).  

Data is presented as the mean ± SEM of three independent experiments (n=3), relative to the control. Analysis was conducted using Two-way ANOVA (Sidak's multiple 

comparisons test); followed by a Student T-test where appropriate; * = p<0.05, ** = p<0.001, *** = p<0.0001 vs same group at week 1; # = p<0.05, ## = p<0.001, ### 

=p<0.0001 vs. NG. 
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4.1.10. Western blot analysis 

Although not statistically significant, fold expression changes were observed in 

TMEM27 expression in the HG, HG-GRT™ and HG-BACE groups (3-, 7- and 4-fold 

increase, respectively) compared to NG group (3.15 ± 2.44; 7.11 ± 5.95 and 4.38 ± 

2.41vs. 1.0 ± 0.54, respectively) (Figure 26A). Similarly, 4 and 1.7-fold increases in 

BACE was observed in the HG-GRT™ and HG-BACE group compared to the NG 

group (2- and 1.7-fold increase, respectively) compared to NG group (2.12 ± 0.91 and 

1.74 ± 0.84 vs. 1.0 ± 0.82, respectively) (Figure 27B). 

No fold change in PDX-1 expression was observed (Figure 27C) while Ki-67 

expression increased 2-fold in HG-GRT™ compared to NG group (2.72 ± 0.88 and vs 

1.0 ± 0.31) (Figure 27D). Additionally, no significant fold changes were observed in IR, 

GLUT-2 (Figure 27E&F), p-38, ERK1/2 (Figure 27G&H), LC3A/B and AKT protein 

expression levels in HG, HG-GRT™ and HG-BACE compared to NG groups (Figure 

27I&J). 

Moreover, we were unable to detect amylin and caspase-3 expression in the spheroids 

after various optimizations. 
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Figure 27: Functional protein expression in treated INS-1 spheroids. Expression of BACE2 (A), TMEM27 (B), PDX-1 (C), Ki-67 (D), IR (E), GLUT-2 

(F), AKT G), p38 (H), ERK (I), LC3AB (J). Chemiluminescent images were obtained on the ChemiDoc to quantify protein expression. Data presented is the 

mean ± SEM of three independent experiments and normalised to total protein (n=3) and expressed relative to the control (NG); One-way ANOVA (Tukey 

post-hoc test).
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4.1.2. Summary of Results 

Table 6: Summary of the effect of HG- GRT™ and HG-BACE on viability, cell function, 
inflammation in the spheroids. 

 NG HG HG-GRT™ HG-BACE 

Viability and cell growth 

Size profiling - ↓ ↑↑ ↑↑ 

ATP content - ↓↓ ↑↑ ↑↑ 

Glucose utilization - Θ Θ Θ 

Function 

Insulin secretion - Dysfunctional ↑↑ ↑↑ 

Amylin secretion - ↑ ↑ ↑ 

Insulin/Amylin ratio - ↑↑ ↓↓ ↑ 

Correlation insulin 

and amylin 

+ only at basal 

glucose levels 

Θ + only stimulatory 

glucose levels 

Θ 

TNF-α secretion - ↑↑  ↓↓ at week 2 ↓ at week 1 

IL-6 secretion - ↑↑  ↑↑ ↓ at week 1 

IL-10 secretion ND ND ND ND 

Western blots 

Amylin ND ND ND ND 

BACE2 - Θ ↑↑ fold increase ↑↑ fold increase 

Caspase 3 ND ND ND ND 

TMEM27 - ↑↑ ↑↑ ↑↑ 

ERK1/2 - Θ Θ Θ 

LC3A/B - Θ Θ Θ 

p38 - Θ Θ Θ 

PDX-1 - Θ Θ Θ 

GLUT-2 - Θ Θ Θ 

AKT - Θ Θ Θ 

IR - Θ Θ Θ 

Ki-67 - Θ ↑↑ fold increase Θ 

** Arrow represents ↓decrease, ↑ increase / improved, ND= Not detectable, += Positive 

correlation, Θ= No effect / No correlation.  
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4.2. In vivo results 

The efficacy of GRT™ and BACE inhibitor to ameliorate hyperglycemia induced 

changes in the pancreas was investigated in six-week-old C57BLKS homozygous 

obese diabetic Lepr db/db and heterozygous lean non-diabetic db+ mice. In this study, 

we used male mice on the basis of avoiding hormonal interplay which would render 

the results uninterpretable and female animals are quite protective in several diseases. 

The study was divided into three phases: phase I (10 weeks treatment), phase II (16 

weeks treatment) and phase III (32 weeks treatment) as detailed in the methods 

section. An insulin sensitizing anti-diabetic drug, pioglitazone was used as treatment 

control (positive control). A low and high dose of GRT™ extract (GRT™-1 and GRT™-

2, respectively) and a BACE inhibitor (β-secretase inhibitor IV) were used in each 

phase. 

Physiological parameters such as calorie intake and body weights were assessed, 

while biochemical parameters assessed included: fasting blood glucose, oral glucose 

tolerance, fasting serum insulin, C-peptide and amylin levels. Insulin resistance and β-

cell function were assessed by calculating HOMA-IR and HOMA-β respectively. 

Immunohistochemistry was used to assess the effect of treatment on the pancreatic 

islets.  

4.2.1. Morbidity and Mortality 

None of the non-diabetic db+ treatment groups exhibited adverse effects or caused 

mortality. In the diabetic db/db mice, apart from the anticipated pathophysiological 

phenotypic traits, such as hyperphagia, hyperglycemia, and increased body weight, 

treatments did not induce any adverse effects. 

4.2.2. Calorie intake and body weight  

In phase I, statistically significant increases in calorie intake and body weight were 

observed in db/db mice compared to db+ mice over the 10-week period (p<0.05) 

(Figure 28A & B). A similar effect was observed in phase II (p<0.05) (Figure 29 A & B).  

In the db+ mice, no apparent changes in body weight and calorie intake throughout 

the phases were observed, except at the end of each respective phase (phase I, II, III) 

(Figure 28A, Figure 29A & Figure 30).
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In phase I db+ mice, a decrease in calorie intake in BACE inhibitor and an increase in 

GRT™-2 groups respectively was observed compared to the NC group (4056 ± 52.1; 

p=0.003 and 4690 ± 2.5; p=0.02 vs 4417 ± 52.0). In phase II, increases in calorie intake 

for BACE inhibitor, GRT™-1 and GRT™-2 were observed (4685 ± 2.5; p=0.02; 4417 

± 52.0; p=0.01 and 4237 ± 52.0; p=0.03 vs 3245 ± 471.3, respectively). Additionally, 

all treatments had higher body weight and calorie intake compared to phase I and 

phase II (p>0.05) (Figure 28A & Figure 29A).  

 

In the db/db mice, all treatment groups had no significant effect on calorie intake except 

for GRT™-1, which increased calorie intake only in phase I (5767 ± 2.5 vs 5411 ± 2; 

p=0.002) (Figure 29B). 
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Figure 28: Body weight and calorie intake in phase I. Body weights and calorie intake were monitored during 10 weeks of treatment in non-

diabetic db+ mice (A) and diabetic db/db mice (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM (n = 4 per group) (Two-way ANOVA) 
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Figure 29: Body weight and calorie intake in phase II. Body weights and calorie intake were monitored during 16 weeks of treatment in heterozygous 

db+ mice (A) and homozygous db/db mice (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM (n=7-8 per group) (Two-way ANOVA). 
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Figure 30: Body weight and calorie intake in phase III. Body weights and calorie intake were 

monitored during 32 weeks of treatment in heterozygous db+. NC: Normal control, BACE: β-secretase 

inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM (n=8). 
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4.2.3. Fasting blood glucose and glucose tolerance 

Fasting blood glucose (FBG) levels were higher in the db/db mice in both phase I and 

phase II compared to their db+ littermates (p<0.05) (Table 8 & Table 9).  

4.2.3.1. Heterozygous db+ mice results in phase I, II and III 

Fasting blood glucose levels were increased in all treatment groups of phase II 

compared to the same groups of phase I (p<0.05), followed by a gradual decrease in 

phase III (Table 8). Oral glucose tolerance remained comparable throughout the 

phases (Table 8). 

Table 7: Impact of treatments on fasting blood glucose and oral glucose 
tolerance in phase I, II, III heterozygous db+ mice.  

Fasting blood glucose levels increased in phase II compared to phase I, followed by a 

gradual decline in phase III.  

 

NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

Data is expressed as mean ± SEM (n=4-8); *p<0.05 vs. phase I and † p<0.05 vs phase II, (One-Way 

ANOVA, Tukey post-test).  

 

 Group Mean ± SEM  Mean ± SEM Mean ± SEM 

  Phase I Phase II Phase III 

FBG (mmol/L) NC 7.8±0.6 12.6±3.9 * 6.3±0.2 † 

 Pioglitazone 6.5±1.1 9.1±1.7 * 7.2±0.4 † 

 BACE  7.5±0.1 12.1±3.5 * 7.0±0.2 † 

 GRT™-1 7.5±0.1 11.1±2.5 * 7.6±0.2 † 

 GRT™-2 8.5±0.3 9.5±3.7 * 7.6±0.5 † 

OGTT (AUC) NC 1210±55 1064±69 1058±21.9 

 Pioglitazone 991±92 1124±41 1039±29.7 

 BACE  1034±47 1232±72 1232±72.2 

 GRT™-1 1138±197 1242±51 1102±48.7 

 GRT™-2 1195±93 1156±66 1008±30.3 
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4.2.3.2. Homozygous db/db mice results in phase I and II  

Decreased FBG levels were observed at the end of phase I and phase II in the 

pioglitazone group compared to NC (Table 9). Additionally, BACE inhibitor and 

GRT™-2 improved glucose tolerance of the mice in phase I (2412 ± 121.0; p=0.01 

and 2293 ± 105.6, p= 0.02 vs 2970 ± 95.62, respectively) (Figure 31A and Figure 31B).  

In phase II, only pioglitazone improved glucose tolerance of the mice (1884 ± 296.0 

vs 3238 ± 260.5; p= 0.004) (Figure 32A and Figure 32B), however FBG levels were 

not affected (Table 9). 

Table 8: FBG levels of treatment groups in homozygous db/db mice of phase I 
and II.  

Pioglitazone decreased FBG levels in both phase I and II compared to other 

treatments. 

 

NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose.  

Data is expressed as mean ± SEM (n=4-8), (One-Way ANOVA, Tukey post-test). 

 

 

 Group Mean ± SEM  Mean ± SEM 

  Phase I Phase II 

FBG (mmol/L) NC 14.1 ± 1.9 12.3 ± 1.8 

 Pioglitazone 10.5 ± 1.0 9.3 ± 1.4 

 BACE  12.5 ± 2.1 11.4 ± 0.5 

 GRT™-1 12.4 ± 2.3 14.6 ± 2.5 

 GRT™-2 11.8 ± 0.8 12.8 ± 2.5 
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Figure 31: OGTT of db/db mice at the end of phase I. Oral glucose tolerance of db/db mice, where mice were fasted for 16 hours. Thereafter 

treatments were gavaged and an hour later glucose (2 g/kg) was administered to the mice and blood glucose levels were measured at 0 min, 

15, 30, 60 and 120 minute (A), and area under the curve thereof (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, 

GRT™-2: high dose. 

The results are expressed as the means ± SEM (n=4). *p< 0.05 and ***p< 0.0001 vs. the NC group, #p< 0.05 vs. pioglitazone (One-way ANOVA and 

Tukey post-test).
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Figure 32: OGTT of db/db mice at the end of phase II. Oral glucose tolerance of db/db mice, where mice were fasted for 16 hours. Thereafter 

treatments were gavaged and an hour later glucose (2 g/kg) was administered to the mice and blood glucose levels were measured at 0 min, 

15, 30, 60 and 120 minute (A), and area under the curve thereof (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, 

GRT™-2: high dose. 

The results are expressed as the means ± SEM (n=7-8). *p< 0.05 vs. the NC group (One-way ANOVA and Tukey post-test).
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Table 9: Summary of the effect of BACE inhibitor and GRT™ on fasting blood 
glucose and glucose tolerance of db+ and db/db mice in phases I, II and III.  

In the db/db mice, BACE inhibitor and GRT™-2 were able to improve glucose 

tolerance in phase I while in phase II, only pioglitazone improved glucose tolerance. 

 NC Pioglitazone BACE  GRT™-1 GRT™-2 

Fasting blood glucose of db+ 

Phase I - Θ Θ Θ Θ  

Phase II - Θ Θ Θ Θ  

Phase III - Θ Θ  Θ  Θ  

Glucose tolerance of db+ 

Phase I - Θ Θ Θ Θ 

Phase II - Θ Θ Θ Θ 

Phase III - Θ Θ Θ Θ 

 

Fasting blood glucose of db/db  

Phase I - Θ Θ Θ Θ 

Phase II - Θ Θ Θ Θ 

Glucose tolerance of db/db  

Phase I - Θ Improved Θ Improved 

Phase II - Improved Θ Θ Θ 

 

NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

Θ = No effect
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4.2.4. Biochemical analysis 

Plasma insulin, C-peptide and amylin levels were 2-fold to 4-fold higher in the db/db 

mice vs the db+ controls for all phases and treatment groups (Table 11 and Figure 33A 

& Figure 34A). Amylin levels were increased in phase II vs phase I in both db/db and 

db+ mice. 

4.2.4.1. Serum insulin, C-peptide and amylin levels in db+ mice 

Lower C-peptide levels were observed in phase III compared to both phase I and II in 

all treatments (p<0.05) (Table 11). BACE inhibitor significantly reduced amylin levels 

in phase II compared to the control groups (p<0.05). Moreover, amylin levels were 

significantly higher in all treatment groups except BACE inhibitor in phase II compared 

to phase I (Table 11). Insulin levels in BACE group had no outliers, BACE may have 

an effect on insulin secretion but would require prolonged treatment.  

Due to serum constraints, insulin, C-peptide and amylin levels were only assessed in 

the following groups: NC, pioglitazone, BACE and GRT™-2 of both db/db and db+ 

mice (phase I and II).  

4.2.4.2. Serum insulin, C-peptide and amylin concentrations of db/db mice 

In phase I, insulin, amylin and insulin / C-peptide ratio levels tended to be slightly higher 

in the BACE inhibitor group (2.56 ng/mL ± 0.57 vs 1.27 ng/mL ± 0.28, p=0.16; 0.81 

ng/mL ± 0.25 vs 0.59 ng/mL ± 0.26 and 22.83 ng/mL ± 4.81 vs 14.6 ng/mL ± 3.18; 

respectively) (Figure 34A and 34B), while C-peptide levels remained unchanged 

(Figure 33A & B). 

In phase II, lower C-peptide levels were observed (0.15 ng/mL ± 0.02 vs 0.23 ng/mL ± 

0.00; p=0.009) (Figure 34A) whereas insulin levels, insulin / C-peptide and insulin / 

amylin ratios were relatively unchanged (Figure 35A & 35B). 
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Table 10: The effects of treatments on biochemical parameters in phase I, II and III 
heterozygous db+ mice.  

Serum C-peptide levels were lower in phase III compared to phase I and II. Amylin levels 

were significantly decreased by BACE inhibitor in phase II compared to the NC, whereas 

overall amylin levels were higher in phase II compared to phase I. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

Data is expressed as mean ± SEM; *p<0.05 vs NC; † p<0.05 vs phase I and phase II. 

 Group Mean ± 

SEM  

Mean ± SEM  Mean ± SEM 

  Phase I Phase II Phase III 

Insulin (ng/mL) NC 0.17±0.01 0.15±0.04 0.19±0.07 

 Pioglitazone 0.15±0.02 0.19±0.06 0.22±0.03 

 BACE 0.37±0.17 0.11±0.01 0.14±0.08 

 GRT™-2 0.09±0.03 0.16±0.06 0.24±0.07 

C-peptide (ng/mL) NC 0.11±0.003 0.12±0.009 0.01±0.0003 † 

 Pioglitazone 0.12±0.002 0.12±0.005 0.01±0.0003 † 

 BACE  0.14±0.013 0.11±0.004 0.01±0.0004 † 

 GRT™-2 0.12±0.004 0.12±0.005 0.01±0.0002 † 

Amylin (ng/mL) NC 0.08±0.03 0.36±0.18 † - 

 Pioglitazone 0.06±0.003 0.11±0.02 † - 

 BACE  0.11±0.07 0.06±0.02*† - 

 GRT™-2 0.04±0.01 0.09±0.01 † - 

Insulin/C-peptide 

(ratio) 

NC 1.45±0.11 1.24±0.34 2.63±0.27† 

 Pioglitazone 1.27±0.22 1.65±0.54 2.78±0.05† 

 BACE  2.54±0.91 1.06±0.16 2.31±0.31 

 GRT™-2 0.77±0.24 1.35±0.55 3.12±0.50† 

Insulin/Amylin (ratio) NC 0.08±0.03 0.36±0.18 - 

 Pioglitazone 0.06±0.003 0.11±0.02 - 

 BACE  0.04±0.014 0.06±0.02 - 

 GRT™-2 0.04±0.011 0.09±0.01 - 
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Figure 33: Serum insulin, C-peptide and amylin level profiles of the homozygous db/db mice in phase I. Fasted serum insulin levels were 

determined from blood collected at termination, following a 16 hour overnight fast. Serum insulin, C-peptide and amylin concentrations (A), Insulin 

/ C-peptide ratio and Insulin / amylin ratio (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM (n=9) (Two-way ANOVA).  
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Figure 34: Serum Insulin, C-peptide and amylin level profiles of the homozygous db/db mice in phase II. Fasted serum insulin levels were 

determined from blood collected at termination, following a 16 hour overnight fast. Serum insulin, C-peptide and amylin concentrations (A), Insulin 

/ C-peptide ratio and Insulin / amylin ratio (B). NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose.  

The results are expressed as the mean ± SEM (n=9) (Two-way ANOVA).
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4.2.5. HOMA-β and HOMA-IR assessment 

HOMA-IR was significantly increased in NC groups in db/db mice compared to db+ 

mice in both phase I (97.3 ± 14.4 vs 16.0 ± 6.5; p<0.05) and phase II (92.66 ± 28.5 vs 

7.0 ± 2.7; p<0.05). Moreover, HOMA-β was higher in db/db mice of phase I compared 

to db+ mice (301.9 ± 95.3 vs 50.9 ± 19.1, p<0.05), while in phase II, a decrease in 

HOMA- β was observed in db+ mice compared to db/db mice (275.5 ± 36.65 vs 293.1 

± 221.4).  

BACE inhibitor had lower HOMA-IR levels in both phase II and III compared to phase 

I in the db+ mice (p<0.05) (Figure 35B). 

In contrast, in the db/db mice, pioglitazone and GRT™-2 tended to have lower HOMA-

IR and HOMA-β in phase II compared to phase I, although these decreases were not 

statistically significant (Figure 36A & Figure 36B). While BACE inhibitor showed to 

have higher HOMA-IR in both phase I and II compared to respective controls (Figure 

36B). 
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Figure 35: β-cell function and Insulin sensitivity of heterozygous db+ mice in phase I, II and III. β-cell function measured by HOMA-β (A) 

and insulin sensitivity measured by the HOMA-IR index (B). Fasted serum insulin levels were determined from blood collected at termination, 

following a 16 hour overnight fast of each respective phase and HOMA-IR and HOMA-β indexes were calculated. NC: Normal control, BACE: β-

secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM (n=4-8); *p< 0.05 vs phase I in the same phase, #p<0.05 vs phase I (Two-way ANOVA and Dunnett’s test).
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Figure 36: β-cell function and Insulin sensitivity of diabetic db/db mice in phase I and II. β-cell function measured by HOMA-β (A) and 

insulin sensitivity measured by the HOMA-IR index (B). Fasted serum insulin levels were determined from blood collected at termination, following 

a 16 hour overnight fast of each respective phase and HOMA-IR and HOMA- β indexes were calculated. NC: Normal control, BACE: β-secretase 

inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

The results are expressed as the mean ± SEM, (Two-way ANOVA and Dunnett’s test).
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Table 11: Summary of the effect of BACE inhibitor and GRT™ on serum insulin, C-
peptide and amylin concentrations of db+ and db/db mice in Phase I, II and III.  

In phase II, reduced amylin levels were observed in the BACE inhibitor group in db+ mice 

peptide levels were decreased in pioglitazone in phase II db/db mice  

 NC Pioglitazone BACE 

Inhibitor 

GRT™-1 GRT™-2 

Insulin concentrations in db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ Θ - Θ 

Phase III - Θ Θ - Θ 

C-peptide levels in db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ  Θ - Θ 

Phase III - Θ Θ - Θ 

Insulin / C-peptide ratio in db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ Θ - Θ 

Phase III - Θ Θ - Θ 

Amylin levels in db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ ↓  - Θ 

 

Insulin concentrations in db/db 

Phase I - Θ Θ - Θ 

Phase II - Θ Θ - Θ 

C-peptide levels in db/db 

Phase I - Θ Θ - Θ 

Phase II - ↓ Θ - Θ 

Insulin / C-peptide ratio in db/db 

Phase I - Θ Θ - Θ 

Phase II - Θ Θ - Θ 

Amylin levels in db/db 

Phase I - Θ Θ - Θ 
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NC: Normal control, BACE: β-secretase inhibitor, GRT™-1: low dose, GRT™-2: high dose. 

Arrow represents ↓ decrease and ↑ increase/ improvement, Θ= No effect.

Phase II - Θ Θ - Θ 
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4.2.6. Pancreatic islets morphology 

Micrographs of small, medium and large pancreatic islets, in figures 37, 38 and 39, 

respectively display changes in pancreatic architecture of db+ mice in phase I (A-E), 

phase II (F-J) and db/db mice in phase I (K-O) and phase II (P-T). Islets of db+ mice 

characteristically contained a majority of β-cells, centrally localized within the islet. β-

cells were identified by a consistent cytoplasmic intensity of insulin immunostaining 

(red/pink). Few, dispersed glucagon positive α-cells (brown) were present at the 

periphery of the islet (Figure 37A-E). In contrast, the islets of db/db mice showed 

several morphological anomalies, including derangement of the islet α- and β-cell 

distribution, α-cell hyperplasia and inconsistent β-cell cytoplasmic intensity of insulin 

immunostaining (red) (Figure 37K-T). Additionally, an increase in the number and 

distribution of α- to β-cells was more prevalent in phase I (Figure 37, 38, 39K-O). In 

phase II, irregular insulin immunostaining of β-cells was a consistent feature (Figure 

37, 38, 39P-T). Overall, assessment of sections revealed db+ and db/db changes as 

quantified in sub-sections (4.5.1.1 and 4.5.1.2). 

4.2.6.1. Quantified morphological changes in non-diabetic db+ mice 

In phase I, BACE inhibitor and GRT™ -1 decreased β-cell size compared to the NC, 

while in phase II, only GRT™-2 reduced β-cell size (Figure 41A). Average α-cell size 

was decreased in pioglitazone and BACE inhibitor in phase I compared to NC 

(p<0.0001) (Figure 40B). Furthermore, islet sizes of db+ mice were smaller in the 

BACE inhibitor, GRT™-1 and GRT™-2 groups compared to both NC and pioglitazone 

in phase I (Figure 37A-E).  In phase II, BACE inhibitor increased islet size compared 

to the NC (Figure 37F & H). 

4.2.6.2. Quantified morphological changes in diabetic db/db mice 

In the db/db mice, decreases in average α-cell size were observed in BACE inhibitor, 

GRT™-1 and GRT™-2 groups in phase II compared to NC group (p<0.05) (Figure 

41B). Islet size was increased by the BACE inhibitor in phase I compared to the NC 

(Figure 39K & M) and islet area was increased in phase II compared to phase I in the 

pioglitazone group (Figure 42B).
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Figure 37: Histology of mouse pancreatic small islets in phase I and phase II using double antibody labelling with anti-glucagon (brown) and 

anti-insulin (red). Top part: heterozygous db+ micrographs of both phase I and II, bottom part: homozygous db/db micrographs of phase I and phase 

II. 
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Figure 38: Histology of mouse pancreatic medium islets in phase I and phase II using double antibody labelling with anti-glucagon 

(brown) and anti-insulin (red). Top part: heterozygous db+ micrographs of both phase I and II, bottom part: homozygous db/db micrographs of 

phase I and phase II. 
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Figure 39: Histology of mouse pancreatic medium islets in phase I and phase II using double antibody labelling with anti-glucagon 

(brown) and anti-insulin (red). Top part: heterozygous db+ micrographs of both phase I and II, bottom part: homozygous db/db micrographs of 

phase I and phase II. 
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Figure 40: Average β and α-cell size in db+ mice of phase I and phase II. Average β-cell size (A) and average α-cell sizes (B) of heterozygous 

db+ mice in phase I, II and III.  

Data is expressed as mean ± SEM (4-8); *=p<0.05, **= p<0.001 , ***p<0.0001 vs phase I of the same treatment group, #p<0.05; ##p<0.001; ###p<0.0001 vs 

NC of phase I (Two-way ANOVA and Dunnett’s test). 
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Figure 41: Average β and α-cell size in db/db mice in phase I and phase II. Average β-cell size (A) and average α-cell sizes (B) of homozygous 

db/db mice in phase I and II.  

Data is expressed as mean ± SEM (4-8), *=p<0.05; **= p<0.001; ***= p<0.001 vs phase I of the same treatment group, #p<0.05; ##p<0.001 vs NC of phase I 

(Two-way ANOVA and Dunnett’s test).
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Figure 42: Average islet area of db+ and db/db mice in phase I and phase II. Average islet area of db+ mice (A) and average islet area of 

db/db mice (B). 

Data is expressed as mean ± SEM (4-8), ***= p<0.001 vs phase I of the same treatment group (Two-way ANOVA and Dunnett’s test).
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Table 12: Summary of in vivo results in HOMA-IR, HOMA-β and pancreatic islets 

morphometrics.  BACE inhibitor exacerbated insulin resistance in phase I db/db mice while 

Pioglitazone improved β-cell function in phase II db/db mice. 

Arrow represents ↓ decrease and ↑ increase, Θ= No Effect, += Positive correlation

 NC Pioglitazone BACE Inhibitor GRT™-1 GRT™-2 

HOMA-IR db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ Θ - Θ 

Phase III - Θ Θ - Θ 

HOMA- β db+ 

Phase I - Θ Θ - Θ 

Phase II - Θ  Θ - Θ 

Phase III - Θ Θ - Θ 

β -cell size db+ 

Phase I - - ↓  ↓  ↓ 

Phase II - Θ Θ - ↓ 

Phase III - - - - - 

α-cell size in db+ 

Phase I - ↑ ↑ - - 

Phase II - Θ Θ - - 

 

HOMA-IR in db/db 

Phase I - Θ ↑ - Θ 

Phase II - Θ Θ - Θ 

HOMA- β in db/db 

Phase I - Θ Θ - Θ 

Phase II - ↓ Θ - Θ 

β-cell size in db/db 

Phase I - Θ Θ Θ Θ 

Phase II - Θ Θ Θ Θ 

α-cell size in db/db 

Phase I - Θ ↓  ↓  ↓  

Phase II - Θ Θ Θ Θ 



  

 
 

 

 

CHAPTER FIVE 
_________________________________________________________________ 

Discussion
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Prolonged/ chronic high glucose (HG) exposure both in vitro and in vivo exerts deleterious 

effects on β-cells phenotype and function. However, the effect of elevated glucose 

concentration exposure in aging β-cells remains not fully elucidated. The interest in 3D 

cell culture systems is increasing widely as these offer more physiological relevant 

features than conventional 2D cultures systems. Evidence suggests that glucotoxicity 

correlates with increases in amylin levels which may later aggregate to form toxic amyloid 

plaques, a hallmark of the T2D in humans (Del Prato, 2009; Hull et al., 2004; 

Konarkowska et al., 2006 Alcarraz-Vizán et al., 2017). Increased amyloid plaque 

formation is positively correlated with BACE2 levels in the pancreas, a protease that 

cleaves IAPP (Alcarraz-Vizán et al., 2017; Esterházy et al., 2011). Additionally, BACE 

levels are perceived to offer both detrimental and beneficial effects by increasing amyloid 

plaque formation and regulating insulin secretion via TMEM27 cleavage (a known β-cell 

marker) (Alcarraz-Vizán et al., 2017; Esterházy et al., 2011). Literature indicates that 

polyphenols may act as BACE inhibitors to inhibit β-amyloid plaque formation (Shimmyo 

et al., 2008). Thus, understanding the effects of chronic glucotoxicity on amylin and BACE 

activities could decipher an opportunity for the development of novel therapeutic strategy 

to protect β-cell functional mass against hyperglycemia and T2D. In this study, the 

potential effect of a BACE inhibitor and an aspalathin-rich Rooibos extract Afriplex GRT™ 

to ameliorate glucotoxicity was studied.  

5.1.1. Characterization of the spheroids  

Unlike the distinct rounded shape of the C3A spheroids described by Wrzesinski and Fey 

(2013), the INS-1 spheroids had cellular protrusions. Literature describes that cells with 

higher doubling time are more likely to form round spheroids (Ivascu and Kubbies, 2006; 

Jagiella et al., 2016), thus the lower doubling time of INS-1 cells compared to the C3A 

cells may be an attributing factor. Generally, cellularity (size and shape) and stress 

tolerance levels (reflection of spheroids response against internal forces within the 

spheroid such as division and entering quiescence state) contributes to the spheroid’s 

compactness. While the work done by Wrzesinski and Fey, (2013) has shown that C3A 

liver spheroids regain functionality and ultrastructural features 18 days after trypsinization, 
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our spheroids had distinct ultrastructural features and reached an equilibrium plateau, 

four days earlier than it took C3A liver spheroids (Wrzesinski and Fey, 2013). 

5.1.2. Ultrastructural characterization of the spheroids 

Transmission electron microscopy (TEM) micrographs of INS-1 spheroids demonstrated 

the typical presence of neuroendocrine cells with ultrastructural features synonymous 

with those of pancreatic β-cells including prominent RER, Golgi apparatus, euchromatic 

nuclei and prominent nucleoli, indicative of active cellular protein synthesis (Figure 15-

17) (Sato et al., 1966 ; Stevens and Lowe's., 2015). A well-developed RER is vital for 

insulin production, modification and secretion via the trans Golgi network (Golgi apparatus 

and secretory granules). Euchromatic nuclei, multiple nucleoli and mitochondria confirm 

normal cell functionality including integration and generation of metabolic signals for 

glucose homeostasis (Jin and Diano, 2018; Kaufman et al., 2009). The presence of 

apoptotic and mitotic cell was indicative of active cell turnover (Figure 18). As further 

confirmation of cellular specialization of spheroids, functional endocrine cells containing 

many insulin-like secretory β-granules which were membrane-bound granules of 

approximately 300 nm in diameter with an electron-dense central core resembling 

crystalline were observed. The number, size and content of insulin secretory β-granules, 

which are complex intracellular organelles, that apart from proinsulin are composed of 

many proteins including Islet amyloid polypeptide (IAPP) also called amylin, syncollin and 

granule membrane associated proteins such as phogrin, play an important role in the 

physiology of pancreatic β-cells (Ferri et al., 2019; Hutton, 1989). In contrast with 2D 

culture, where the monolayer growth dynamics is related passaging before reaching 

confluence keeps cells at a proliferative phase with minimal phenotypical differentiation 

before the next passage. In 3D culture systems, cells are usually found in various stages, 

such as proliferating, quiescent, apoptotic, hypoxic, and necrotic cells (Khaitan et al., 

2006; Mehta et al., 2012). The central core of the spheroids comprise an area of dead 

cells, apoptotic cells and cellular debris (TEM and TB stain) indicative of ischemic stress 

and/or nutrient deficiency (Figure 18 and Figure 14, respectively). The outer area in 3D 

spheroids, due to the proximity surface and adequate gaseous exchange and nutrient 

diffusion, are comprised of viable proliferating cells. The toluidine blue section clearly 



 

120 | P a g e  
 

demonstrated that the outer mantel of the spheroids had cells that were less vacuolized 

and morphologically more viable than the central core (Figure 14), agreeing with previous 

reports (Khaitan et al., 2006; Mehta et al., 2012). 

5.1.3. Amelioration of glucotoxicity by GRT™ and BACE activity inhibition 

INS-1 spheroids grown in NG conditions simulated a growth pattern that produced stable 

spheroids without visible cellular debris in the media. The spheroids were morphologically 

compact and tended to be larger in size (Figure 13 & 19). From day 10, the spheroids 

appeared to reach an equilibrium plateau i.e. the cell turnover within the mantel of the 

spheroid remained stable and growth of the spheroid slowed without changes in ATP 

content, showing that the spheroids were still metabolically active (Khaitan et al., 2006; 

Bussador do Amaral et al., 2010; Mehta et al., 2012). During this phase, the size of the 

spheroids decreased slightly which we postulate is due to late apoptotic cellular shrinkage 

(pyknosis), karyorrhexes within the core and cytoskeleton intercellular proteins 

contraction observed by the presence of more cell-cell junctions within the viable mantle, 

may have contributed to the  size reduction (Figure 16) (Papadopoulos et al., 2000; Cheng 

et al., 2009; Sodek et al., 2009).  

Exposing the spheroids to HG concentrations (HG-33 mM) adversely affected the shape, 

size and surface morphology of the spheroids. Visually, increased cellular debris in the 

media was observed. Alterations in the macroscopic appearances of the spheroids were 

evident by the drastic reduction in size and ATP content (Figure 19 & 20) compared to 

the NG group (7185 µm2 vs 25030 µm2) after 1 week of glucotoxicity induction. These 

reductions are related to the HG toxic effects on the spheroid viability, similar to in vitro 

and in vivo studies suggesting that, intermittent and chronic HG reduces pancreatic β-cell 

mass and causes β-cell dysfunction owing to increased apoptosis (Butler et al., 2007; Shi 

et al., 2014). Two weeks later, the spheroids recovered from the glucotoxicity effect 

proven by an increase in size compared to 1 week of glucotoxicity induction (22658 µm2 

vs 7185 µm2). Pancreatic β-cells have well-coordinated mechanisms conferring the ability 

to adapt to varying glucose concentrations using several mechanisms involved in 

oxidative stress and inflammation which sequentially decreases β-cell apoptosis, hence 

the improvement in viability (Kamimura et al., 2004; Hou et al., 2008). Subsequent 
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treatment, with either GRT™ extract (HG-GRT™) or a BACE inhibitor (HG-BACE), 

respectively, improved the viability of the spheroids as less cellular debris was observed 

in the media. Potential mechanisms to validate that the treatments improved viability may 

involve the inhibition of protein kinase C, NAD(P)H-oxidase activities, which are inducers 

of oxidative stress and NF-κB pathway, which inhibits β-cell proliferation which 

themselves causes β-cell dysfunction (Pi et al., 2007; Chen et al., 2011; Sun et al., 2012; 

Zhang et al., 2016). Furthermore, an improvement in the spheroid sizes was observed as 

early as 1 week of treatment compared to the HG group (13308 µm2 and 10812 µm2 vs 

7185 µm2, respectively) (Figure 20). Pronounced improvements were evident by week 2 

of treatment (24992 µm2 and 23593 µm2 vs 22658 µm2, respectively). ATP content was 

improved by GRT™ and BACE inhibitor (Figure 20). These positive effects on size and 

ATP content thus suggests that GRT™ and BACE inhibitor improves spheroid viability in 

this glucotoxic induced INS-1 spheroid model. These effects were correlated with protein 

expression levels of BACE and TMEM27, where 4-fold increases were observed (Figure 

27 A & B). Increased BACE1 expression in response to hyperglycemia has been shown 

in ZDF rats (Lee et al., 2016). In this study, the BACE inhibitor induced a compensatory 

overexpression of BACE protein expression, however, gene expression is necessary to 

verify this. While it has been shown that insulin-producing β-cells express higher levels of 

BACE, expression levels in NG were comparable  to treatment groups  (Figueroa et al., 

2001). 

Glucose utilization in the INS-1 spheroids: HG, HG-GRT™ and HG-BACE were 

comparable to the NG group (Figure 22), suggesting that the increase in spheroid sizes 

had no impact on glucose usage. We postulate that, this could be further evidence that 

the spheroids had reached a stable cellular equilibrium. Basically, glucose levels were 

sufficient to sustain the outer mantel of the spheroids which contained viable cells, and 

the necrotic core did not utilize any nutrients. This result contrasts with previous reports 

stating that an increase in spheroid size is likely to result in enhanced glucose usage 

accompanied by anaerobic glycolysis, comparatively responsible for alterations in 

oxidative status (Khaitan et al., 2006).  
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5.1.4. Improvement of insulin secretory profile by GRT™ and BACE inhibitor in 

spheroids exposed to glucotoxicity  

The exposure of pancreatic islets to HG levels is one of the causal factors for the 

progressive lowering of insulin secretion during the development of T2D (Kahn, 2001; 

Zhang et al., 2016; Ottosson-Laakso et al., 2017). Herein, insulin secretion was assessed 

at basal glucose levels (2.8 mM) meant to mimic a fasted condition and under stimulation 

(16.7 mM) glucose concentrations, representing the post-prandial condition. In the NG 

group spheroids, higher stimulated insulin secretion was observed compared to basal 

insulin secretion (Figure 23). These results are parallel with many studies conducted in 

2D cultures, in vivo models and human studies, suggestive of the ability of the developed 

spheroids to retain normal β-cell function (Zhang et al.,2004; Moynihan et al., 2005; Pi et 

al., 2007; Saadeh et al. 2012). Glucotoxicity (HG- 33 mM) resulted in increased basal 

insulin secretion compared to the NG group (Figure 23) which recapitulates β-cell 

compensation as seen in early T2D/IR (Nolan et al., 2006a). Increases in basal insulin 

secretion following HG exposure have previously been shown in rodent islets and purified 

β-cells (Fu et al., 2006, 2017; Rebelato et al., 2018). As a result of chronic 

hyperstimulation by supraphysiological glucose levels, insulin secretion was lost at 

stimulated glucose levels compared to basal levels (Figure 23). This could be in line with 

the notion that chronic HG causes excessive depletion of intracellular insulin stores and 

impairs the maximum insulin secretory capacity of β-cells upon glucose stimulation (Chen 

et al., 1996; Wali et al., 2014; Fu et al., 2017; Rebelato et al., 2018). Furthermore, we 

showed that GRT™ and BACE inhibitor in chronic HG conditions reduced basal insulin 

secretion (Figure 23) and this is corroborated by findings suggesting that BACE silencing 

improves glucose homeostasis (Visa et al., 2015). These results potentiate GRT™ extract 

and BACE inhibition ameliorating toxic effects of chronic HG exposure by promoting β-

cell rest by means of a reduction in insulin hypersecretion, similar to the effect of 

bromocriptine (a dopamine agonist) in β-cells (de Leeuw van Weenen et al., 2010). 

Others have shown that aspalathin (Rooibos bioactive constituent) increases insulin 

secretion from several β-cell lines not exposed to stressors (Kawano et al ., 2009; Fu et 

al., 2017). The reduction in GSIS induced by GRT™ and BACE inhibitor in the spheroids 

exposed to glucotoxicity is most probably due to an improvement in cellular function, 
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glucose sensing and related insulin response in the HG (Figure 23). A differential 

expression can be regarded biologically significant (meaningful) when a fold change is 

greater than 1.5 compared to the control (McCarthy and Smyth, 2009), even when not 

deemed statistically significant by one-way ANOVA analysis. Literature suggests that 

BACE2, highly expressed in pancreatic β-cells, regulates insulin secretion through 

TMEM27 cleavage (Visa et al., 2015; Alcarraz-Vizán et al., 2017). In this study, 3- and 7-

fold increases in BACE and TMEM27 protein expression observed (Figure 27A & B), 

respectively, are associated with improved insulin secretion conferred by GRT™ and the 

BACE inhibitor. However, noteworthy is that the BACE inhibitor used here was not 

specific to either BACE1 or BACE2 leaving room for discrepancies. As previously stated, 

chronic glucose exposure impairs insulin secretion and dysregulates insulin receptor (IR) 

(Chen et al., 1996b; Hribal et al., 2003; Wali et al., 2014). Despite having demonstrated 

an impairment in HG group insulin secretion (Figure 23), this defect could not be 

associated with IR protein expression. More so, no changes were observed in GLUT-2 

expression, a molecule involved in glucose sensing, is suggestive of the insulin secretion 

defects not necessarily brought about by altered protein expression but rather by 

alterations in GSIS intracellular mechanisms. So overall, GRT™ and BACE inhibitor 

appear to protect against deleterious effects of chronic HG exposure as seen through 

improved INS-1 spheroid function.  

5.1.5. GRT™ and BACE inhibitor improves amylin secretion profiles 

Amylin secretion was used as an indicator of β-cell function. Here, an increase in basal 

amylin secretion in the NG group was observed similar to that of the insulin secretory 

response while, surprisingly, a decrease in stimulatory amylin secretion was observed 

(Figure 24). In normal physiology, amylin secretion should be similar to insulin secretion 

at a ratio of 1:100 (Moore and Cooper, 1991; Zhang et al., 2016a). Regarding this 

discrepancy with stimulated amylin secretion, we postulate that basal amylin secretion is 

under feed-back control by insulin hence, at stimulated levels, insulin has an inhibitory 

effect on amylin secretion (Figure 24). However, others have also reported the lack of co-

secretion between insulin and amylin from isolated pancreatic islets in vitro  (Dégano et 

al., 1993; Stridsberg et al., 1993). A Pearson’s correlation coefficient was computed to 
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assess the relationship between insulin and amylin secretion in the spheroids, where 

positive correlation was attained in the NG group indicative of normal function with no 

correlation in the other treatment groups (Table 6). Consistent with insulin data, an 

increase in amylin secretion in the HG group compared to the NG group was observed 

whereas the presence of GRT™ and BACE inhibitor in chronic HG, blunted the glucotoxic 

effects on amylin hypersecretion, correlating with the insulin secretory profile (Figure 24). 

The possibility that amylin levels may have already been depleted at basal levels, as seen 

in the insulin secretion results, cannot be ignored. Insulin to amylin ratio was higher in the 

HG group with no Pearson’s correlation, clearly suggestive of a dysfunction, while insulin 

to amylin ratio was completely inverted in the presence of GRT™. Insulin to amylin ratio 

of the HG-BACE group closely resembled that of the NG group suggestive of normal 

functionality (Figure 25). In this study, amylin/ IAPP protein expression could not be 

detected, despite literature describing otherwise in in vitro pancreatic β-cell lines and 

diabetic heart tissue (Cai et al., 2011; Despa et al., 2012; Kulas et al., 2017). As such, we 

were unable to confirm the potential direct effect of BACE inhibition on amylin expression 

despite several speculations that amylin is a substrate of BACE (Alcarraz-Vizán et al., 

2017) and this may be potentially regulated by BACE inhibition.  

5.1.6. The effect of GRT™ and BACE inhibitor on spheroid inflammation 

Inflammation is a hallmark for β-cell dysfunction in T2D (McCarthy and Smyth, 2009; 

Keane et al., 2015). Secreted inflammatory markers, such as TNF-α, IL-6 and IL-10 in the 

spheroids were quantified by ELISA. Chronic HG exposure (HG) resulted in higher levels 

of TNF-α and IL-6 compared to the NG group (Figure 26A), consistent with previous 

studies proposing that HG levels can actively induce inflammation in β-cells (Shi et al., 

2014; Wali et al., 2014; Ku et al., 2015). Literature suggests that IL-6 exerts both pro-

inflammatory and anti-inflammatory effects (Xing et al., 1998; Perini et al., 2001; Keane 

et al., 2015). Others have shown that IL-6 protects pancreatic β-cells from pro-

inflammatory cytokine-induced cell death and functional impairment in vitro and in vivo 

(Choi et al., 2004). Here, after 1 week of glucotoxicity, IL-6 levels were only detectable in 

the HG and HG-GRT™ groups (Figure 26B), and two-weeks later, the IL-6 levels in the 

HG and HG- GRT™ groups were increased (Figure 26B). This result is corroborated by 
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a study where an addition of Rooibos in whole blood cultures induced higher IL-6 and IL-

10 levels (Hendricks and Pool, 2010). Unfortunately, in this study, IL-10 levels could not 

be detected. 

TNF-α is a renowned death effector molecule (Beg and Baltimore, 1996; Van Antwerp et 

al., 1996b). High TNF-α levels were observed in HG and HG-GRT™ groups compared to 

the NG group following 1 week of glucotoxicity (Figure 26A). After 2 weeks of 

glucotoxicity, a significant decrease in TNF-α levels was observed in the HG-GRT™ 

indicative of inhibition of the induced inflammatory response by GRT™ extract (Figure 

26A). This finding correlates with previous studies where male Wistar rats that consumed 

fermented Rooibos extract for 4 weeks in an LPS-stimulated macrophage model had 

decreased levels of TNF-α and IL-6  (Ajuwon et al., 2014). Furthermore, in RAW 264.7 

macrophages and adrenal cortical tissue, Rooibos decreased IL-6 levels  (Mueller et al., 

2010; Smith and Swart, 2016; Hoosen, 2019). However, more investigation needs to be 

done to confirm the possibility that GRT™ has an anti-inflammatory effect in a chronic 

HG condition in a time dependent manner. Interestingly, direct inhibition of BACE activity 

(HG-BACE) resulted in lower levels of both TNF-α and IL-6 compared to HG group, 

however this effect was somehow lost after 2 weeks of glucotoxicity (Figure 26A & B). 

Literature has shown that inflammation results in increased Aβ amyloid generation via 

BACE thus, it can be postulated that inhibiting the activity of BACE may reduce 

inflammation (Sastre et al., 2008), as we have demonstrated here. These results showed 

that GRT™ and BACE inhibitor possess anti-inflammatory properties by reducing TNF-α 

and IL-6 levels following chronic and short-term treatment periods in INS-1 spheroids, 

respectively. Data from purified non-cell based BACE enzyme assay, showed that the 

highest GRT™ concentration seemed to have activity against BACE inhibition (Figure 

10). Although the effect seen in the purified assay is not indicative of what happens in 

vitro, it potentiates the efficacy of GRT™ as BACE activity inhibitor, in addition to other 

known biological activities, such as anti-diabetic, anti-inflammatory and anti-

hyperglycemic in pancreatic β-cells (Kawano et al., 2009; Muller et al., 2012; Ajuwon et 

al., 2014; Ayeleso et al., 2014; Kamakura et al., 2015). Others have confirmed the ability 

of an ethyl acetate soluble fraction of green tea that is rich in catechins to have BACE1 

inhibitory activity (Jeon et al., 2003).
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Figure 43: Proposed effects of chronic glucotoxicity in pancreatic β-cell spheroids. Glucotoxicity (HG) reduced viability (ATP content & 

size profile), impaired GSIS and induced higher TNF-α and IL-6 cytokines. Treatment with an aspalathin rich green Rooibos extract (GRT™) and 

a BACE inhibitor improved both viability and functionality of the spheroids through increased ATP content, size profile and GSIS, additionally, the 

treatments lowered TNF-α during long-term and short-term treatments, respectively. BACE was able to lower IL-6 levels. Both GRT™ and BACE 

modulated TMEM27 and BACE activity.
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Six-week old C57BL/Ks diabetic db/db mice were used to the elucidate age-dependent 

impact of treatments after 10 weeks (phase I) and 16 weeks (phase II). Additionally, 

non-diabetic db+ littermates were used to substantiate effects of the treatments after 

10 weeks (Phase I), 16 weeks (Phase II) and 32 weeks (Phase III). The db/db model 

is the most commonly used mouse model for type 2 diabetes (T2D) due to its 

deleterious point mutation in the leptin receptor gene (Ritchie et al., 2008; Patton and 

DeGolier, 2010; Belke and Severson, 2012; King, 2012). This gene disruption is 

associated with hyperphagia, obesity, hyperglycemia, hyperinsulinemia and reduced 

metabolism (Kawano et al., 2009; Patton and DeGolier, 2010; Ernst et al., 2013; Wang 

et al., 2014; Zheng et al., 2015). Changes observed in and associated with mouse 

pancreatic islets were compared to what was found in vitro INS-1 spheroids.  

5.2.1. Pathophysiological changes in db/db mice 

Increased calorie intake, as a result of hyperphagia, resulted in substantial increases 

in body weight (Figure 28 B & 29 B). Literature substantiates that excess calories and 

adiposity leads to obesity induced insulin resistance and T2D through direct inhibition 

of insulin receptor substrate phosphorylation in insulin target tissues (Capurso and 

Capurso, 2012; White, 2006). As expected, glucose concentrations remained high in 

both phases during OGTT (Figure 31 & 32, respectively), confirming impaired glucose 

tolerance on basis of the World Health Organization criteria (WHO) (Gomez-Perez et 

al ., 1998; WHO, 1985). Hyperinsulinemia and increased amylin levels concurrent with 

hypertrophic islets (Figure 33, 34, 40, 41) were observed suggestive of β-cell 

compensation. It is known that β-cells are capable of increasing their mass and 

function to compensate for increased glucose levels to maintain normoglycemia 

(Bernard et al., 1999; Nolan et al., 2006; Prentki, 2006; Chen et al., 2016). 

Morphometric analysis showed increases in the number and distribution of α-cells in 

the db/db mice as well as irregular staining, which is an indication of degranulation 

due to hyperglycemia (Figure 37, 38 & 39). These findings agree with available 

literature on the pathophysiological and morphometric changes seen in rodents and 

T2D subjects (Leiter, 1988; Leiter et al., 1988; Clark et al., 2001; Yoon et al., 2003; 

Zibolka et al., 2018).  
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5.2.2. Aging in db+ and db/db mice  

Calorie intake has been shown to increase with age (Weindruch and Sohal, 1997) and 

this was confirmed when db+ mice of phase III (approximately 8.7 months old) had 

higher calorie intake compared to phase II (5 months old) and I (3.6 months old) 

(Figure 28A, 29A & 30). These changes represent normal aging with respect to caloric 

intake in db+, as opposed to what was seen in db/db mice with metabolic disturbances. 

Glucose tolerance remained comparable across all phases (Table 8), suggesting that 

increased calories were not sufficient to induce glucose metabolic impairments, which 

is in contrast with human studies where aging is occasionally associated with 

progressive impairments in glucose metabolism (Leiter et al., 1988). This may be due 

to rodent islet compensation capacity. In fact, modest decreases in FBG were 

observed in older animals (phase III), compared to phase II (Table 8). Although insulin 

levels were higher with age, they could not be categorized as hyperinsulinemic (Table 

11). Importantly, although neither hyperglycemia nor hyperinsulinemia occurred, C-

peptide levels were elevated with age (phase III) (Table 11), correlating with rodent 

islet compensation capacity as C-peptide levels represent insulin secretion (Haffner et 

al., 1995; Okereke et al., 2005; De Tata, 2014; Sandovici et al., 2016). Amylin levels 

were elevated with age (phase II) compared to phase I (Table 11), aligning with 

previous studies, where an increase in amylin has been reported in older humans 

(Dechenes et al., 1998). Because amylin is co-secreted with insulin, and increases in 

insulin signify impaired β-cell function, increased amylin may be suggestive of the 

same and are associated with cognitive impairments and susceptibility to T2D through 

increased amyloid deposition (Srodulski et al., 2014; Rasheedy et al., 2019).  

Hyperinsulinemia, hyperglycemia and glucose intolerance were evident as early as 

3.6 months old (phase I) in db/db mice (Figure 33 &31, Table 9), consistent with 

various human and rodent studies (Dalbøge et al., 2013; Crofts et al., 2016). Elevated 

insulin levels and hyperglycemia substantiate the increased body weight observed and 

are known risk factors of many metabolic disorders including IR and obesity (DeFronzo 

et al., 1987; Odeleye et al., 1997; Shanik et al., 2008; Mehran et al., 2012). Persistent 

hyperinsulinemia seems to explain the dramatic increase in body weight with aging 

(phase II), as insulin is known to influence body weight and adiposity in mouse and 

Zucker rat models (Alemzadeh et al., 2008; Burke et al., 2017). The increase in body 

weight causes increased insulin secretion due to β-compensation as seen by 
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hypertrophic islets, this interaction can be a negative feedback further exacerbating 

weight gain. Hypertrophic islets with increased α-cell size were evident already in 

phase I (Figure 38K-T), corroborating hyperinsulinemia suggestive of β-cell 

compensation (Figure 33A). In particular these characteristics recapitulate the 

progression of T2D in humans which involves deterioration in glucose tolerance and 

insulin sensitivity (Dalbøge et al., 2013). Since amylin and insulin are co-stored and 

co-secreted from the β-cells in response to glucose / other secretagogues (Lukinius et 

al., 1989; Butler et al., 1990; Cooper, 1994), it can be expected that insulin resistance 

would modulate both insulin and amylin secretion simultaneously. Indeed, elevated 

amylin levels concomitant with hyperinsulinemia were observed in the older db/db 

animals (phase II) (Figure 34A), while in db+ mice, higher insulin levels with amylin 

levels were observed but mice were not hyperinsulinemic (Table 11). Studies have 

shown that amylin secretion increases with body size and IR in human studies (Kahn, 

2003; Kautzky-Willer et al., 1994), with the same being observed in this study for both 

db/db and db+ mice. Hypertrophic islets persisted with age (phase II) together with 

increased α-cell size, decreased β-cell size, irregular staining and disruption of islet 

architecture, suggesting β-and α-cell degranulation typical of hyperglycemia (Figure 

370-S) and dysfunctional β-cells (Figure 36A). These findings align with available 

literature showing that elevated glucagon levels are a known feature of uncontrolled 

diabetes as they inhibit β-cell insulin secretion and that pancreatic islet β-cells from 

T2D patients display markers of dedifferentiation, from β- to α-cells (Unger and Orci, 

1975; Bernard et al., 1999; Sone and Kagawa, 2005; Weir et al., 2001; Dalbøge et al., 

2013; Weir and Bonner-Weir, 2013). The reduction in insulin to C-peptide ratio with 

aging, is expected and may be a consequence of severe decompensation, as both 

insulin and C-peptide levels are initially increased and then deteriorates depending on 

the duration of diabetes (Weir and Bonner-Weir, 2004; Genuth, 2013; Qiu et al., 2014). 

As proven, aging is associated with changes in glucose metabolism including 

increased insulin and amylin secretion, reported in both rodent and human studies 

(Dechenes et al., 1998; Mather et al., 2002; Zhang et al., 2016b). For this reason, it 

can be reasonable to assume that amylin, like insulin, acts as a β-cell functional 

marker, where supra-physiological elevations are indicative of impaired β-cell function 

and thus dysregulated glucose metabolism (Figure 33A & 34A). 
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5.2.3. BACE Inhibitor improves insulin sensitivity in db+ mice  

In phase II, BACE inhibitor decreased calorie intake concurrently with body weight 

while improving insulin sensitivity as measured by HOMA-IR (Figure 35A & 35B). 

Improved insulin sensitivity correlates with lower insulin / C-peptide and insulin / amylin 

ratios (Table 11) which may be as a result of BACE inhibition regulating hypothalamic 

leptin sensitivity, as has been shown by Meakin and co-workers to improve body 

weight, however this requires intact leptin signaling (Meakin et al., 2012). Inflammation 

has been linked with hypothalamic leptin resistance which causes disruptions in 

energy and glucose homeostasis as has been linked with functional interactions with 

metabolism elements including insulin (Pan et al., 2014; Park and Ahima, 2014). 

Glucose homeostasis disruptions have deleterious effects on insulin function which in 

turn may cause glucotoxicity. Our in vitro results showed that BACE inhibition in β-cell 

spheroids exposed to glucotoxicity inhibited pro-inflammatory cytokines secretion, 

suggesting anti-inflammatory activity which may have resulted in the reduction of leptin 

resistance and/or stimulation of residual leptin receptors (Figure 25A). On a 

morphometric level, an increase in islet size with a dramatic decrease in α-cell size 

was observed (Figure 40 & 42), taken as a positive compensation mechanism since 

literature suggests that increases in glucagon and insulin levels are tightly coupled 

with insulin resistance (Ahren et al., 2006; Ahrén, 2006; Nolan et al., 2006b; Weir and 

Bonner-Weir, 2007). This further supports the improved insulin sensitivity observed. 

Taken together, these results suggest the ability of BACE inhibition to prevent 

adiposity and improve insulin sensitivity in aged db+ rodent model.  

5.2.4. GRT™-2 stimulates appetite and has insulin-sensitizing effects in short-

term in db+ mice 

Treatment with a high dose of aspalathin-rich Rooibos extract (GRT™-2) increased 

calorie intake corresponding with increased body weight (Figure 28A), agreeing with 

reports stating that Rooibos stimulates appetite (Fiddian-Green and Silen, 1975; 

Schulz et al., 2003; Dmowski et al., 2017; Hoosen et al., 2019). Although body weight 

was increased, it is important to note that the insulin-sensitizing effects of GRT™-2 

were observed at a biochemical level (Table 12), linked with morphometric evidence 

which supports β-cell expansion and compensation to regulate insulin (Figure 37,38 

&39). The increases in insulin sensitivity in normal db+ mice may have the potential to 
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induce hypoglycemia. However, increased appetite stimulation may have 

compensated for insulin sensitizing effect as FBG levels were not significantly 

changed (Figure 35B). Mazibuko-Mbeje and co-workers (2019) have shown that 

Rooibos improves insulin sensitivity in high-fat diet induced obese Wistar rat model 

(Mazibuko-Mbeje et al., 2019). The effects of GRT™-1 and pioglitazone were 

negligible in db+ mice. 

5.2.5. Long-term pioglitazone treatment improves insulin sensitivity in db/db 

mice  

The insulin sensitizing effect of pioglitazone is well established and has been reported 

in various studies (Pavo et al., 2003; Ishida et al., 2004; Miyazaki et al., 2004). In this 

study, long-term treatment (phase II) with pioglitazone lowered FBG (Table 9) and 

improved glucose intolerance (Figure 32), while correlating with higher insulin 

sensitivity (Figure 34A). These results are consistent with available literature in 

diabetic db/db mice  which showed that pioglitazone improved glycemic control and  

decreased HOMA-IR, thereby improving insulin sensitivity (Kemnitz et al., 1994; 

Kobayashi et al., 2000; Ishida et al., 2004; Miyazaki et al., 2004). Thus, because the 

effect of pioglitazone in the present study was seen during long-term treatment, it 

should preferentially be used in combination with other oral anti-diabetes drugs that 

are known to have acute glucose lowering effects, such as  glucagon-like peptide-1 

receptor agonist (Fadini et al., 2019). However, caution should be taken when 

choosing the combination therapy, where a drug that is not associated with the risk of 

hypoglycemia should be considered. The effect of pioglitazone in the db/db mice 

shows that the model is responsive to anti-diabetic therapies, despite the leptin 

receptor deficiency. Although db/db mice are known to have a short life span, the 

sequence of events leading to occurrence of T2D closely mimics human T2D.   

5.2.6. BACE inhibitor confers short-term glucose modulatory effects in db/db 

mice 

In phase I, treatment with BACE inhibitor improved glucose tolerance and increased 

insulin to C-peptide ratio (Figure 31 & 33A), correlated with higher β-cell function 

(HOMA-β) and elevated insulin secretion (Figure 36A & 33A). This data signifies β-

compensation underpinning improved glucose tolerance, differing with a study where 

BACE1 inhibition action was suggested to require intact leptin signaling to improve 
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glucose homeostasis (Meakin et al., 2012). BACE activity elicits positive effects 

through improvement of inflammation (Peña-Altamira et al., 2017), as was observed 

in our in vitro INS-1 spheroids induced with glucotoxicity, which subsequently reduced 

pro-inflammatory markers and improved GSIS (Figure 25A & 22). BACE inhibition may 

have improved glucose tolerance by reducing pro-inflammatory cytokine secretion, as 

seen in the in vitro component of this study (Figure 25A), which is associated with 

improved leptin resistance. Flavonoids from citrus, garlic, and tea attenuate and 

reverse Aβ25-35 fibril formation in vitro indicating that this action might be related to 

their free-radical scavenger activity and might suppress neurotoxicity (Jeon et al., 

2007; Abdul et al., 2018). With aging and long-term treatment (phase II), BACE 

inhibitor lost its efficacy in improving glucose tolerance (Figure 32), allowing us to 

speculate that, BACE inhibition activity is age-dependent, may be lost due to the 

severity of the disease, corresponding with in vitro findings where BACE inhibition 

reduced inflammatory cytokine secretion, however, this effect was lost over time. As 

following 1 week of glucotoxicity induction, TNF-α and IL-6 were reduced during 

treatment with BACE inhibitor, while after week 2, a slight elevation in TNF-α was 

observed (Figure 25A & B). Regarding the differences in the levels of pro-inflammatory 

cytokines observed in week 1 and 2, we postulate they may be due to the in-culture 

conditions, where during week 1, normal physiological responses needed to stabilise 

as spheroids were transferred into new clinostatic bioreactors. More so, during media 

changes, only 50% of the media is replaced which may have resulted in the 

accumulation of TNF-α levels, hence the increase by week 2. Although, glucose 

intolerance transpired, improvements in islet architecture together with improved β-

cell function (HOMA-β) were observed, indicative of somewhat, sustained normal β-

cell functioning (Figure 36A & 39). Literature has reported in vitro BACE1 inhibitory 

activity in a range of natural plant products, particularly those having a polyphenolic 

structure. Jeon and co-workers have shown that flavonoid from Smilax china L. plant 

inhibited BACE1 activity in a dose-dependent manner (Jeon et al., 2007). 

5.2.7. GRT™-2 has gluco-regulatory activity in db/db mice 

Rooibos has numerous biological activities associated with gluco-metabolic regulation 

(Kawano et al., 2009; Muller et al., 2012; Ajuwon et al., 2014; Ayeleso et al., 2014; 

Kamakura et al., 2015). Short-term (phase I) treatment with GRT™-2 decreased FBG 

levels in db/db mice similar to the effect of pioglitazone (Table 9). This is associated 
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with increased insulin levels, improved glucose tolerance and slightly higher β-cell size 

(Figure 31 & 42). The fact that these effects were observed during short-term 

treatment may be due the low-bioavailability status of aspalathin, previously reported 

in an in vitro intestinal epithelial monolayer (Caco-2) transport model (Bowles et al., 

2017). It is well-documented that the beneficial effects of Rooibos are attributed to its 

abundant polyphenolic content, particularly aspalathin`s hypoglycemic effect (Kawano 

et al., 2009; Dludla et al., 2018; Mazibuko-Mbeje et al., 2019). The fact that no 

measurable effect on calorie intake and body weight was observed (Figure 28B), may 

be corroborated with the appetite stimulatory effect of Rooibos (Fiddian-Green and 

Silen, 1975; Schulz et al., 2003; Dmowski et al., 2017; Hoosen et al., 2019). However, 

with long-term treatment, GRT™-2 lost its moderate glucose modulatory effects, as 

shown by glucose intolerance (Figure 32). Surprisingly, although glucose intolerance 

persisted, moderate decreases in insulin to C-peptide ratio and HOMA-IR showing 

some improvement in insulin sensitivity (Figure 34A & 36B). Literature substantiates 

that low-grade inflammation causes dysfunctional insulin receptor signaling which 

impairs insulin biogenesis (Sivitz et al., 2010). In our in vitro model, GRT™ significantly 

decreased TNF-α levels following 2 weeks treatment, suggesting decreased 

inflammation (Figure 25A). This anti-inflammatory effect in vivo, as discussed for 

pioglitazone and BACE inhibitor, may have induced the improvement in GSIS (Figure 

22), in conjunction with aspalathin’s known insulin stimulatory effect (Kawano et al., 

2009). Insulin secretion is reported to decrease with age and the strong argument for 

the occurrence of an inflammatory process in islets cannot be ignored as may have 

been the contributing factor to the glucose intolerance phenotype observed in db/db 

mice (Muller et al., 1996; Donath et al., 1999; Ehses et al., 2009). Because leptin 

inhibits insulin secretion through PI3K-dependent PDE3B activation in β-cell lines and 

isolated islets (Seufert et al., 1999; Kieffer and Habener, 2000; Lee et al., 2001; 

Morioka et al., 2007), the lack of leptin signaling may explain the elevated insulin and 

fasted glucose levels observed.  
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5. Conclusions  

Improved glucose tolerance induced by both BACE inhibitor and GRT™ in diabetic 

db/db was comparable with the effect of a known anti-diabetic drug, pioglitazone. 

These gluco-modulatory effects were supported by concomitant changes in pancreatic 

islet architecture, with increased β-cell sizes correlating with increased cell viability 

induced by the treatments in the INS-1 spheroids. Both in vitro and in vivo data support 

improvements in insulin secretory profiles, with BACE and TMEM27 implicated in 

regulation in the novel INS-1 spheroids. HOMA-IR and HOMA-β data support the 

notion that both treatments used in this study have the potential to improve both insulin 

resistance β-cell function. 

In conclusion, this study demonstrates for the first time the gluco-modulatory effects 

of Afriplex aspalathin rich-green rooibos extract (GRT™) and chemical BACE inhibitor 

(LY2886721), where glucose tolerance was improved by regulating both insulin 

resistance and β-cell survival, and preserved function in both an in vitro and in vivo 

model. Taken together, this study makes a strong case for the prospective use of 

either/or both treatments as an adjunctive therapy in the management of T2D.
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Study shortcomings and future work 

In vitro 

The major limitation to the in vitro study was the inability to create more defined, 

rounded INS-1 spheroids.  This may have affected the response to treatments, since 

sphericity, among other things, has been described to affect the response of tumor-

derived spheroids to drugs (Michelson and Leith, 1997; Kelm and Fussenegger, 2004; 

Cheng et al., 2009; Zanoni et al., 2016).  Modifications of the culturing of the spheroids 

such as the co-culturing of the β-cell spheroids with endothelial cells to allow for 

exploration of vasculogenesis would be beneficial (Figliolini et al., 2014). 

In this study proliferation and apoptosis / necrosis were measured only by detecting 

the protein expression of proliferation marker BrdU and apoptosis markers BAX (which 

we were unable to detect) in order to understand the changes in β-cell spheroid 

viability and animals. In order to attain further information regarding changes in 

neogenesis, apoptosis and/or necrosis, proliferation stains and flow cytometry 

analysis of single cell spheroid suspensions will need to be used to measure the 

incorporation of BrdU stain as an indicator of proliferation as well as annexin-V and 

propidium iodide to assess cell death. In addition, other proteins (e.g. p53, BCL-2) 

involved in intrinsic and extrinsic apoptotic pathways need to be further investigated.  

The inability to detect amylin expression by western blotting in the spheroids was 

another short coming of the in vitro study and warrants further investigation by 

immunocytochemical analysis, since amylin is an important hormone that plays an 

important role in glucose homeostasis (Westermark et al., 1986, Clark et al., 1987, 

Cooper et al., 1987; Stridsberg et al., 1993, Clark et al., 1996, Cao et al., 2013; Zhang 

et al. 2016). Furthermore, in humans, amylin aggregation is associated with the 

development of T2D (Zhang et al., 2016). As such incorporation of human IAPP in the 

spheroids would present with benefits for a model that will be able to recapitulate 

amylin aggregation in vitro.  

Since GRT™ and BACE inhibitor treatments of the spheroids exposed to glucotoxic 

conditions lowered the secretion of these pro-inflammatory cytokines, co-treatment 

may prove to be beneficial to understand any synergistic activities and the molecular 

mechanisms underlying their amelioration of toxic effects of these cytokines would 

need to be further elucidated through protein studies. 



  

138 | P a g e  
 

In vivo 

Since this was a rodent study and we could not fully explore the aggregation of amylin 

into toxic amyloid plaques as the hormone is known to only aggregate in humans, we 

could not conclude on the effect of direct BACE inhibition in preventing amyloid plaque 

formation associated with T2D. The use of transgenic mice that express human IAPP 

will be necessary for future studies to elucidate BACE inhibition activity.  

The effects of BACE inhibitor and GRT™ could not be assessed at a protein or gene 

level using Western blot or PCR since in the total pancreas, pancreatic islets account  

only for about 2% of the total endocrine cells of the pancreas (Stefan et al., 1982; 

Kobayashi et al., 2010) thus protein and/or gene expression specifically associated 

with the islets is masked by the rest of the exocrine tissue.  

Since we propose that GRT™ and BACE inhibitor may be beneficial as adjunctive 

therapies in T2D, further investigations to validate their effects as co-administered 

therapies in the presence of each other and other currently used anti-diabetic drugs 

will be necessary.
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Appendix A: Cell culture reagents 

Table 13: Cell culture reagents and preparation of stock solutions 

Reagents / stock solution  Weight / volume 

Krebs’s-Ringer bicarbonate HEPES 

buffer  

• NaCl  

• 115 NaHCO3  

• 24 KCl  

• 5 MgCl2  

• 1 CaCl2  

• 2.5 2% BSA  

• 10 mM HEPES Buffer  

 

 

 

3.36 g  

1.008 g  

0.186 g  

0.048 g  

0.139 g  

0.5 g 5 mL 

720.64 g  

Make up to the mark using a volumetric flask 

(500 ml) 

Glucose 

• Glucose Stock: 500 mM 

• Basal: 2.8 mM 

• Stimulated: 16.7 mM  

 

180.16 MW into 10 mL of KRHB 

252 μL into 45 mL of KRHB 

1.503 mL into 45 mL of KRHB 

Roswell Park Memorial Institute 

(RPMI) 1640 Medium 

• 5 MgCl2  

• 1 CaCl2  

• 2.5 2% BSA  

• 10 mM HEPES Buffer  

 

 

 

 

 

(500 mL) 

Complete RPMI-1640 Media 

• FBS  

• RPMI-1640 medium 

 

50 mL 

500 mL 

Ethanol-acid Solution 

• EtOH 

• concentrated HCl 

• cell culture tested H2O 

• ddH2O  

 

37.5 mL 

644 μL 

11.85 mL 

1 L 
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Appendix B: Western blot reagents 

Table 14: Stock solutions and buffer preparation used for Western blot analysis 

 

 

 

 

Solutions  Weight / Volume 

Transfer buffer (1L)  

25 mM Tris (MW=121)  

192 mM glycine (MW=75.07)  

ddH2O  

100 % Methanol  

 

3.03 g  

14.41 g  

800 mL  

200 mL 

10 X Tris buffered saline (TBS) 

(pH=7.6) 

 200 mM Tris (Mw)  

1.37 M NaCl (Mw)  

Dissolve in 1 L ddH2O 

 

 

24.22 g  

80.06 g 

Tris buffered saline with TWEEN 20 

(TBST)  

10X TBS    

ddH2O  

Tween-20 

 

 

100 mL  

900 mL  

1 mL 

1X running buffer (1L) 

Dilute of 10X tris/glycine/SDS     

ddH2O 

 

100 mL 

900 mL 

5 % blocking solution  

Instant skimmed milk powder 

1X TBST 

 

5 g  

100 mL 

2.5 % blocking solution  

Instant skimmed milk powder  

1X TBST  

 

2.5 g  

100 mL 

Sample buffer (4X)  

900 µL of Laemli sample buffer  

100 µL of β-mercaptoethanol 

 

 

950 µl  

50 µl 
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Appendix C: Equipment’s  

Table 15: Equipment used in the study 

Description  Manufacturer  

Absorbance microplate reader 

(ELX800)  

Bio-Tek Instruments; Friedrichshall, Germany  

Benchtop centrifuge (SL 16R)  Thermo Fisher Scientific  

Benchtop microfuge (5415 R)  Eppendorf; Hamburg, Germany  

Benchtop microfuge (5810 R)  Eppendorf  

Biohazard safety cabinet, class II  Airvolution; Johannesburg, South Africa  

Bunsen burner  INTEGRA Biosciences AG; Landquart, Switzerland  

ChemiDoc  Bio-Rad  

Fine Balance scale  United Scientific  

Haemocytometer Bright-Line™  Hausser Scientific Company; Horsham, PA, USA  

Heating block  Labnet International Inc.; NJ, US  

Homogenising Beads  Qiagen; Hilden, Germany  

Incubator (Galaxy R)  RS Biotech; West Lothian, United Kingdom  

Inverted microscope (CKX 41)  Olympus; NY, USA  

Mini Protean Tetra Cell  Bio-Rad  

Multichannel Pipette  Eppendorf  

Nikon Inverted fluorescence 

microscope  

Nikon; NY, USA  

Orbital shaker  Stoval life Science  

pH meter  Lasec  

Pipette boy  Labnet International; Edison, NJ, USA  

Pipettes (10 ,20, 100, 200, 300, 1000 

μl)  

Eppendorf  

PowerPac HC  Bio-Rad  

Scale  United Scientific  

SpectraMax i3  Molecular Devices, California, United States  

Tissue Lyser  Qiagen  

Trans-Blot® TurboTM  Bio-Rad  

Waterbath  Memmert; Heilbronn, German  
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Embedding station  Leica EG 116 Embedder (SMM instruments. 

Johannesburg  

Incubator  Model IH-150; Gallenkamp  

Nikon Eclipse Ti Automated scanning 

microscope  

Nikon Instruments Inc. Walt Whitman Road Melville. 

New York  

Nikon Microscope camera  Nikon Digital Sight DS-Fic. Nikon corporation. 

Japan  

Tissue processor  Shandon Elliot Duplex Processor OptoLaboratory. 

Cape Town  
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Appendix D: Software  

Table 16: Software 

Description  Manufacturer  

ChemiDoc™ Touch Imaging System  BioRad; California, USA  

Gen5 software (version 1.05)  Bio-Tek Instruments  

GraphPad Prism 7  GraphPad Software; CA, USA  

ImageLab  BioRad; California, USA  

Leica Qwin Software  Leica Microsystems; Nussloch, German  

Microsoft: Excel / Word / PowerPoint  Microsoft Corporation; WA, USA  

NIS-Elements - Microscope Imaging 

Software  

Nikon; NY, USA  

SoftMax® Pro  Molecular Devices; CA, USA  

Nikon NIS Imaging Software v4.40  Nikon Instruments Inc. Copyright 1991-

2015  

ImageJ  National institute of Health  
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Appendix E: All reagents  

Table 17: All reagents catalogue and manufacturers details 

Description  Catalogue Number  Manufacturer  

10X Tris Buffer  161-0772  Bio-Rad  

4X Laemmli sample 

buffer  

161-0747  Bio-Rad  

Anti-Amylin  115766  Abcam  

Anti-BACE2  Ab5670  Abcam  

Anti-Mouse IgG  sc-2318  Santa Cruz Biotechnology  

Anti-Rabbit IgG  sc-2357  Santa Cruz Biotechnology  

Anti-TMEM27  200664  Abcam  

Anti-LC3A/B 4108 Cell signaling 

Anti-p38 8690 Cell signaling 

Anti-pdx-1 5679 Cell signalling 

Anti-ERK 4370 Cell signalling 

Anti-Glut 2 D3J3A Cell signalling 

Anti-phospho-AKT 4691 Cell signalling 

Anti-Insulin receptor 3024S Cell signalling 

Anti-Ki67 ab15580 Abcam 

Anti-LC3A/B 4108S Cell signalling 

BACE Inhibition Assay  CS0010  Sigma-Aldrich  

BACE Inhibitor  2299-5, 25  BioVision  

Bovine serum albumin 

(BSA)  

A4919 03117332001  Roche  

CaCl2  C5670  Sigma-Aldrich  

Carbon dioxide (Co2) N/A Air Products; Centurion, Cape Town, 

SA 

CellTiter-Glo® 

Luminescent Assay  

G7571  Promega 

ClarityTM Western ECL 

Substrate  

170-5061  Bio-Rad  
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DC Protein Assay 

Reagent A  

500-0113  Bio-Rad  

DC Protein Assay 

Reagent B  

500-0114  Bio-Rad  

DC Protein Assay 

Reagent S  

500-0115  Bio-Rad  

Dulbecco's phosphate 

buffered saline (DPBS)  

BE17-513F  Lonza  

Ethanol  32221  Sigma-Aldrich  

Hepes Hepes Hepes 

INS-1 rat insulinoma 

cells 

- Gift from Vrije Universiteit, Brussels, 

Belgium 

Interleukin-1 beta (IL-

1β)  

I2393  Sigma-Aldrich  

KCl  P5405  Sigma-Aldrich  

Liquid Nitrogen  N/A  Air Products; Centurion, Cape Town, 

SA  

Methanol  67-56-1  Sigma-Aldrich  

MgCl2  M4880  Sigma-Aldrich  

Mini-Protean® TGX 

Stain-FreeTM Gels  

456-8044  Bio-Rad  

Molecular graded 

EtOH  

34870  Sigma-Aldrich  

PageRuler™ 

Prestained Protein 

Ladder  

26619  Thermo Fisher Scientific  

PMSF  78830  Sigma-Aldrich  

Ponceau S Stain  P23295  Sigma-Aldrich  

Precision plus 

protein™, WesternC™  

1610399  Bio-Rad  

Precision Protein™ 

StrepTactin-HRP 

Conjugate  

1610381  Bio-Rad  
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Appendix F: Assay kits 

Table 18: Assay kits used in the study 

Quick Start™ Bradford 

Protein Assay Kit  

500-0203  Bio-Rad  

RestoreTM PLUS 

Western Blot Stripping 

Buffer  

46430  Thermo Fisher Scientific  

Description  Catalogue Number  Manufacturer  

CellTiter-Glo® 

Luminescent Cell 

Viability Assay  

G7571  Promega  

Rat IAPP ELISA Kit  E-EL-R2448 Elabscience  

Ultra-Sensitive Mouse 

Insulin ELISA Kit 

90080 Crystal Chem 

Mouse C-peptide 

ELISA kit 

90050 Crystal Chem 

Mouse IL-6 Quantikine 

ELISA Kit 

S6050 R&D systems 

Mouse IL-10 

Quantikine ELISA Kit 

S1000B R&D systems 

Mouse TNF-alpha 

DuoSet ELISA 

DY410-05 R&D systems 
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Appendix G: Supplementary results 

Table 19: The relationship between insulin to amylin secretion following glucose 
stimulation in the spheroids. Data analysed with Pearson r correlation coefficient  
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Appendix H: Animal ethical approval 
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Appendix I: Aspalathin structure 

 

Figure 44: Chemical structure of aspalathin, a dihydrochalcone C-glucoside novel to 

Rooibos (Chemsketch). 


